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Disclaimer and Copyright The software tools described in this document are based on the Cantera
software library which was originally developed at Caltech. The software is offered under the following
licensing terms:

Copyright (c) 2001-2023, California Institute of Technology All rights reserved.
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permitted provided that the following conditions are met:

- Redistributions of source code must retain the above copyright notice, this list of conditions and the
following disclaimer.

- Redistributions in binary form must reproduce the above copyright notice, this list of conditions and the
following disclaimer in the documentation and/or other materials provided with the distribution.

- Neither the name of the California Institute of Technology nor the names of its contributors may be used
to endorse or promote products derived from this software without specific prior written permission.

THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS “AS IS”
AND ANY EXPRESS OR IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE
IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE
ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT OWNER OR CONTRIBUTORS BE
LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR
CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF
SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS; OR BUSINESS
INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY, WHETHER IN
CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE)
ARISING IN ANY WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE
POSSIBILITY OF SUCH DAMAGE.
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Preface

These notes are a tutorial on the analysis and computation of shock and detonation waves in gases with
realistic thermochemistry. A library (SDToolbox) of Python and MATLAB routines is described for com-
putations of post-shock conditions and Chapman-Jouguet detonation velocity. Notes and demonstration
programs are provided for using this library to compute examples of normal and oblique shocks and det-
onations, shock and detonation tube operations, expansion waves, nozzle flows, ideal detonation and wave
structure, propulsion systems and selected wave interaction problems.

The toolbox modules, demonstration scripts and instructions for installation are available on the SD-
Toolbox website. In order to use these scripts, the reader must install the Cantera software and Python or
MATLAB. This revision of the document links to programs that are compatible with with the most recent
release of Cantera, V2.5; MATLAB, R2020; and Python 3.8. The programs were tested on earlier versions
(2.3 and 2.4) of Cantera, MATLAB (2017,2018 and Python (3.5,3.6). The documentation and software for
Cantera Goodwin et al. (2017) is open source and available at www.cantera.org.


http://shepherd.caltech.edu/EDL/PublicResources/sdt
www.cantera.org




Chapter 1

Introduction

These notes are a tutorial on the analysis and computation of shock and
detonation waves with selected applications to explosion and propulsion.
Numerical solution methods are necessary for solving the conservation equa-
tions or jump conditions that determine the properties of shock and detona-
tion waves in a multi-component, reacting gas mixture. Only the idealized
situations of perfect (constant heat-capacity) gases with fixed chemical en-
ergy release can be treated analytically (Appendix A). Although widely used
for simple estimates and mathematical analysis, the results of perfect gas
models are not suitable for analysis of laboratory experiments and carrying
out numerical simulations based on realistic thermochemical properties.

The science of shock and detonation waves began-in the 19th century and continues to be an ongoing
activity. Technological applications such as chemical propulsion (rockets, gas turbines and gaseous detonation
concepts) and high explosives motivated the development of numerical solution methods and software for
modeling chemical equilibrium in multi-species and multi-phase mixtures. These efforts began in the 1950s
and some of these software packages are still in use today, however there are issues with using the older
software including limited availability due to national security or proprietary concerns, lack of support
for legacy software, and challenges of integration into modern software environments. In response to this
situation, we have developed a library of software tools, the Shock and Detonation Toolbox, that we
are making openly available for academic research. The Toolbox and associated demonstration programs
are based on the Cantera software library to evaluate gas thermodynamic and transport properties, chemical
reaction rates and carry out chemical equilibrium computations.

This document is divided into four parts. These parts describe the underlying scientific principles, the
functionality of the Toolbox, numerical methods, applications to a variety of combustion problems with links
to the programs, graphical and tabular results of program outputs.

In Part I, the fundamentals of thermodynamics, the ideal gas mixture formalism, and the concepts
underlying chemical equilibrium are presented. In Part IT of the report, we describe the algorithms used in the
toolbox for the numerical solution of shock and detonation jump conditions in ideal gas mixtures with realistic
thermochemical properties. An iterative technique based on a two-variable Newton’s method is selected as
being the most robust method for both reactive and nonreactive flows. A library of routines is described for
Python and MATLAB computations of post-shock conditions and Chapman-Jouguet detonation velocity.
Notes and demonstration programs are provided to illustrate how to use these routines to solve a range of
problems. In addition to numerical methods for realistic thermochemistry, perfect gas analytical solutions
are also provided.

In Part III of the report, we describe steady flows and some simple unsteady flows which not in equilibrium
or frozen and chemical reaction must be considered. The steady flows treated are the reaction zones behind
shock and detonation waves moving at constant speed, the reaction zone along the stagnation streamline in
supersonic blunt body flows, flow through a converging-diverging nozzle and quasi-one dimensional flows with
friction and heat transfer modeled as wall functions. The unsteady flows modeled include reaction occurring

3
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under constant temperature, pressure and volume conditions or with prescribed volume or pressure time
dependence.
In Part IV, the software components of the Toolbox and the application programs are described.

1.1 Overview and Quickstart

This overview describes situations that are commonly encountered and links to the associated toolbox rou-
tines and demonstration programs. For more details on the input and output parameters for these routines,
see Chapter 12. For a listing and links to demonstration programs that illustrate various applications of the
toolbox, see Chapter 13. In order to use these scripts, the reader must first install the Cantera software and
have previously installed Python or MATLAB. The toolbox modules, demonstration scripts and instructions
for installation are available on the SDToolbox website.

1. Non-reactive shock wave. If the chemical reactions occur sufficiently slowly compared to translational,
rotational, and vibrational equilibrium,! then a short distance behind a shock wave flow can be consid-
ered to be in thermal equilibrium but chemical nonequilibrium. This is often referred to as a “frozen
shock” since the chemical composition is considered to be fixed through the shock wave. Computations
of post-shock conditions are used as initial conditions for the subsequent reaction zone and are there-
fore a necessary part of computing shock or detonation structure. Usually, these computations proceed
from specified upstream conditions and shock speed; the aim of the computation is to determine the
downstream thermodynamic state and fluid velocity. On occasion, we consider the inverse problem of
starting from a specified downstream state and computing the upstream state.

Function PostShock_fr: Demos - MATLAB: demo_PSfr.m Python: demo_PSfr.py

2. Reactive shock wave. The region sufficiently far downstream from the shock wave is considered in
thermodynamic equilibrium. Thermodynamics can be used to determine the chemical composition,
but this is coupled to the conservation equation solutions since the entropy and enthalpy of each species
is a function of temperature. As a consequence; the solution of the conservation equations and chemical
equilibrium must be self-consistent, requiring an iterative solution for the general case. In the case
of endothermic reactions (i.e., dissociation of air behind the bow shock on re-entry vehicle), there are
no limits on the specified shock velocity and the computation of the downstream state for specified
upstream conditions is straightforward. For exothermic reactions, solutions are possible only for a
range of wave speeds separated by a forbidden region. The admissible solutions are detonation (high
velocity, i.e., supersonic) and deflagration (low velocity, i.e., subsonic) waves, and there are usually two
solutions possible for each case.

Function PostShock_eq: Demos - MATLAB: demo_PSeq.m Python: demo_PSeq.py

3. Chapman-Jouguet (CJ) detonation. This is the limiting case of the minimum wave speed for the su-
personic solutions to the jump conditions with exothermic reactions. The Chapman-Jouguet solution
is often used to approximate the properties of an ideal steady detonation wave. In particular, detona-
tion waves are often observed to propagate at speeds within 5-10% of their theoretical CJ speeds in
experimental situations where the waves are far from failure.

Function CJSpeed: Demos - MATLAB: demo_CJ.m Python: demo_CJ.py

4. Reflected shock wave. When a detonation or shock wave is incident on a hard surface, the flow behind
the incident wave is suddenly stopped, creating a reflected shock wave that propagates in the opposite
direction of the original wave. If we approximate the reflecting surface as rigid, then we can compute
the speed of the reflected shock wave given the incident shock strength. This computation is frequently
carried out in connection with estimating structural loads from shock or detonation waves.

Function reflected_eq and reflected_fr:
Demos - MATLAB: demo _reflected_eq.m and demo_reflected _fr.m
Python: demo_reflected_eq.py and demo_reflected_fr.py

IThe structure of shock waves with vibration non-equilibrium is discussed at length by Clarke and McChesney (1964) and
Vincenti and Kruger (1965)
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. ZND Model Detonation Structure Computation. The idealized reaction zone behind a steady shock

or detonation wave is one-dimensional reactive flow. The model equations and properties were first
explored by Zel’dovich (1940), von Neumann (1942), and Doering (1943). The solution method used
in the toolbox is to convert the differential-algebraic equations representing the conservation of mass,
momentum, energy and species evolution to a fully differential system of ODE and integrate these with
a method suitable for stiff equations.

Function ZND:

Demos - MATLAB: demo_ZNDCJ.m, demo_ZNDshk.m and demo_ZND_CJ cell.m

Python: demo_ZNDCJ.py, demo_ZNDshk.py and demo_ZND_CJ cell.py

. CV Model Explosion Structure Computation. The time-evolution of a mass of fluid reacting at constant

volume is frequently used as a surrogate for the reaction process behind incident and reflected shock
waves, as well as detonations. The model equations are based on the first law of thermodynamics for
an adiabatic, constant-volume system. The ordinary differential equations for energy conservation and
species evolution are integrated with a stiff ODE solver.

Function CV:

Demos - MATLAB: demo_cv.m, demo_cv_comp.m, demo_cvCJ.m, demo_cvshk.m

Python: demo_cvCJ.py, demo_cvshk.py
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Part 1

Thermodynamics

Shock waves and detonation computations for reacting gases are based on the fundamental concepts of
combining pure species properties to obtain mixture properties and the methods of chemical equilibrium to
compute composition. This part of the notes presents the essential background and a brief introduction to
chemical equilibrium computations.






Chapter 2

Fundamentals

Thermodynamics is fundamental to all the computations and analysis in
this version of the SDT. The principles can be found in many textbooks,
for example, Kondepudi and Prigogine (1998). Classical references with a
emphasis on chemical reactions and chemical equilibrium include Denbigh
(1981) and Smith and Missen (1991). This chapter focuses on the definitions
and relationships between properties that are essential in the reacting flows
of gases.

2.1 General Principles

A fluid substance such as a gas can be subdivided into elements or volumes that are transported and deformed
during motion but retain their identity as a fixed quantity of material if we neglect diffusive transport. The
elements can be considered as thermodynamic systems with an internal energy E., temperature T', pressure
P, and volume V. The internal energy' changes dE of the element are determined by the First Law of

Thermodynamics
dE =dQ +dW (2.1)

and the energy added in the form of heat d@Q, and the mechanical work dW. For reversible changes, we can
define an entropy function S related to the heat interaction

_dQ
ds = - (2.2)

and the work interaction can be defined in terms of pressure and volume changes
dW = —PdV (2.3)

The evolution of an isolated (no heat or work interactions, fixed quantity of material) system is determined
by the Second Law of Thermodynamics
dsS >0 (2.4)

If the element is made up of K distinct molecular species each in amounts Ny, N, ..., Ni that can react
with each other, the internal energy can be written as

E:E(Sa‘/aleN27"'7NK) (25)
and the changes in energy for a fixed mass of reacting material can be computed as

K
dE =TdS — PAV + ) p;dN; (2.6)

i=1

1The internal energy is the thermodynamic contribution to the total energy of a moving parcel of fluid and is usually denoted
with the symbol U. Because we often use U for velocity in fluid mechanics, we use the symbol E instead. Equation (2.1) only
applies in the frame of reference of the moving fluid and in the absence of any external forces. In general, the left-hand side
should be the total energy of the system, U + kinetic energy + potential energy + ...

9
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where u; is the chemical potential of the ith species. This equation and the analogs discussed below are
often referred to as the Fundamental Relations of Thermodynamics.
This relationship can be used to define an equation of state

E = E(S,V,N) (2.7)

treating S, V and N = Nj, No,..., Ng as the natural independent variables. The quantities temperature,
pressure and chemical potential are then defined by the partial derivatives of E as follows:

OF OF OF
95 ) yn V) s ON: ) syw,..

Away from phase boundaries, the function E is continuous and has continuous first and second derivatives.
The continuity of mixed second partials

0’FE 0’E
= 2.
ovoSs  0SoV (29)
leads to a thermodynamic identity
oT OP
= _ == 2.1
(57) = (35 ) 210

which is one of four Mazwell relations that are often needed to transform thermodynamic expressions.

Extensive and Intensive Properties

The properties E, S, V, and N are extensive properties; for a given thermodynamic state, the magnitude
of each property is linearly proportional to the amount of substance as measured by total mass M. The
properties T', P and p; are intensive properties which are independent of the amount of substance.

An important consequence of the extensive nature of all properties in (2.7) is that if we increase the size
of the system by a factor «, all properties increase in direct proportion.

aFE(S,V,N) = E(aS,aV,aN).. (2.11)

Differentiating this equation with respect to a and setting a = 1, we obtain

oF OF K ok
E= <> S+ () V+ ( ) N; . (2.12)
95 ) yn WV ) sn ; ON: ) sy,

Using (2.8) to replace each of the partial derivatives with the associated thermodynamic property, we obtain

K
E=TS-PV+Y wN; (2.13)

i=1

For fluid dynamics applications it is more convenient to work with mass specific quantities as the volume
of a fluid element is a fictional notion which does not have a definitive value. These are

e=E/M s=5/M v=V/M n, = N;/M (2.14)

where M is mass of substance. The equation of state terms of these variables is e(s, v, n) and the fundamental
relationship for a unit mass of substance in terms of specific properties is

K
de =Tds — Pdv+ ) pdn; (2.15)
i=1
and energy can be defined as
K
e=Ts— Pv+ Z Wil (2.16)

i=1
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Thermodynamic Potentials

Internal energy E(S,V,N) is an example of a thermodynamic potential. We can use Legendre transformations
to transform the independent variables and create alternative versions of these potentials. The fundamental
idea for a generic function F' of two variables (z,y) is that to transform to a new function C(z, z) where

2= (Z_f) (2.17)

we define C as follows

C(z,2) = B(z,y) —y (Z—f)w : (2.18)

Applying this idea sucessively to the energy function, we can define three new functions.

K
enthalpy H=FE+ PV =TS+ Z wiN; (2.19)
=1
K
Helmholtz A=E—-TS=-PV+Y N (2.20)
i=1
K
Gibbs G=E—-TS+PV=> 1N, (2.21)

i=1

Each of these potentials has an associated differential form and a Maxwell relation as summarized in Table 2.1.

Table 2.1: Thermodynamic potentials and associated relationships.

energy:
i i oT oP
E(S,V,N) =TS —PV + ZuiNi dE =TdS — PdV + Zmdm (W)SN = <%>VN
=1 1=1 s 3
(2.22)
enthalpy:

ZK ZK ar oV
i—1 i=1 5N PN

Helmbholtz:

i X aS oP
AT, V,N) =-PV+Y uN; dAd=-SdT—PdV +»  pudN; i =35 (2.24)
TN V,N

i=1 =1
Gibbs:
K K S oV
G(T,P,N) = ;mdm dG = —8dT + VdP + ;Mdm (5)11\I = (8_T)pN (2.25)

)
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Partial Molar Properties

For the thermodynamic treatment of mixtures, we need to consider how the properties depending on the
amount of each species making up the substance.
For any property B, define the partial molar property as

— B
B; = 0 (2.26)
ON; T,P,Ny;

The significance of this to computing mixture properties is due to Fuler’s theorem for homogeneous functions,
which states that for a function F(Ny, Na, ..., N) which is homogeneous

F(OéNl,OéNQ,...,OLNk):OLF(Nl,NQ,...,Nk) (227)

then we can always write I’ as

F(Ni,Na, ..., Ny) :zk:Ni (8F> (2.28)

=1

This is a generalization of the idea used previously in discussing extensive properties and can be demonstrated
by differentiating (2.27) with respect to o and set o = 1 to obtain (2.28).

Thermodynamic potentials as well as S and V are all extensive properties and therefore satisfy the
conditions of (2.27) and can be written in the form of (2.28).

k

S = ;Nﬂ» S = (a@i’)T’P’Nﬁ (2.29)
k

V= ;Niﬁ V= <§]‘\2>T,P,N_#i (2.30)
k

E= ;Nfi E; = <68‘Z€>T,P,N_#i (2.31)
k

H= ;Nﬁ H, = <SJI\Z>T,P,N#1- (2.32)
k

A= ;Nim A; = ( aaféi)T,p,Nm (2.33)
k

G = ;Ni@ G = <§§)T,P,N#1 (2.34)

Partial molar properties play a particulary important role in the theory of solutions and multicomponent
equilibria (Van Ness and Abbott, 1982, Smith et al., 1996). The definition of partial molar properties is
motivated by the importance of the partial molar Gibbs energy to the computation of equilibrium at constant
temperature and pressure.

G; = ( oG ) (2.35)
ON; T,P,N;4;

The fundamental relation for Gibbs energy (2.25) identifies the partial molar Gibbs energy to be the chemical
potential
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From the definition of the thermodynamic potentials and the corresponding fundamental relations we can
also define the chemical potential as

0A ) <8H> ( oF >
u= (24 _ (2L — (= . (2.37)
(aNi T,V,Nj; ON; S,P,Nj; ON; S,V.Nj;

Using the definition of G from (2.25), we obtain the Gibbs-Duhem relation
K
> Nidp; = —SdT + VdP (2.38)
i=1

Using the equality of mixed second partials we can compute the derivatives of G; with respect to temperature
and pressure to obtain

8@-) ( 98 > =
- (= =-5; (2.39)
( or PN ON; T,P,Nj;

8@-) ( ov ) —
= = =V; (2.40)
( or TN ON; T,P,N;;

which enables the determination of dependence of G; on (T, P) at fixed composition

dG; = —S;dT +V;dP  for fixed N. (2.41)

The value of these relationships is that for fluids, the thermodynamic properties that can be determined
most readily from experiments or theoretical considerations is a form of a P(V, T, N) relationship. Analytical
formulas fit to empirical data can be differentiated to obtain the partial molar properties and used to compute
departures of the thermodynamic potentials from reference values. This is the strategy that is used to model
chemical reactions in gases or fluids that have such significant molecular interactions that the ideal gas model
is inappropriate (Melius et al., 1991, Schmitt and Butler, 1995a,b).

2.2 Ideal Gas

An ideal gas is a model of a gas in which the molecules? have negligible interactions aside from very brief
collisions that serve to equilibrate the distribution of energy among the molecules and atoms. This is a
useful approximation for real gases over a wide range of temperature and pressure; applying both to pure
substances (a gas composed of a single species) and to homogeneous mixtures of multiple species. Collisions
result in a common temperature for all species but otherwise there is no influence of one species on another.
The size of the molecules or atoms is also small in comparison to the average distance between the molecules,
so that the volume that the molecules occupy is negligible compared to the total volume occupied by the
gas.

The mathematical basis of ideal gases can be expressed in terms of the following ideas which are often pre-
sented as physical laws or theorems. Although these are reliable guides to gas behavior under the conditions
described in the previous paragraph, these ideas are not universal truths like the laws of thermodynamics.

1. Ideal Gas Law A quantity of N kmols of gas at pressure P and temperature 7" in volume V obeys
the following relationship
PV = NRT, (2.42)

where R is the universal gas constant, 8314.5 J-kmol 1. K~!. R = kgN,4 where kp is the Boltzmann
constant (1.381x10723 J-K~!) and N, is Avogadro’s number (6.022x10%% molecules-kmol~1).

2We use the term molecules in this section but in general this can also include atoms, ions or even electrons as well as
multi-atom molecules.
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2. Dalton Law of Partial Pressures The total pressure P in a gas is the sum of the individual partial
pressures P; of each of the ¢ components

P=>"P, (2.43)

and each component individually obeys the ideal gas law
PV = NRT . (2.44)

3. Gibbs’s Theorem “A partial molar property (other than volume) of a constituent species in an ideal-
gas mixture is equal to the corresponding molar property of the species as pure ideal gas at the mixture
temperature but at a pressure equal to its partial pressure in the mixture. ” (see Smith et al., 1996,
p. 330)

B/" = B,(T, ) (2.45)
Where B is any thermodynamic property (other than volume) and B; is the specific molar property of

an ideal gas component ¢. For example, the specific thermodynamic potentials of a species ¢ will have
units J-kmol 1.

Single Component Properties

According to Gibbs’s Theorem the molar properties of a single component determines the partial molar
properties of that component in an ideal gas mixture. In this section we begin by considering a gas composed
of a single component and then subsequently extend the treatment to a mixture of ideal gases using Gibb’s
Theorem.

Internal energy

The Ideal Gas Law has significant implications for the dependence of molar internal energy E on the ther-
modynamic state. Consider E(V,T') and use (2.10) and (2.6) to compute the dependence of E on volume

(g_I]j;)T =7 (g_]:;)v -r (2.46)

Upon substituting (2.42) for the P(V,T) relationship, the right-hand side is found to be identically zero, so
we conclude that

ok
— ] =0 for an ideal gas. 2.47
(57), : 240
Unlike real gases and liquids, the internal energy of an ideal gas does not depend on either pressure or volume
but only temperature and the amount of substance. For pure substances, the dependence on the amount
of substance can be eliminated for extensive properties by dividing by the amount of substance to define

specific properties. In analogy to the definition of partial molar properties, the molar specific properties are
defined by the overline notation, e.g., the molar specific internal energy is

— F
E=%. (2.48)
and

E=E(T) only (2.49)
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Enthalpy

The specific enthalpy is also only a function of temperature since by definition

H=FE+ PV (2.50)
and using the Ideal Gas Law

H=FE+NRT, (2.51)
we conclude

H=HT). (2.52)

The specific enthalpy of an ideal gas does not depend on either pressure or volume but only temperature.

Heat Capacity

The specific heat capacity at constant volume is defined as

Cy = (g?)v , (2.53)

and from the previous considerations about energy, is a function of temperature only
Cy=Cy(T). (2.54)

The specific heat capacity at constant pressure is defined as

Cp= @1;)1: , (2.55)

and from the previous considerations about enthalpy, is a function of temperature only
Cp=Cp(T). (2.56)

The relationship between energy and enthalpy implies that these two heat capacities differ by the universal
gas constant

Cp=Cy+R. (2.57)

The heat capacities can be integrated to give an alternate expression for internal energy and enthalpy

T
E=E + / Cy(T")ar’, (2.58)

T
H=H + | Cp(T")dT". (2.59)

To
These expressions are employed to compute the realistic thermodynamic properties using specific heat capaci-
ties determined from statistical mechanics and thermochemical measurements to find the reference properties
E = E(T°) and " = H(T®). Only one of the reference properties needs to be specified, usually H®, as
they are related by

E°=H —RI". (2.60)
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Entropy

The molar entropy of an ideal gas component can be computed from the fundamental relation for energy

dE =TdS — PdV (2.61)

from the definition of specific heat capacity and the Ideal Gas Law
_ — RT —
CydT =TdS — A dv, (2.62)

which we can rearrange to obtain

= = dr v
ds = T)— —. 2.
S =Cy(T) T +R - (2.63)
Integrating both sides of this equation
Y aT’ = 50
S=5 +/O Cy (T T +RIn(V/V"), (2.64)

where (T°,V°) are reference states and §° = S(T°,V°) is the entropy evaluated at the reference state.
Alternatively, we can start from the fundamental relation for enthalpy and definition of specific heat at
constant pressure to obtain the equivalent expression

. o T T
S—54 [ Tpr)
To

~RIn(P/P°). (2.65)

TI

We can separate the temperature and pressure dependence and defining the terms with temperature depen-
—0
dence as S (T') we obtain

S =S5°(T) - RIn(P/P°), (2.66)
where
—o —o T_ a1’
S(T)y=5 + | Cp(T) T (2.67)
TO

The constant S~ has to be determined from thermodynamic and statistical mechanical considerations.

Helmholtz energy
The Helmholtz energy A can be computed from the energy and entropy
A=FE-TS, (2.68)
and the specific molar value is given by
A(T, P) =E(T) — TS’ (T) + RT In(P/P°) (2.69)
Gibbs Energy and Chemical Potential
The Gibbs energy can be computed from enthalpy and entropy

G=H-TS. (2.70)
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Substituting the expressions for specific enthalpy and entropy, we obtain

— = [T = [T a7’
G=H + CP(T/) -T(S + CP(T/)
To° T

T/

>+ RTIn(P/P°) . (2.71)
—_———

pressure dependence

temperature dependence

We can separate the temperature and pressure dependence and defining the terms with temperature depen-
dence as G (T') we obtain

G =G°(T) + RTIn(P/P°), (2.72)
where the temperature dependence is all contained in

—0

G’ (T)=H(T)- TS (T) . (2.73)

The chemical potential of an ideal gas is the molar Gibbs energy G

G(T,P), (2.74)
1°(T) + RT In(P/P°) , (2.75)

w(T, P)
"

where 1°(T) = G (T) and it is common to simplify this relationship by measuring P in units of P°

w(T,P)=pu’(T)+RTInP. (2.76)

This relationship is fundamental to the computation of chemical equilibrium in gases and through the
principle of detailed balance, is used in computing consistent forward and reverse reaction rates.

Ideal Gas Mixtures

The composition of a mixture has so far been specified by the amounts of each species i = 1, 2, ... K.
These amounts can be specified as masses M; of each species or moles N; of each species. An alternative,
non-dimensional method to specify composition is by mole or mass fraction. The mole fraction X; = N;/N
where N is the total number of moles of gas

N=>N;. (2.77)

M=) M, (2.78)

where M; = W;N; where W; is the molar mass of species 7. The partial pressures can be expressed in terms
of total pressure and mole fractions.

P = X.P. (2.79)
The average molar mass of a mixture is
K
M
W= = ZXiWi . (2.80)
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The gas constant for a mixture can be written as

R

R=—. 2.81
= (281)
The ideal gas law can then be written in terms of the average mass density.
M
P=v P =pRT. (2.82)

Note that the average molar mass can also be written as

K
1 > Yi (2.83)

Xi=—Y. (2.84)

When considering a unit mass or mol of material, it is most convenient to define the thermodynamic state
of a mixture by two thermodynamic properties, e.g. (T, P), and the gas composition, which can be either
the array of mass fractions Y = (Y7,Ys,...,Ys) or mole fractions X = (X3, Xo, ..., Xi).

Partial Molar Properties

From the properties of the single component ideal gas and Gibbs’s Theorem, we can define the partial molar
properties of each component 4 in a mixture in terms of the thermochemical constants F? and g? for each
species and the molar specific heat capacity Cp;. Representation of these three quantities for each species
is the basis for realistic computations of thermochemistry and is discussed at length in Sections 3.3 and 5.
When referring to the specific properties of the individual species in a mixture, it is conventional to drop
the overline notation to simplify the presentation as follows:

T

E; =E;(T)=E2+ | Cvi(T)dT’ . (2.85)
TO

e T

H,; =H;(T) = H? + / Cp(T)dT" (2.86)

where individual species specific heat capacities are related by

Cpi=Cp;i=Cv;+R. (2.87)

The enthalpy and energy reference values are related by

H> =E; +RT°. (2.88)
The specific molar entropy is
Si =S;(T,P;) = S (T) — RIn(P;/P°) , (2.89)
T /
dT
SHT) =857+ | Cpa(T") - (2.90)
TO
Sy =8;(T°, P°) (2.91)
The specifc molar Helmholtz energy is
Zi :Al(T, Pl) = AS (T) +RT IH(PZ/PO) 5 (292)

A} (T)=E; —TS;(T), (2.93)
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The specific molar Gibbs energy is

ai :G1<T’ Pz) = /"i(T’ P) = M;’D(T) + RT]D(Pi/PO) ) (294)
pi (T) = Hy(T) = TS;(T) . (2.95)

The partial molar volumes of an ideal gas are all identical and from the Ideal Gas Law can be computed to
be
- RT vV _
! P N

The specific properties of a species can also be expressed on a mass basis using the molar mass W; for
that species. Mass specific properties are used in formulating the equations of motion and are indicated by
lower case letters and related to the molar specific properties as follows:
E; _ Cv,i Si

Vi B i:_?"‘ 297

(2.96)

Mixture Average Properties

The total value of property can be computed from the definition of partial molar properties and Euler’s
theorem. For example

K K
E=> Me(T)=Y_ N,E(T) (2.98)

The mixture average mass specific properties are obtained by dividing by the total mass, e.g.

E

e = M ) (2.99)
and can be most conveniently written in term of the mass fractions, e.g.,

K

e=Y Yies(T) (2.100)
i=1
K

h=>Y " Yihi(T) (2.101)
i=1
K

s=Y Yisi(T,P) (2.102)
i=1
K

v = Yicyi(T) (2.103)
i=1
K

cp =y Yicpi(T) (2.104)
i=1

cp=Cy+ R (2.105)

The Gibbs energy is most conveniently written in terms of the composition in specific moles, n; = N;/M
and the chemical potential.

K
g=> niu(T,P) (2.106)

i=1
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2.3 Perfect Gases

A perfect gas has a heat capacity that is constant (independent of temperature). In mass units, the key
properties of a single component perfect gas are

;1_; =c,, (2.107)
e=es+c,(T—-T°), (2.108)
j—;ﬁ =c,, (2.109)
h=he+c,(T—-T°), (2.110)
S=5,+c,In (%) + Rln (%) , (2.111)
s=5,+cpln (%) — Rln (;) , (2.112)
(2.113)

The ratio of constant pressure to constant volume heat capacity of a perfect gas is a constant known as
the ratio of specific heats

—N (2.114)
Cy
In terms of ~, the specific heat capacities are
R R
Ch= —— = (2.115)
v—1 v—1

2.4 Thermochemistry

The determination of the thermochemical properties relies on a combination of laboratory measurements,
thermodynamics and statistical mechanical computations.

Heat of Reaction

A key thermodynamic concept in determining thermochemical properties is enthalpy change associated with
a constant pressure reaction

P=const

Reactants = — Products

The First Law of Thermodynamics for a reaction process at constant pressure is

Q= Z N;H;(Tp) — Z N;H;(Tr) , (2.116)

Products Reactants

where @ is the thermal energy added (@ > 0) or removed (@ < 0) during the reaction process. If reactants
and products are at the same temperature T = Tp = T, the thermal energy added or removed to maintain
the reactor at a constant temperature is defined as the heat of reaction

AH(T)= > NH(T) — > N;H;(T). (2.117)

Products Reactants

For exothermic reactions A, H < 0, for endothermic reactions A, H > 0.
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Standard heat of formation

The standard heat of formation AyH® is the heat of reaction for the formation of one mole of the species of
interest from the elements in their most stable state at standard thermodynamic conditions, 298.15 K and
either 1 atm (101.325 kPa) for older tabulations or 1 bar (100 kPa) for new tabulations

ApH) = AH(T®) = Hy(T°) = > N;H;(T°). (2.118)

Reactants

where the reactants are the elements in the most stable state at 7°, P°. For example, the heat of formation
of gaseous water can determined to be -241.81 MJ-kmol~! from the reaction

Ha(g) + 1/2 O2(g) — H20(g)

using calorimetry McGlashan (1979) and combusting hydrogen with oxygen.
The standard heat of formation is by definition, the enthalpy at the standard state T = T° = 298.15 K.

ApHY = Hy(T°) = Hy (2.119)
because for the elements in their most stable state, the standard heat of formation is, by definition, zero.
AyH; (stable elements) =0 (2.120)

Thermodynamic properties of various species have to be defined in a self-consistent fashion to reproduce
the known experimental relationships for enthalpy and chemical equilibrium; see Chase et al. (1998) for a
complete exposition of the methods used to do this. For example, suppose we need the enthalpy of formation
of a species A and no measurement is available. The heat of formation can be computed using Hess’s law
which is simply a form of the conservation of energy. Given the heat of formation values for the compounds
B-C and A-B-C and the heat of reaction for

A + B-C —A-B-C
at standard conditions, then the enthalpy of formation of A can be determined using conservation of energy
AH=AH} +A;Hpo — ArH i po (2.121)

Therefore, solving for the heat of formation of species A yields
ArHy =AH—-AfHge + ArHpe (2.122)

Note that we have carried out the computation using the molar enthalpy which is consistent with the standard
chemical practice and can be simply related to the stoichiometry of the reaction. The relationship to mass-
specific enthalpy is simply h; = H;/W,;. Consistent values for the standard state enthalpy and entropy
have been evaluated from experimental data for a number of substances and are available in the JANAF
compilation (Chase et al., 1998). However, in some cases experimentally-based values are not available, and
the standard state enthalpy and entropy must be estimated using theoretical or empirical methods. The
most common empirical method is known as the group additivity method, which is discussed in detail by
Benson (1976).






Chapter 3

Statistical Mechanics and Thermodynamics

The thermodynamic data provided with Cantera and used in the Shock and Detonation Toolbox come from
many sources. As discussed above, the standard state enthalpy and entropy are determined from experimental
data or semi-empirical data. However, the temperature dependence of the specific heat (and by implication,
the enthalpy and entropy) are usually based on statistical mechanics. A sketch of the methodology is given
below and the full details are found in numerous textbooks, a simple one is Maczek (2004), and detailed
presentations are given in McQuarrie (1976) and specifically for combustion in Chapter 8 of Kee et al. (2003).

The key concept in statistical mechanics is that there exists a partition function that contains all the
information needed to determine the properties of a system consisting of a large number of molecules in
thermodynamic equilibrium. The thermodynamic properties of the system, such as the internal energy,
pressure, entropy, and enthalpy, can all be expressed in terms of functions of the partition function or its
derivatives. The partition function can be constructed by finding the quantum states and energy levels for
the system of molecules.

The fundamental relation between thermodynamics and statistical mechanics connects the Helmholtz
energy A and the system partition function, Q.

A—Ag=—kpThhQ (3.1)

The constant Ay and similar constants for the other thermodynamic potentials are introduced to make the
statistical mechanics results consistent with the thermodynamic standard state. Statistical mechanics and
the computational methods of quantum mechanics used to estimate energy levels in molecules consider the
zero energy state to be nuclei and electrons separated by an infinite distance (Irikura and Frurip, 1998).
However, the ground state (lowest energy) of the molecules where the electrons are bound most tightly
to the nuclei corresponds to the thermodynamically stable state. The zero level of the heat of formation
is chosen (arbitrarily) to be that of the reference elements at the standard state. In order to obtain the
constants Ay for each species that will agree with the thermochemical convention for heat of formation, a
formation reaction has to be selected and the heat of reaction determined with ab initio computations of
electronic structure of the other species and Hess’ Law. Using the experimental standard state enthalpies
of the other species in the reaction, Hess’ Law and the ab initio heat of reaction can be used to define the
standard state heat of formation of the species of interest and by further computation, the constant Ag.
Entropy is computed in a different fashion, using the Third Law of Thermodynamics to define the entropy at
absolute zero and integrating all contributions from 7' = 0 to T° as described in Irikura and Frurip (1998).
For combustion and high-temperature gas dynamics applications, additional simplifications are possible.
For a system consisting of N independent and indistinguishable molecules (Maxwell-Boltzmann statistics)
at high temperatures, the partition function can be defined in terms of the products of the partition function
q for each molecule
gy
Q= ~ (3.2)

and is a function of the independent variables (N, V,T). The molecular partition function ¢ is determined
from the geometry and fundamental properties of a molecule, such as the geometrical configuration (bond

23
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length and angles), mass of the atoms, moments of inertia, vibrational modes and frequencies, and electronic
energy levels. Atoms are just a special case of molecules and the partition function for an atom is constructed
in a similar fashion to that of a molecule but only translation and electronic energy states are considered.

These molecular partition functions are computed as the sum over the Boltzmann factors for all possible
quantum states of the molecule.

g= > exp (— k:T> (3.3)

states j

where €; is the energy of state j relative to the energy of the ground state of the molecule. If the sum is done
in terms of energy levels instead of quantum states then the sum is written in terms of g;, the degeneracy
(multiplicity) of each molecular energy level

g= > gjewm ( k:T> . (3.4)

energies j

The simplifying assumption usually made in computing the energies is to assume that interactions between
translational (t), rotational (r), vibrational (v), electronic (e), and nuclear (n) motions can be neglected and
the total energy computed as the sum of indepedently computed energy levels for each type of motion

€E=¢€ +6 +e+€+€p. (3.5)

In that case the molecular partition function will be composed of a product of partition functions corre-
sponding to each separable (independent) motions and the net molecular partition function can be expressed
as the product

q = qt4rquvQeln - (36)

The conventional assumption is that ¢, = constant and for most purposes can be taken to be one. A less
restrictive assumption that enables accounting for the known coupling between the internal modes (rotation,
vibration, electronic, and nuclear) is to only separate the motion into external (translation) and internal
models

q=qtqi - (3.7)

This assumption (known as the Born-Oppenheimer approximation) is justified by the vastly different time
scales for the motion of the molecules relative to each other as compared to the motions of the electrons and
the nuclei within a molecule. The relative molecular motion is mediated by the relatively weak intermolecular
potential as compared to the strong electrostatic forces and quantum exchange effects that determine the
intramolecular potentials. The most common example of the intramolecular coupling is between vibration
and rotation. The higher the vibration or rotational state, the larger the mean separation of the nuclei
which increases the rotational moment of inertia and decreases the vibrational frequency. The nuclear
spin also has to be accounted for when computing the finer details of the rotational energy levels and the
partition functions, and is particularly important at low temperature or for high accuracy computations. For
homonuclear molecules such as Ny, O5 or Hy, considerations about nuclear spin and the symmetric properties
of the wavefunction place additional restrictions on the rotational states in comparison to heteronuclear
molecules like NO, CH, or OH; see McQuarrie (1976, Ch. 6.5).

3.1 Molecular Partition Functions and RRHO model

The computation of the individual partition functions relies on solving for the quantum energy levels based
on models of the molecular structure and dynamics (McQuarrie, 1976). The translational partition function
is a special case and the sum can be converted to an integral since there are such large number of states
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available in typical macroscopic volumes and the energy levels are closely spaced together. After carrying
out the integration, the result can be simply expressed as

3
2

2mmkpT
qt = (th) Vv (3.8)

where V is the system volume, m is the atom or molecule mass in kg, and h is Planck’s constant.

For the rotational modes, the basic model is that of the rigid rotator in each independent axis of rotation.
The energy levels are quantized and there are multiple quantum states for each energy level with the details
depending on the shape of the molecule and symmetry properties. The fundamental idea is that rotation is
quantized and the total angular momentum can only have discrete values that are multiples of h = h/27.
For a linear molecule, there is an infinite set of angular momentum energy levels labeled by the index J,
each with energy

2

eJ:J(J+1);l—I J=0,1,2,... (3.9)

where 7 is the moment of inertia. A diatomic molecule with masses m; and mso and internuclear spacing 7.
has Z = ur2, 4 = mima/(m1+ms). The rotational energy levels are often expressed in terms of spectroscopic
constant B

h

= 1)hcB B=—
e;=J(J+1)heB, 8270

(3.10)

For simple heteronuclear molecules, each rotational energy level is degenerate with g; = 2J + 1 quantum
states with energy €; and the allowed radiative transitions (emission or absorption of photons) between
energy levels are AJ = +1. This is only true for diatomic molecules with distinct nuclei, molecules with
multiple indistinguishable nuclei have more complex degeneracy and radiative transition rules. The spacing
between energy levels is

Ae=¢€541— €y (3.11)
h2
= (J+ )= (3.12)

Defining the characteristic rotational temperature as

h2

O = 2Tkp

(3.13)

and evaluating this numerically we find that ©, < 10 K except for molecules that contain light atoms,
especially hydrogen. For cases where T' > 100,, the partition function sum can be approximated as an
integral

T
00,

@ (3.14)

where the symmetry factor ¢ = 1 for unsymmetrical molecules like CO, NO and OH, and ¢ = 2 for sym-
metrical molecules like O, No, and COs. In general, the symmetry factor is equal to the number of
indistinguishable configurations that can be generated by rotation. The case of nonlinear molecules is more
complex and depends on the rotational symmetry class (Ch. 8 McQuarrie, 1976) of the molecule. For
a nonlinear molecule that is asymmetric, there will be three principal moments of inertia Z;, Zs, Z3 and
three corresponding characteristic rotational temperatures ©,1, ©,2, ©.;35. The high-temperature limit of the

partition function is
T3 1/2
P (3.15)
g @rl @rQ ®r3
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For the vibrational modes, the simplest model is that each mode is represented as a simple harmonic
oscillator with a single vibrational frequency w; and there is one quantum state per energy level. The
harmonic oscillator model has quantized energy levels labeled by index n

&n=(Mm+3hw n=0,1,2,... (3.16)

with allowed radiative transitions An = + 1. For a diatomic molecule, w corresponds to the classical
frequency of the harmonic motion in a potential

V(r) = gk(r —re)? (3.17)

where 7. is the equilibrium distance between the nuclei and the characteristic oscillator frequency is

L <k>1/2 . (3.18)

w=—
2 \ p

The partition function can be computed exactly for this model

e—©./2T
where the characteristic vibrational temperature is
h
0, = . (3.20)
kp

For multi-atom (greater than two) molecules, the characteristics frequencies and modes of oscillations have
to be determined by finding the normal modes that correspond to small oscillations of the nuclei about
equilibrium positions in a specified molecular electronic state. If there are n, atoms in the molecule, there
are n, = 3n, — 5 vibrational modes for linear molecules and n, = 3n, — 6 modes for nonlinear molecules,
each mode has a characteristic vibrational frequency w; and corresponding temperature 6,;. The vibrational
partition function is the product

Gv = Qu1qu2 - - - Qun,, (321)
oy 67@1,7;/2'11
= H T o=6u/T (3.22)
=1
The electronic contributions are represented by g. and for most combustion problems it is usually possible
to consider only the ground or first excited state but multiple electronic states are needed to model the ther-
modynamics of high-temperature gas dynamics, plasma physics or astrophysical situations. The electronic
quantum states consist of a set of discrete levels with energy €., with degeneracy ger. The partition function
is
g = gelefacl/kBT + 96267652/k‘BT NI (323)

The electronic energy levels depend on the choice of a reference state for zero energy datum. For atoms, the
reference state is chosen as the neutral atom ground state at zero temperature, i.e., no electronic excitation
and .1 = 0 and the higher energy levels are measured as differences from the ground state . = Aeg_1. For
ionized atoms, the energy levels are all higher than the neutral species by an amount equal to the ionization
energy €5 and the partition function for the ionized atom is

Ge,s = e 1/kET (geu + oo e~ e /keT 4 ) . (3.24)
For molecules, the ground state energy is less than the separated atoms due to the energy of bonds between
the constituents as discussed in the next section.
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Energy Level Conventions

The datum from which energy is measured is a matter of convenience and consistency with thermodynamic
convention. The convention in molecular modeling is to take the zero of energy corresponding to the config-
uration of widely separated atoms in their ground state. For that convention, ¢, = —D,, the minimum of the
potential energy function relative to the separated atoms, D, = V(r — 00) — Vipin. The energy D, is slightly
larger than the energy Dy that is needed to dissociate the molecule starting from the lowest vibrational state
due to the zero-point energy %hw of the lowest vibrational state. For a multi-vibrational mode molecule,
there are zero-point energies associated with each mode so that

Ny

Dy=D,— Y hw; (3.25)
i=1

The convention in spectroscopy is to measure the minimum of the potential energy for each electronic state
from the minimum of the ground state, which corresponds to €.; = 0. To make computed energies consistent
with the conventions of chemical thermodynamics (discussed in the previous section), an additive constant
F has to be determined and used to adjust the statistical mechanical result for energy as described below.
The linkage between dissociation energy and thermodynamic values of enthalpy is that the heat of reaction
for dissociation computed from the enthalpies of formation extrapolated to absolute zero (McBride et al.,
2002) is equal to the dissociation energy. For example, consider the dissociation of No

Ny — N+ N . (R1)

At T = 0 K, the heat of reaction is identical the energy of reaction because H = E + RT implies H(0) =
E(0). The heat of reaction for dissociation is

ArH = Hx(0K) + Hx(0 K) — Hy, (0 K) (3.26)
using the values in Table B1 of McBride et al. (2002), we find that

ArpH = 466.483 + 466.483 — (—8.670) (3.27)
= 941.636 kJ - mol * (3.28)
The energy of dissociation determined from spectroscopic measurements (see Barklem and Collet, 2016, Table

2) is Dy = 9.75394 eV or 941.112 kJ-mol~!, which is very reasonable agreement. In general, evaluating the
internal energy with (3.57) and extrapolating to T = 0 K, we find that

E(OK)=E,+N, (Z L hw; + 661> . (3.29)
=1

This relationship and the thermodynamic value of the E(0 K) will determine the constant Ey for a particular
choice of electronic energy reference state that determines e, .

The energy difference between isolated atoms and a molecule with energy —D, relative to the isolated
atoms can be accounted for by multiplying the vibrational partition by the factor

D,
exphBT (3.30)

With this convention, the vibrational energies are measured relative to the potential energy minimum which
can be computed from the dissociation energy D, using (3.25). Molecules with multiple excited electronic
states will have distinct sets of vibrational-rotational modes for each electronic level that have to be accounted
for in constructing the internal partition function. For thermodynamic conditions where these excited states
make a significant contribution to the partition functions, the sum over quantum states must correctly
account for the electronic levels. If the electronic energy levels are widely spaced, each electronic state can be
considered individually and the internal partition function will be the product of factors corresponding to each
electronic level. At typical combustion temperatures, it is typical to only consider the ground electronic state
when computing the thermodynamic properties although the first electronic state is important spectroscopic
applications.



28 CHAPTER 3. STATISTICAL MECHANICS AND THERMODYNAMICS

3.2 Spectroscopic Approach for Diatomic Molecules

The rigid-rotator harmonic oscillator model with decoupling of all internal states is often a useful approxima-
tion. However, for some cases, and to have the highest accuracy, it is essential to include coupling between
the states. There are a number of physical processes that can be significant in computing energy levels and
partition functions including rotational stretching, low-temperature rigid rotation, Fermi resonance, anhar-
monicity, vibration-rotation interactions and coupling of spin (electronic and nuclear) with orbital angular
momentum as well as symmetry considerations that restrict the admissible quantum states. Including these
effects requires numerical solution of the quantum molecular structure at the appropriate level of approxi-
mation to treat these processes or by semi-empirical methods based on corrections to the RRHO model and
precision spectroscopic data. The methodology for computing partition functions is described in McBride
and Gordon (1992), Gordon and McBride (1999).

The spectroscopy and statistical mechanics of diatomic molecules and atoms has been extensively studied
and there is a substantial literature on computing partition functions using spectroscopic data. The molecular
electronic, vibrational and rotational states for many diatomic molecules are tabulated in two NIST data
bases: diatomic spectra and chemistry webbook. See p. 73-83 and Eq. 2.97 of Boyd and Schwartzentruber
(2017) to translate the spectroscopic symbols for molecular states into degeneracy factors. States for all of
these atoms and molecules (including NO and NO+) are tabulated in Park (1990), at the end of Chapter
1. Chapter 9 and 10 of Hanson et al. (2016) and Bernath (2016) give a more in depth discussion of the
fundamentals of electronic structure of atoms and molecules. Another source of data is the astrophysics
community, Barklem and Collet (2016) have critically evaluated and made available for download data on a
large number of diatomic molecules.

The energy levels derived from spectroscopic measurement for diatomic molecules are given in term of
expansions in integer powers of the vibrational and rotational quantum numbers (n,.J). One way of doing
this is to use the Dunham coefficients Yj; and the formula

E(n,J)=> Yiun+ $FJ(T + 1. (3.31)
k,l

Many papers and some databases, particularly the multivolume compilations of Herzberg and Huber Molec-
ular Spectra and Molecular Structure, use a different nomenclature and a translational table between
conventional and Dunham notation is given below.

k\1 0 1 2 3 4
0 B. -D. H., L.
1 We — Qe _/Be
2 —WeZe Ye
3| we¥e
4 WeZe

The spectroscopically determined energy levels or terms are fit to empirical functions of the quantum
levels in order to account for anharmonicity and vibrational-rotational coupling. The spectroscopic levels
are conventionally given in terms of wavenumber units (cm~!) and have to be converted to standard energy
units (J). In the following formulas for the rotational and vibrational term functions F' and G, the coefficients
are specific to the particular electronic state k£ being considered but have not been explicitly labeled as such.
The total energy for a state labeled with electronic, vibrational and rotational quantum levels (k,n, J) is

E(k,n,J) = E,(k,n,J)+ Ey(k,n) + Eo(k) . (3.32)
The rotational contribution to the energy is

E. = heF,(J) , (3.33)
Fo(J) = Bp,J(J+1) — D, J*(J +1)%, (3.34)


https://www.nist.gov/pml/diatomic-spectral-database
http://webbook.nist.gov/chemistry/
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where the first term represents the rigid rotor contribution to the energy with corrections for the effect of
vibration on the mean distance between atoms in the molecule

Bn = Be — O[e(n + %) +'Ye(n+ %)2 ) (335)

and the second term represents the effect of the rotation on increasing the mean distance between atoms in
the molecule. The term D, is the centrifugal distortion constant and contains a small correction associated
with the effect of vibration on the mean distance between atoms

Dy =De+ Be(n+3) . (3.36)
The vibrational contribution is
E, = hcG(n) (3.37)

and contains a series of terms, the first of which can be associated with the simple harmonic motion and the
higher powers represent the corrections for the anharmonic nature of realistic potential energy interactions
between the atoms in the molecule

G(n) = we(n + 5) = wewre(n + 3) + weye(n + 5)° + +weze(n + 3)* . (3.38)
The electronic contribution is
Es=hcT, ) . (3.39)

The internal energy partition function is computed with a triple sum over the states

Z 3 ZgA 25 +1)(2J + )exp( EU‘“"‘”) (3.40)
kT

k=1 n=0 J=A

The factor 2S5 + 1 accounts for the degeneracy associated with the electron spin, 2J + 1 is the degeneracy
associated with rotation of the nuclei about the center of mass, A is the total orbital angular momentum of
the electronic state (A = 0, 1, 2 for X, IT and A states). The factor gx represents the effects of A-doubling
and nuclear hyperfine structure. II and A states have degeneracy of 2 and ¥ is nondegenerate. For a
heteronuclear molecule, i.e., two distinct nuclei, the gn = 1 for a ¥ electronic state or g5 = 2 for any other
state (II, A, etc). For a homonuclear molecule, i.e., two indistinguishable nuclei, the value of gx depends on
the value of J, the nuclear spin I, and the symmetry properties of the electronic wavefunction as shown in
Table 3 of Irwin (1987).

The upper limits 7,4, and Jp,q, on the sums for vibrational and rotational states are determined by
requiring that the combined effects of vibration and rotation do not cause dissociation of the molecule. One
simple way of implementing this is to find the largest values of (n,.J) for each electronic state k such that
the combined vibrational and rotational energy do not exceed the dissociation energy of the molecule.

Ey(k,n,J) + Ex(k,n,J) < De(k) . (3.41)

The highest vibration state possible 7,4, is the vibration level (J = 0) which has the highest energy but
does not exceed the potential well depth D..

G(Mmaz +1) > De and G(npmas) < De . (3.42)

For a given vibrational level n, the highest value of J = Jp,4.(n) that is possible is bounded by same
considerations. Other bounds can be generated by considering the dependence of the functions G(n) and
F,(J) on the states Irwin (1987). Physically reasonable energy levels should be non-decreasing with quantum
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number. If the spectroscopic constants are sufficiently reliable then this requirement limits values of n by
the following inequalities

Gn+1)—Gn)>0 for n<nmas, (3.43)
and the limiting value of J is determined by
F.(J+1)—F,(J)>0 for J< Jpnee(n). (3.44)

For conventional two-term expansions of the vibrational and rotational constants and neglecting the cen-
trifugal distortion, these inequalities provide the following bounds, interpreting the right-hand side as the
greatest integer

We 1
maxr — - = 3.45
" 2Wexe 2 ( )
B, 1

The limit (3.41) usually results in the smallest values of 1,4, and Jyaz-

Considering the effect of rotation on the effective intramolecular potential energy curve Khachkuruzov
(1966, 1967, 1971) provides a more sophisticated approach to determining upper bounds on the rotational
quantum number for diatomic molecules. The approach is to consider the effect of molecular rotation to
construct an effective potential energy function that includes the energy associated with rotational state J.
The effective potential is a function of both the relative distance R and J

n*J(J+1)

VJ(R) = VO(T) + 2'u r2

(3.47)
where V,, is the potential energy function for the non-rotating molecule. The key idea is that as J increases,
the potential well depth becomes smaller and ultimately disappears as shown in Fig. 3.1. The highest
possible value of J for a stable molecule is obtained when the effective potential well is just deep enough
to accommodate a single vibrational state n = 0; the ground state. If the energy of this ground state is
small compared to the well depth of the nonrotating molecule potential, then we can approximate Jy,q.(0)
by Jiim, the value of J for which the effective potential has an inflection point at r,. This requires solving
the two simultaneous equations

dvy,
—Jum | — 3.48
ar |, : (3.48)
d*vy,
——clm | — ), 3.49
dr2 - ( )

The result can be simplified by introducing the reduced distance R = r/r., measuring energies in terms of
spectroscopic values (cm~!) and using the definition of the rotational constant (3.10). The value of R, =
ro/Te is found from the solution of the nonlinear equation

RoV,"(Ry) 4+ 3V (R,) = 0. (3.50)

The value of the limiting rotational quantum number can then be computed as (assuming Jy;,, > 1) from
(3.49)

"
o~ P2 o (RO)
Jllm ~ Ro 6Be

(3.51)

To proceed further, a representative form for the non-rotating potential has to be selected. A simple and
widely used model is the Morse potential

V,(R) = D [1 — exp(—a(R — 1))]? (3.52)
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Figure 3.1: Effective potential energy as a function of radial distance r and rotational quantum number J.
This example uses the Morse potential and parameters of the NO ground state.

where the parameter a can be determined from the spectroscopic constants

We
a =

- 2B.D.

The details of computation of Jy;,, with this potential are discussed by Khachkuruzov (1967), Khachkuruzov
claims that for each electronic state, the maximum rotational quantum number is approximately a linear
function of the vibrational quantum number

(3.53)

Inae) = Fas0) (1= ) (3.5)

Nmazx

Using the ground state NO spectroscopic data to calibrate the Morse potential, we compute R, = 1.435 from
(3.50), Jiim = 234 from (3.51) and direct computation of the stationary energy eigenstates of the effective
potential (3.47) using numerical solution of the Schrédinger equation yields J;,4.(0) = 178, the spectroscopic
condition (3.41) also give Jyq.(0) = 178. For J = 0, the maximum number of vibrational levels possible
iS Nmaz = 39 from the spectroscopic condition (3.42), 67 by (3.45), and 52 from numerical solution of the
Schrédinger equation for the Morse potential.

3.3 Thermodynamic Properties from Partition Functions

The internal energy, E relative to that of the ground state Ej, can be calculated for a system of N molecules
by summing over all states and weighting the energy of each state by the expected number of molecules in
that state.

E - EO = ZN]'GJ‘ (355)
J



32 CHAPTER 3. STATISTICAL MECHANICS AND THERMODYNAMICS

Nj; is the number of molecules in state j with an energy of €; relative to the ground state. This equation
can be expressed in terms of the molecular partition function by using the Boltzmann distribution to define
the expected fraction of the molecules in that state for a system that is in thermodynamic equilibrium

e G
N _ P\ ks
N o €k
> ok €Xp <—kBT>

Substituting this into (3.55), we can write the internal energy in terms of the molecular partition function
as

(3.56)

dlng
— — 2
E — Ey= NkgT < 5 )V (3.57)

Since ¢(7, V'), the number of molecules N does not enter in to the computation of the partial derivative.

The enthalpy, specific heats, and entropy can be computed using thermodynamic relationships and the
relationship (3.1). To express the results in terms of the molecular partition function we will first observe
that for a large number of molecules, Stirlings’ approximation for the factorial can be used to simply the
expressions.

lim nN!'~NInN - N (3.58)

N—oc0

The Helmholtz energy can be approximated as
A—Ay=NkgT (Ing—InN +1) (3.59)
The fundamental relation of thermodynamics for a fixed number of molecules can be written
dA = —SdT = PdV (3.60)

which leads directly to the following expressions

0A
N et .61
s (8T)V (3.61)
d(T1nq)
=N ————=) —InN+1 .62
kp |: T )V niN + ] (3.62)
0A
p—_ (%2 3.63
(), 59
dlngq
= NkgT .64
o (), o
Enthalpy is defined as
H=F+PV (3.65)
=A-TS+ PV 66
and for ideal gases
PV = NkpT (3.67)

so that

H — Hy = NkgT [T (mnq) +1} (3.68)
1%
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The definition for specific heat at constant pressure is

Cp = (?;{)P (3.69)

=Nkg {T ( aa; (T'n q)> ot 1] (3.70)

We can further simplify the result by using the splitting of the molecular partition function into translation
and internal modes (3.7) and use (3.8) to compute the contribution of translation explicitly. The contribution
of translation states to the thermodynamic function is equivalent to the thermodynamic properties of a
monoatomic gas. The final results for the nondimensional temperature-dependent properties are found by
considering one mole of substance (N = N4) and expressing the properties in the same nondimensional form
as used in the NASA polynomial representations:

cp(T) 5 d*(T'ng;)
R a2 T am 7
WMT)—ho 5 , d(ng)
“Rr 2 Tar o o
s(Ty 5 3 2rm 5 d
5 2+21n< 2 ) +§ln(kBT)—lnP+d—T(Tlnql). (3.73)

The last term on the right-hand side of each of these expressions contains the contribution of all the internal
degrees of freedom. The derivatives involving In ¢; can be expanded as follows:

d(lng;) T dg;

T = — 3.74
dTlng) Tdg
—_ = — Ing; , .
a7 ¢ dT +1Ingq (3.75)
92 2Mdg;  (Tdg\* | T?d%
Tlng) = — | — — . .
T (Tng) =~ =57 (qi ar ) t g ar (3.76)
The first and second temperature derivatives of the internal partition function are:
dq 1 kmaz Pmaz Jmaz E(k n J) E(k n J)
t = o 25 +1)(2] + 1) 2 e :
7R D DD I DENC R R P S ) (3.77)

k=1 n=0 J=A

d2qi 2 dqZ kmaz Mmaz Jmaz (k' n, J) E(k n J)
_ (25 +1)(2J + 1 ElILEIA
arz ~  Tdr T2 ; nz% JZAQA + + )( ksl ) P ksl

(3.78)
To derive the pressure-independent portion of the entropy, use the definition
so(T)  s(T,P) P
= 1 .
i i + Po (3.79)
to obtain
so(T) 5 3 2rm 5 d
==+ = =1 —InP°+ —(Tng; .
7 5 2ln< 2 ) t3 n(kgT) —In P° + dT(T ng;) (3.80)

For a monoatomic gas with a mass of 1 amu (a hydrogen atom), the value of nondimensional entropy at a
reference temperature of 1 K is known as the Sackur-Tetrode constant

so(T'=1K)

7 = —1.1517047 P° =100 kPa g =1 m =1 amu (3.81)
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For a discussion of the evaluation of the contributions of the internal partition function, see the JANAF table
documentation (Chase, 1998) or the documentation for the NASA fitting program (McBride and Gordon,
1992). The JANAF data are accessible online from the NIST kinetics website.

The evaluation of the partition function for heteronuclear molecules and the resulting thermodynamics
properties has been implemented in a SDT MATLAB script partition_rotvib.m. The spectroscopic data
needed to compute the energy levels is provided in files for three molecules NO NO _rotvib.m, OH OH_rotvib.m
and CH CH_rotvib.m. The calculated nondimensional heat capacities C,/R are given in Figs. 3.2, 3.4 and 3.3
for the ground state (X), the first electronic state (A), a full set of energy levels and compared to the NASA
fits from McBride et al. (2002). For a single energy level such as the A or X state, the heat capacity at low
temperature has the classical value (for a linear rigid rotor) of C,/R = 3.5. With increasing temperature,
the heat capacity approaches the classical value (for a harmonic oscillator and rigid rotor) of C,/R = 4.5
at 4000 K and then decreases with increasing temperature. The decrease is due to the finite number of
rotational and vibrational states associated with the finite depth potential well that characterizes actual
electronic states as opposed to the infinite number of states that are available in the rigid-rotator harmonic-
oscillator approximation. With increasing temperature, the quantum states up to the dissociation level are
increasing populated and eventually the internal energy approaches a constant value so that subsequent
increases in temperature only result in changes to the translational temperature. More realistically, at high
temperatures, a substantial fraction of the molecules become dissociated into atoms and the atoms are
ionized so that the high temperature limit of the specific heat of the molecule is no longer meaningful. The
differences between the NASA fits and the partition function results at high temperature is due to different
choices of spectroscopic constants and number of energy levels included in the partition function summation.

6 T T T T T T T
——NO(X)
----NO(A)
55 |- NO (First 15 states) .
NO (NASA 20000 K fit))

3 1 1 1 1 1 1 1=
2000 4000 6000 8000 10000 12000 14000

T (K)

Figure 3.2: NO (nitric oxide) Heat capacity computed from partition function and spectroscopic data for
the ground state (X), the first electronic state (A), the first 15 electronic energy levels and compared to the
NASA fits from McBride et al. (2002)


http://srd.nist.gov/JCPRD/jpcrdM9.pdf
http://shepherd.caltech.edu/EDL/PublicResources/sdt/refs/NASA-RP-1271.pdf
http://shepherd.caltech.edu/EDL/PublicResources/sdt/refs/NASA-RP-1271.pdf
http://kinetics.nist.gov/janaf/
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/partition_rotvib.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/NO_rotvib.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/OH_rotvib.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/CH_rotvib.m
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Figure 3.3: CH (methylidyne) Heat capacity computed from partition function and spectroscopic data for
the ground state (X), the first electronic state (A), the first six electronic energy levels and compared to the
NASA fits from McBride et al. (2002)
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Figure 3.4: OH (hydroxyl) Heat capacity computed from partition function and spectroscopic data for the
ground state (X), the first electronic state (A), the first four electronic energy levels and compared to the
NASA fits from McBride et al. (2002)
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3.4 Estimating Heat Capacities

Some basic heuristics apply for estimating both the low and high temperature limits of the specific heats.
These are useful for extending each species’ properties to higher temperatures or for visually evaluating the
success or failure of a least squares fit.

The heuristic models presented come from the classical result known as the equipartition of energy. The
rule is that at sufficiently high temperatures that quantum effects can be ignored, each degree of freedom
(DOF) of a molecule contributes ik BT to the internal energy. If the total number of degrees of freedom are

f, then the internal energy per molecule can be written as
1
€= fngT (3.82)
and the internal energy per unit mass is
1
e=f §RT (3.83)

The number of degrees of freedom f depends on the particular molecule. The effect of quantum mechanics
is that the energy levels are discrete and for thermal energies (kgT') that are comparable to or smaller than
the energy level differences, the effective number of degrees of freedom will be a function of the temperature.
Fewer degrees of freedom are excited at low temperatures and more are excited at higher temperatures.
There are always three degrees of translational freedom for an atom, and similarly, there are three from the
translation of the center of mass of a molecule. Equation 3.83 implies that the specific heat at constant
volume is

& ==R (3.84)

[\

This is related to the specific heat at constant pressure through

cp=c¢y+R (3.85)

At low temperatures, the only contributions to a molecule’s energy are the rotational and translational
degrees of freedom. Therefore, with each atom fixed in the molecule (no vibrational energy), there are
three degrees of translational freedom and two or three degrees of rotational freedom for the molecule as a
whole. If the molecule is treated as a rotating rigid body, the total rotational degrees of freedom are two
for linear molecules (e.g., Oz or N2) or 3 for non-linear molecules (e.g., HoO or NH3). The net result at low
temperature but still high enough that rotation is fully excited is that

cp — gR linear , (3.87)

cp — 4R nonlinear . (3.88)



3.5. RRHO MODEL THERMODYNAMICS 37

At high temperatures, all the vibrational modes of oscillation are excited in additional to rotation and
vibration. Contributions from electronic excitation are usually small in the 3000 to 6000 K range and we
will neglect these. The number of vibration modes can be computed by considering the atoms to move
independently at high temperatures. There are a total of 3n, independent motions per molecule with n,
atoms and if we subtract center of mass translation and rotation, then we expect that at high temperatures
there are 3n, — 5 vibrational modes for linear molecules and 3n, — 6 modes for nonlinear molecules. Each
vibrational mode contributes two degrees of freedom, one for kinetic energy and one for potential energy. The
total number of degrees of freedom for the high temperature limit is obtained by summing the translational,
rotational, and vibrational degrees of freedom. The final result can be used to express the high temperature
specific heat limits as

6ng — 3 .
lim cp = a7 R inear (3.89)
T—o0 2
o —4
lim cp = LR nonlinear (3.90)
T—o0 2

Note that if we neglect the electronic excitation of monatomic species, the specific heat is independent of
temperature

(CP)monatomic = gR . (391)
This is a good approximation for the temperatures of interest in ordinary combustion.

The utility of the limits for heat capacity are that these are a convenient way to check the validity of
thermodynamic data and also provide limiting values that can be used for extrapolating data originally given
over a limited range of temperature. It is preferred but not always possible to recompute the thermodynamic
functions using statistical mechanics if the polynomial fits are not valid to sufficiently high temperatures. It
is possible in some cases to extrapolate the data from the fits to higher temperatures. The idea behind the
extrapolation is that given a specific heat function ¢, (7T") defined on Thyin < T < Tipaq, the specific heat can
be extrapolated using

1 1 Toax 1 1
( - > for T > Tnax (3.92)
¢p  ¢p(00) T cp(00)  cp(Thmax)

This method is simpler but less accurate than the more general extrapolation method developed by Wilhoit
and implemented in the NASA code PAC91 (McBride and Gordon, 1992, see p. 7). It will work only if
there are no low-lying electronic states that contribute significantly to the specific heat. Above 5000 K, these
states almost always have to be taken into consideration.

3.5 RRHO Model Thermodynamics

The thermodynamics of a model gas described by the RRHO approximation (neglecting electronic excitation)
can be computed using the statistical thermodynamics prescription (Section 3.3) and the model partition
functions of Section 3.1. The starting point for computing the thermodynamic energy is (3.57) which can
be written for a single molecule as

e = kpT? (alnq> . (3.93)
\%

Consistent with the RRHO approximation, assume that all the modes of the molecular excitation are inde-
pendent. This means that the quantum states for translation, rotation, vibration can be separately computed
and the total molecular partition function can be written as a product of the partition function for each
mode. Omitting the nuclear partition function, we have

q = qtqrqv (3.94)
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With this approximation, the energy of a molecule can be written as the sum of the energies for each mode

e=kpT? Y ! <g§{'> : (3.95)
1%

4q;

t,r,v
e=> ¢, (3.96)
t,r,v
where the energy of mode j is
T 8q->
ej =kpT— [ == . 3.97
=kt (52) (3.97

Using the partition functions computed in Section 3.1, we obtain the contributions to energy for a single
molecule:

translation g = gk:BT ; (3.98)
rotation er = kgT linear molecule T' > O,. ; (3.99)
rotation Er = ;kBT nonlinear molecule T' > ©,. ; (3.100)
N S 1 1

vibration €y = ; kO, ; (2 + e@w/T—l) sum over all n, modes . (3.101)

The specific heat at constant volume can be obtained by differentiation of the energy with respect to tem-
perature

de
L= 3.102
C = 37 (3.102)
The individual contributions of each mode to the specific heat are:

. 3
translation Cot = 5/63 ; (3.103)
rotation cor =kB linear molecule T > O, ; (3.104)

3
rotation Cor = ikB nonlinear molecule T' > O,. ; (3.105)

Ny @ ) 2 e@u,i/T

vibration Cow =kp ; < ;l) (T 12 sum over all n, modes . (3.106)

High-Temperature Limit

In the limit as the temperature becomes sufficiently high, but not so high that electronic excitation is
significant, the vibrational contribution to the energy is

e > nykpT as T — o0, (3.107)
and the contribution to the heat capacity is

Cow = Npkp as T — oco. (3.108)

In the high-temperature limit, the nuclear and rotational partition function are decoupled and the contribu-
tion of rotation motion to specific heat is a constant and only depends on the symmetry of the molecule.
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Using the high-temperature limits of the partition function for the RRHO model, we obtain the contri-
bution of each mode of molecular motion to the energy at high temperature to be f; x 1/2kgT where f; is
the number of degrees of freedom for that mode.

T 8qi
.= lim 2= . 3.109
For each mode, we have:
translation fi=3; (3.110)
rotation fr=2 linear molecule T'>> O, ; (3.111)
rotation fr=3 nonlinear molecule T' > ©,. ; (3.112)
vibration fo=2n, . (3.113)

As discussed in the previous section, the number of vibrational modes can be computed by subtracting the
translation and rotational degrees of freedom from the total degrees of freedom 3n, of n, atoms free to move
in three dimensions

Ny =3Ng — 5 linear molecule , (3.114)

Ny =3ng — 6 nonlinear molecule . (3.115)

The high-temperature limit value for total number of degrees of freedom for a molecule of n, atoms is the
sum of the values for all three modes:

f=6n,—5 linear molecule ; (3.116)

f=6n,—6 nonlinear molecule ; (3.117)

in agreement with the estimates given previously. Instead of using the degrees of freedom to characterize
the specific heat, the ratio of specific heats
Cp 2
v=—=-=14- 3.118
. 7 (3.118)
is often employed. Note that the value of v = 1.4 = 7/5 used for engineering computations with low-
temperature air corresponds to f = 5 so that the vibration modes of Ny and O are not contributing to the

heat capacity in this model, which is reasonable as long as T is sufficiently small compared to ©, (3393 K
for Ny, 2273 K for Os).

Low-Temperature Limit

At very low temperatures, T' < 50,., the quantization of rotational levels and rotational-nuclear spin coupling
requires a more sophisticated approach (Ch. 6 McQuarrie, 1976) to computing partition functions. This
is not only relevant to spectroscopy of molecules in cold interstellar clouds or laboratory experiments at
cryogenic conditions but also to the IR spectra as the nuclear symmetry of the molecule will determine
the weighting factors of the populations of rotational levels (Ch 5 Hanson et al., 2016). Aside from the
important implications for spectroscopy, the rotational contribution to thermodynamics is most important
at temperatures comparable to the effective rotational energy level separation, for example hydrogen, with
a value of ©, = 87.5 K. We will only consider the computation of the rotational partition for diatomic
molecules in the rigid rotator approximation. For linear heteronuclear molecules like NO, OH, CH, and CO,
the nuclear-rotational partition function is just

= (21 + 1) (21 + 1) Y (27 4 1)e~//TDO/T (3.119)
7=0
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Figure 3.5: Low-temperature heat capacity of CO computed using the RRHO partition function (3.120) and
compared to the standard NASA-9 fit.

where I; and and I are the values of nuclei spins. The high temperature limit, 7' > 50,., of the sum is just

Gnr ~ (211 +1)(212 + 1)61 . (3.120)
T

This gives a contribution of precisely R to the specific heat capacity at high temperature, in agreement with

the considerations about degrees of freedom of linear rotators. This is true for all of the diatomic rotors. An

example of the low temperature specific heat capacity in CO is shown in Fig. 3.5. The script specificHeat.py

implements the evaluation of the low temperature rotational partition function and specific heat calculation

for several diatomic molecules. This was used to compute the examples shown in this section.

For homonuclear molecules like No, Os, Ho, the rotational partition function depends on the symmetry
characteristics of the nuclear wavefunction, which depends on the value of nuclear spin I. The total wave-
function of the molecule has to be symmetric under exchange of the identical nuclei for integer spin nuclei
and antisymmetric for half-integer spin. The most common electronic ground state E , is symmetric and
this means that the symmetry of the total wavefunction is controlled by the rotatlonal component. For
integral nuclear spin (I = 0,1,2,...) the rotational-nuclear partition is

Gnr = (I+1)(2I +1) Z (2] + 1)e”/UFVOIT L 12T +1 Z (2J + 1)e/UHDO/T  (3.121)
7=0,2/4,.. 7=1,3,5,..

The high temperature limit of the sum is

(2L, +1)2 T

> o (3.122)

n,r =~
The factor of 2 in the denominator is due to the symmetry a the molecule with identical nuclei, otherwise
the number of independent quantum states will be over counted. The approximate partition function (3.122)
is valid for all of the homonuclear diatomic cases and as in the heteronuclear case, results in a contribution
of R in the high temperature limit. The computation of specific heat with this model is illustrated for N,
I =1 for "N nuclei, in Fig. 3.6.


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/specificHeat.py
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Figure 3.6: Low-temperature heat capacity of CO computed using the RRHO partition function (3.121) and
compared to the standard NASA-9 fit.

For half-integral values of the nuclear spin (I =1/2,3/2,...) the rotational partition function is

Gnr = I1(2 +1) Z (2J +1)e™/UHDO/T L (T 4 1)(21 + 1 Z (2J +1)e~/UFDO/T - (3123)
7=0,2.4,.. j=1,3,5,..

(3.124)

This case is appropriate for Hy (I = 1/2) and the resulting specific heat capacity dependence on temperature
is shown in Fig. 3.7. The pronounced peak and slow approach to the high temperature limit is a special
feature of hydrogen that is a consequence of the large value of ©, and the two possible states of the alignment
of the nuclei. Ortho-hydrogen has a symmetric nuclear state with parallel nuclei spins, para-hydrogen has
an anti-symmetric nuclear state with opposite alignment nuclei spins. There are 3 possible para-states and
only one possible ortho-state, the equilibrium between the states determines the average heat capacity, see
the discussion in Ch. 6 of McQuarrie (1976).

The case of Oy (*°O nuclei) is special, I = 0 but the ground electronic state X3Zg_ is antisymmetric.
The rotational states have to be antiysmmetric for the total wavefunction to be symmetric so only the odd
rotational states are allowed and the partition function is

Gnr = (I +1)(2 +1) Z (2J + 1)e”/FDO/T (3.125)

Jj=1,3,..

The computation of specific heat capacity for Oz with this model is illustrated in Fig. 3.8.

The NASA9 fits could be extended to low temperatures using the RRHO partition function and adding
additional polynomial segments. The temperature ranges will need to be carefully chosen to properly repre-
sent the rapid variation of specific heat near the characteristic rotational temperature ©,.. The values of O,
(Table F.2) are much lower than the temperatures at which condensation occurs for most diatomic molecules
(Hs is an exception) so that for most purposes the high-temperature limit of the classical approximation to
rotation is a reasonable approximation even at quite low temperatures.
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Figure 3.7: Low-temperature heat capacity of Hy computed using the RRHO partition function (3.123)
assuming equilibrium between ortho and para states with comparison to the standard NASA-9 fit.
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Figure 3.8: Low-temperature heat capacity of CO computed using the RRHO partition function (3.125) and
compared to the standard NASA-9 fit.



Chapter 4

Equilibrium

This chapter describes the fundamental basis of chemical equilibrium and
outlines methods for computing equilibrium composition. All discussions
of equilibrium are based on the First and Second Law of thermodynamics.
The Second Law can be interpreted as an optimization problem which can
be solved numerically to determine the thermodynamic state. The opti-
mization is constrained by both the physical and thermal conditions under
which equilibrium is achieved and for chemical equilibrium, the conserva-
tion of atoms. The thermodynamic and chemical considerations underlying
chemical equilibrium are presented with examples of how these are imple-
mented in Cantera.

The fundamentals principles of chemical equilibrium analysis, applications to gaseous combustion, and
numerical methods are discussed in depth in a number of monographs (Denbigh, 1981, van Zeggeren and
Storey, 1970, Smith and Missen, 1991, Powers, 2016), reports (Huff et al., 1951, Gordon and McBride,
1976, Reynolds, 1981, 1986, McBride and Gordon, 1996) and journal papers (Brinkley, 1946, 1947, White
et al., 1958, Zeleznik and Gordon, 1960) as well as textbooks on thermodynamics and combustion. Chemical
equilibrium computations are also discussed in monographs on detonation (Fickett and Davis, 1979, Mader,
1979) that have an emphasis on high explosives, a specialized topic that requires considerable extension
of gas phase methods to treat non-ideal multi-phase mixtures at high pressure using complex equations of
state. Computation of gaseous chemical equilibrium at high temperature remains an important topic in
planetary re-entry (Bottin, 2000), chemical engineering (Smith et al., 1996), geologic and environmental
applications (Fegley, 2013) motivate explorations of new formulations and numerical methods, particularly
for multi-component, multi-phase mixtures (Tsanas et al., 2017) that contain solids, gaseous or liquids or
involve supercritical fluids.

4.1 Second Law of Thermodynamics

The basis of chemical equilibrium is the Second Law of Thermodynamics. For a fixed mass of material
(considered as a thermodynamic system) which can exchange work and heat with its surroundings but is
otherwise isolated, the Second Law is:

The total entropy of the universe consisting of a system and its surroundings either remains
constant or increases.

In mathematical terms, this is an extremum principle:
dSuniverse = dSsystem + dSsur'roundings > 0. (41)

The inequality holds for all irreversible processes, at equilibrium, this is an equality.
The changes in entropy of the surroundings is determined by the thermal interactions with the surround-
ings. An isolated system has no heat or work interactions with the surroundings, therefore from the First

43
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Law of Thermodynamics, we conclude that the internal energy F is a constant and for a P-V-T system, if
there is no work interaction, the volume V of the system is constant. We conclude that at constant energy
and volume, the extremum principle implied by the Second Law of Thermodynamics is that entropy tends
towards a maximum as the system approaches equilibrium.

dSsystem > 0 for (E,V) constant (4.2)

If the surroundings are considered as a thermal bath with a fixed temperature T, the change in entropy
of the surroundings is equal in magnitude and opposite in sign to the thermal energy @ transferred into the
system.

d
dssurroundings = - TQ (43)

The work dW done on the system by expansion into an atmosphere of constant pressure P, is
dW = —P,dV (4.4)

The Second Law of Thermodynamics implies that

dS,ystem = dS > d? (45)
The First Law of Thermodynamics can be used to write this as a inequality
dQ =dE —dW <T,dS (4.6)
or
0>dE + P,dV —T,dS (4.7)

This is the key extremum principle for equilibrium and by making different choices for the constraints on
heat and work interactions, the principle can be interpreted in terms of the thermodynamic potentials as
shown in Table 4.1.

Table 4.1: Optimization problems for equilibrium processes Kondepudi and Prigogine (1998).

Constraints Optimization

E,V constant S maximum
S,V constant F minimum
S, P constant H minimum
H, P constant S maximum
T,V constant A minimum
T, P constant G minimum

4.2 Equilibrium at Constant Temperature and Pressure

The most common approach to computing chemical and phase equilibrium is to consider a constant temper-
ature and pressure equilibrium process. This is particularly convenient for ideal gases due to the separation
of temperature and pressure dependence of the chemical potential.

The total Gibbs energy of a single-phase mixture of K species is

K
G(T,P,N) = Nyu(T, P,N),, (4.8)
k=1
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The use of this relationship requires a expression for the chemical potential p; (T, P, N), which depends on the
mixture equation of state for the phase, see Section 9.8. The ideal gas is the simplext model and applicable
to many combustion problems, the chemical potential of species k in an ideal gas mixture is

pr(Ty Pr) = po(T) + RT In(Py,/P°) , (4.9)
= pp(T) + RT In(P/P°) + RT In(Ny/N) , (4.10)
and the total number of moles N is
K
N=> Ng. (4.11)
k=1

For a closed system of fixed mass M, we will specify the composition by K composition variables ny =
Nj./M. Chemical equilibrium is defined by the set of values n* = (n},n3,...,n%) that minimize ¢ = G/M
at constant (T, P) subject to the constraints of conservation of atoms. This is valid for any single phase
mixture and the ideal gas is just a special case. From the fundamental relation for Gibbs energy, a necessary
condition is that g is stationary for variations in composition about the equilibrium value

K

dg = Zuk(T, P,n*)dén, =0. (4.12)
k=1

The variations in composition dny are constrained by the conservation of atomic composition for a closed
system. The Gibbs-Duhem relation (2.38) constrains the variations in py at constant (7', P)

K
k=1

These results are useful in simplifying the equations-used for numerical simulation of chemical equilibrium
at constant pressure and temperature.

4.3 Composition Constraints

At the outset of any chemical equilibrium problem, the researcher has to choose an appropriate set of K
distinct chemical species {C1, Cs, . .., Ck } which are made up of J distinct atomic elements {F1, Eo, ..., E s},
K > J. For a given set of species, the researcher also needs to choose a reference composition n° that can be
used to fix the elemental (atomic) composition. While the composition of the species can change substantially
in the course of the chemical reaction, the number of atoms of each element cannot change as long as we
are considering ordinary combustion conditions and an isolated mass of material, e.g., a closed system.
Mathematically, the conservation of atoms can be expressed as a set of linear equations

K

b= apne j=1,2,....J, (4.14)
k=1

where a;j, is the number of atoms of type j in species k and b; is the total number (moles) of elements of
type j. The total number of elements is determined by the composition nj, used to initialize the equilibrium
computation

K
bj =Y an; . (4.15)
k=1

In addition, the amount of each species has to be nonnegative,

ng>0 i=12,... K. (4.16)
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For a given mixture, the b; are constants and the variations dn in the species composition are constrained
by the linear equations

K

0=> ajdny j=1,2,....J (4.17)
k=1

The set of coefficients {a;;} are positive integers that depend only on the elemental composition of each
species in the mixture. The set of values can be represented by a J x K matrix A with components (A);;
= aj; and the contraint on composition variations can be expressed as the matrix relation

0=Adn (4.18)
The number M of independent constraints is given by the rank of the constraint matrix
M = rank(A) . (4.19)

Usually, but not always M = J; in certain cases (e.g., when one or more of the elements is also a species
that is nonreactive or inert), M < J. The constraints on composition for a closed system means that the
number of independent composition variables or reaction coordinates will be less than the number of species

Number of independent reaction coordinates = K — M >1 (4.20)

for a nontrivial solution to the equilibrium composition.

4.4 Equilibrium as Constrained Minimization

The equilibrium solution at constant temperature and pressure for a closed system can be concisely formu-
lated as finding the solution to the minimum of g subject to constraints.

K
Minimize g = Z LET (4.21)
k=1
subject to
K
b= apnk j=1,2,...,J. (4.22)
k=1

(4.23)

where we have implicitly assumed that rank(A) = J and also require ny > 0 for all k. A subtle point in
formulating equilibrium algorithms is that we only need consider the chemically active species and species
that are chemically inert (e.g., argon and other rare gases) are not included in the Gibbs energy or constraint
equations. This reduces the total species count and in some cases, the number of constraint equations.

The classical method of solving constrained minimization problems is the method of Lagrange multi-
pliers which enforces the J constraints by introducing J additional variables (multipliers) A; to create an
unconstrained optimization problem for the objective function L.

K J K
L= Zuknk + Z Aj (bj — Zajknk> . (4.24)
k=1 j=1 k=1

This function has been constructed so that £ = 0 at equilibrium for arbitrary variations 6Ny and o).
The solution to the unconstrained optimization problem must therefore satisfy the following condition at
equilbrium

J

J
oL
ni+ Y (ax) A =0 (4.25)
A j=1 n,\;#j
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Because the variations ény and dA; are arbitrary (but bounded), this can only be satisfied if each of the
partial derivatives of £ must individually vanish at equilibrium. Carrying out the differentiation, we obtain
the following K +J equations in K + J unknowns (n, \)

oL J
i =S axhi=0 i=12.. . K, 4.26
<8nk)m¢k,x e ]Zl T ( )

requiring that ny > 0 for all k and

K
oL .
I/ nNi#] k=1

This is a set of K + J nonlinear equations in K 4 J unknowns. The nonlinearity arises because of the
dependence of chemical potential on composition. For an ideal gas

s = i3 (T) + RT [(P/P°) + In(ni/n)] (4.28)

where the total number of moles (kmol/kg) are

K
n= Z ng - (4.29)
k=1

For a nonideal gas, one typical approach is to modify this by including an activity coefficient ¢;(T, P,n) that
must be computed from the P(V,T,n) equation of state,

i = u(T) + RT [In(P/P°) +In(n;/n) + Ing;] . (4.30)

The numerical solution of these equations requires the development of a robust algorithm to perform an
iterative procedure to deal with the nonlinearity. » An algorithm developed for an ideal mixture can be
adopted for this purpose by method of successive approximation assuming ¢ = constant at each step m with
¢m+1 = ¢(P, T, nm)7 (bl =1

The Lagrange multiplier method is one of many techniques for solving chemical equilibrium problems.
Thorough expositions of this and the other solution techniques (with extensions to multi-phase systems)
are given in van Zeggeren and Storey (1970), Smith and Missen (1991). Cantera has several methods that
can be invoked for equilibrium solutions using the Cantera equilibrate function. The documentation
at the Cantera website describes the three solvers that this implements. Solver 0 is based on the element
potential method (Reynolds, 1981, 1986)- fast but not robust; Solver 1 is based on Gibbs energy minimization
(described above), slower than element potentials but very robust; Solver 2 is based on the VCS algorithm
described in Smith and Missen (1991) and is based on transformation to reaction coordinates that is discussed
in the next section.

Numerical Solution of Equilibrium One approach (other than the approaches available in Cantera) to
numerical solution is to use a generic optimization method to minimize the Gibbs energy applying the element
and positivity constraints. For example this can be implemented through sequential quadratic programming
using a package such as sqp in MATLAB. This works acceptably when there are a small number of components
and the mole amounts are not too disparate in size.

At high pressures or low temperature, the solution by sqp requires very small step sizes and even then,
will have difficulty getting accurate results for minor species. There will be large differences between the
magnitude of the constraint coefficients \; in comparison to the mole numbers n; of minor species. This will
cause significant convergence issues and the minor species present in less than some minimum amount will
not be converged to equilibrium values.

For a modest number of species it is possible to refine an sqp solution by performing a Newton-Raphson
iteration starting from preliminary result n,,,. One way to resolve the issues of difference in magnitude in the
variables is to eliminate the constraints by switching to reaction coordinates ¢ and carry out unconstrained
minimization.


https://cantera.org/

48 CHAPTER 4. EQUILIBRIUM

4.5 Reaction Coordinates

An alternative to the method of Lagrange multipliers, which increases the dimensionality of the system of
equations to be solved, is to use reaction coordinates, which decreases the dimensionality. The number of
independent reaction coordinates is R = K — J in the most straightforward situations and the reaction
coordinates &;, ¢ = (1,2,..., R) are bounded but otherwise independent, i.e., unconstrained. If for some
reason the matrix is rank deficient, that is, if rank(A) < min(J, K), then R can be less than K — J.

The key idea is that there is a set of linearly independent R vectors v/* that span the subspace of solutions
that satisfy the element constraints. Possible compositions can be specified by forming linear combinations
of these vectors in the proportion &;.

R
n=n°+ Z v (4.31)
Applying the element constraint equations and simplifying, we obtain
Avi=0 for i=1,2,...R (4.32)
which can be written in matrix form
AN =0 (4.33)

where the columns of the stoichmetric matriz N are the vectors v?
N=[v'v? .. Vi (4.34)

The procedure for computing the elements of N is described in (Smith and Missen, 1991, pp. 23-25). In
MATLAB, this can be accomplished by determining the basis that spans the null space of the matrix A, N
= null(A).

4.6 Equilibrium as Unconstrained Minimization

The reaction coordinates provide a different route to computing chemical equilibrium. The variation in
species can be related to the (independent) variations in reaction coordinates by the stoichiometric coefficients

R R
on = N&¢ = Z visg,, or ony = Z Vi 0&; k=1,2,....K Vi = (N)k,i . (4.35)
i=1 i=1

Substituting this into the differential for the Gibbs energy

R /K
og = Z (k ,Ukl/kz) 68 - (4.36)
1

=1 =

Because the variations d&;, in reaction coordinates are independent and arbitrary, the minimization condition
dg = 0 implies the terms in parentheses must all vanish identically.

dg
3]

One possible numerical solution strategy is to apply the Newton-Raphson method to compute updates §€
to a trial solution for €. The algorithm to advance from trial m to m + 1 is

9 _
o€ ~

0 or

0 i=12....R. (4.37)

gt =¢m 4 6¢™ (4.38)

m (Pg\ " (0g
% —‘(ae)nm (as)nm (4.39)
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where
n™ =n° 4+ N¢g™ . (4.40)

To carry out this computation, we will need to compute the Hessian matrix of g

829> 9%g
ZJ - 4.41
(852 i,j 06i&; ( )

and the gradient of g w.r.t. reaction coordinates

dg\ _ 9g
le_a&. (4.42)

From the definition of &, p; and g, these can be computed explicitly for an ideal solution. An ideal solution
is defined by having a chemical potential with the form

k= pp(T, P) + RT In(ng/n) (4.43)

An ideal gas is particular case of an ideal solution. The derivatives of the chemical potential needed for the
Hessian and gradient can be computed analytically by first carrying out the differentiation w.r.t. ny

99
8le
829 - 5ik 1

= up + RT In(nk/n) (4.44)

— Jtk _ 4.4
onion,,  np n (4.45)
and then transform to the reaction coordinates
0 on; 0
= — 4.46
0&; Z 0&; Ony, (4.46)
0
= j— 4.4
% vk 871;9 ( 7)
dg dg
_ = 4.48
a& ; Yk 8nk ( )
K
=3 v (4.49)
k=1
829 KK <5k:l 1)
— RT vy | — — =, 4.50
6&5_7' kZ:1 ; kiVlj ne n ( )

(4.51)
where 0y = 1if k =1 and = 0 for k # I. The Hessian is a symmetric, square (dimension R x R) matrix

0%g B 0%g
0&i&; 0856

with rank R and it can be shown (see Smith and Missen (1991) and the discussion and references in Powers
and Paolucci (2008)) that it has the property of being positive definite which is defined by

8%g
i i)

(4.52)
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for any arbitrary vector x = (21,2,...,2g). In particular this means that a potential equilibrium com-
position point & where the gradient vanishes, the Gibbs potential Taylor expansion up to second order
is

2
9(&) —9&) =D %d&dé}- >0. (4.54)
i i)

This guarantees the Gibbs potential is a minimum at these points and with a bit more effort (Powers and
Paolucci, 2008), that this point is the unique, physically realizable solution. This is true not only for the
case of minimizing the Gibbs potential but is true in general for chemical equilibrium of ideal solutions under
more general constraint conditions other than constant (T, P). The positive definite property of the Hessian
has implications for the relationship between frozen and equilibrium sound speeds Fickett and Davis (1979).

There are some subtleties to the iteration procedure (see Smith and Missen, 1991, Section 6.4) when
using reaction coordinates and unconstrained optimization.

1. The number of species and elements should be reduced by eliminating inert species. These are species
that do not participate in any reactions but have fixed amounts that affect the total molar concentra-
tion. This will decrease the number of species and reactions coordinates and increase the efficiency of
the computation.

2. A procedure like sqp should be used to get good initial estimates to initialize the Newton-Raphson
iteration, which will only converge reliably if started in the neighborhood of the correct solution.

3. The Newton-Raphson iteration has to be modified to include a damping factor A to prevent any species
amounts from ever becoming negative. The modified iteration is

m am (0%9\ ' (O
e (@) ().

where the value of A™ is selected to be the maximum value less than one such that

ng' >0 forall k. (4.56)

Well-behaved equilibrium problems for which the Newton-Raphson method converges will typically
start with values of A < 1 which increase with increasing m. The Newton-Raphson algorithm converges
quadratically if A = 1 and is often poorly behaved for A > 1 so the goal should be to set convergence
criteria so that some specified tolerance on dg to achieve quadratic convergence with a minimum number
of total iterations. Cantera uses a default tolerance of max |§g| < x10~? for the standard equilibrate
function.

4. The Hessian will be difficult to invert for systems with a large number of species that have values that
vary over a large range, i.e., problems with a combination of major (O(1073) or larger) and minor
species present in much smaller amounts (O(1078) or less. The difficulty is signaled by the Hessian
having a reciprocal condition number that is too small, i.e., typically less than 10~'°. The reciprocal
condition number needs to be larger than the smallest change that can be represented by the floating
point arithmetic in order for standard inversion methods to be reliable. For double precision with
64-bit representation, the smallest change for O(1) numbers is on the order of 10715,

A solution to this is to limit the application of the Newton-Raphson iteration to a set of species larger
than some threshold value. This can be accomplished by sorting the starting guess in decreasing
order of concentration and partitioning the species accordingly. This idea is also a key step in the VCS
procedure. After sorting the species and constructing a proper set of basis vectors for the stoichiometric
coefficient matrix N, the inverse Hessian is approximated analytically assuming that it is diagonal in
this basis. This approximation is sketched out in Smith and Missen (1991) who give references to the
original papers which contain the details.
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For mixtures that have exceptionally disparate values of composition variables, a continuation method has
been developed by Pope (2004). This technique is also applicable when additional constraints on composition
are employed. The method has been extended to multiphase mixtures by Scoggins and Magin (2015) and
applied to ionized gases and re-entry situations.

4.7 Element Potentials

A technique popularized by Reynolds and used in the STANJAN program (Reynolds, 1981, 1986) then later
incorporated into CHEMKIN (Lutz et al., 1996), starts from the observation that at equilibrium (4.26) can
be interpreted as a method for computing the chemical potentials of each species as a weighted sum of
element potentials which are equal to the Lagrange multipliers A;

J
M = Zajk)\j . (4.57)
j=1
If the element potentials are known, then the molar concentrations of each species can be computed as
J
np =nexp (— uj, + Z ajkA;) (4.58)
j=1

where from (4.28) we have defined
pr = pp(T) + RT In(P/P°) . (4.59)

The composition constraints (4.27) becomes
K J
b; = nz ajrexp (— pj, + Z ajkAj) 5 (4.60)
k=1 j=1
and the computation (4.29) of n requires

K J
1= Zexp (= + Zajk)\j) . (4.61)
k=1 j=1

The solution method developed by Reynolds is to formulate an initial guess for the composition and element
potentials, then to use the method of steepest descents followed by Newton-Raphson iteration to solve for
the equilibrium values of the element potentials. His solution method treats a mixture of ideal gases and
solid phases, treating the solid phases as incompressible and with negligible volume.

4.8 Equilibrium Constants

The equilibrium condition (4.37) leads to the following set of equations that must be satisfied at equilibrium

K
0= g for i=1,2,...,R. (4.62)
k=1
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As discussed above, the numbers v; are the stoichiometric coefficients for the ith reaction coordinate. In
terms of the stoichiometric coefficients corresponding a reaction coordinate ¢ and suppressing the reaction
coordinate index, the equilibrium condition can be written

K
0= i (up(T) + RT In P) (4.63)

k=1

and this can be simplified to separate the pressure and temperature dependence as follows

151 175} VK — s Vi AGO o X o
PPy P =[] P =exp 7 AG® = () . (4.64)
k=1 k=1

The expression on the right hand side is known as the equilibrium constant and is a function only of
temperature

K,(T) = exp (- %;) . (4.65)

In order to apply these equations to solve for the equilibrium composition, the J element conservation
constraints still need to be employed in order compute the species mole fractions (and partial pressures P
= X}, P) from the reaction coordinates.

Nk

X = — 4.66
B= (4.66)
R
ng = ng + Z Vii&i (4.67)
i=1
K K K
n= Z ny = Z ny + Z Vi€ (4.68)
k=1 =1 k=11i=1

The idea of reaction coordinates applies equally to individual reactions or a set of reaction for which the
stoichiometric coefficients are determined by balanced reaction equations. For a single reaction, the com-
putation of equilibrium constants is particularly straighforward and is used to relate forward and reverse
reaction rates as discussed in Section 10.

4.9 Partition Function Method

The statistical treatment of an ideal gas mixture is a straightforward extension of the statistical treatment
of single molecules. The molecules are non-interacting so the system partition function for a mixture of
K distinct molecules is simply the product of the molecular partition functions g for the N molecules of
species k in the volume V'
K N
Q=T1% (4.69)

= E
fier Ny!

Using the definition of Helmholtz energy (3.1) and chemical potential (2.37) and applying Stirling’s approx-
imation In N! ~ Nln N — N we obtain

= —kyTln (%) . (4.70)
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For a single equilibrium relation, the equilibrium condition
3 v = 0. @)
k

is equivalent to

o =TIV (172)
k k

Each molecular partition function has the form of the product of the translational function ¢;r and the
internal function ¢;,;. The translational functions all have the form

2rmikT 3/2
Girp =V (h2 ) (4.73)

and the internal function g;,+ ; depends on the specific molecular or atomic structure as discussed previously.

Example A particularly simple case is the ionization of an atom, for example argon
Ar 7= Art 4+ e” (E1)

The dissociation and subsequent recombination of Ar behind strong shock waves has been extensively in-
vestigated and used as a light source in high explosive experimentation (Davis et al., 2006). If we disregard
the electronic excitation states of Ar and Ar™, the internal partition functions are it ar = gar, Qint, Ar+
= gar+ exp(—er/kpT), and @it~ = ge-; where e is the ionization energy, The conservation of charge
implies that N.- = N4,+ and expressing the concentrations in terms of partial pressures, the equilibrium
relationship can be written as

P+ Py
PA’I'

2meksT\*? gars go-
= kBT h2 9a exp(—sj/kBT) = KP(T) s (474)

where K, is equilibrium constant for this reaction. Using the classical thermodynamic approach, this is
equivalent to the equilibrium constant computed as

K, =exp (—Z:;;;f%) (4.75)

Alternatively, in terms of the fraction ¢ of ionized atoms and the total pressure P, the partition function
solution is

¢2 kBT 2’/Trnek'Bjj 3/2 9ArtYGe-
1—-¢2 P < h?2 >
The numerical values for the degeneracy factors can be obtained by evaluating the symmetry of the
electronic states ga, = 1, ga,.+ = 6, go— = 2. The ionization energy is 15.76 eV, equivalent to 182,879 K.
These formulas are a specific case of the Saha relation for ionization equilibrium. Similar expressions can
be derived for molecular reactions by using the appropriate internal partition functions and degeneracies,
examples are given in McQuarrie (1976).

eXp(f{:‘]/kBT) . (476)
gAr






Chapter 5

Thermodynamic Property Representation

“Thermodynamics is useless without data or correlations intended to ap-
proximate data.” - Van Ness and Abbott (1982)

This chapter describes how the ideal gas thermodynamic properties are rep-
resented as a function of temperature in the Cantera program and procedures
for deriving polynomial fits from tabulated data.

For ideal gas mixtures, the thermodynamic properties are determined by the mixture composition and
the molar properties of each species (E, H, S, A, G);. These properties can be derived from the molar specific
heat Cp;(T") as a function of temperature, the enthalpy standard state value Hy and the entropy standard
state value S?. The mass specific properties are computed from the molar properties by dividing by the
molar mass W). As discussed in the section on ideal gas thermodynamics, the construction of the thermo-
dynamic properties can be accomplished by using the First Law of Thermodynamics and the definitions of
the thermodynamic potentials. By basing all the properties on a minimal set of independent information,
we ensure that the results are thermodynamically consistent.

The Cantera software allows several methods of specifying the thermodynamic properties. The most
commonly used technique for high-temperature gases is a piecewise polynomial representation for the specific
heat at constant pressure supplemented by values of enthalpy and entropy at the reference condition. The
most common form of the polynomials are a pair of 4th-order polynomials that cover two temperature ranges.
In non-dimensional form, the molar specific heat at constant pressure is represented by

Zizo anTn Tmzn S T S Tmid
=\ (5.1)
Zn:() bnTn Tmid < T < Tma;c

Cr
R

for each species. The constants a,, and b, have to be determined by fitting the polynomial representation to
tabular data that is either determined by experiment or computed from statistical mechanics. The values of
the coefficients also have to be adjusted so that the specific heat is continuous at the midpoint temperature
Tmid~

This polynomial representation of the specific heat dependence on temperature and the method used
to derive the other properties was widely used in developing the database used with the NASA chemical
equilibrium computer program (Gordon and McBride, 1976, McBride et al., 1993, Gordon and McBride,
1994, McBride and Gordon, 1996) and subsequently in the CHEMKIN software Kee et al. (1980, 1987) and
adopted by many other researchers (e.g., the Burcat database at DLR) for representing ideal gas thermo-
dynamic properties. For this reason, these are usually known as NASA-style polynomial representations of
thermodynamic data. There are two versions, the original version (5.1) requires 7-coefficients per tempera-
ture interval and only allow 2 two intervals to cover the range from 200 or 300 to 5000-6000 K. A more flexible
version was developed McBride et al. (2002) by NASA to enable fitting over a wider temperature range. This
version is known as the NASA-9 format and uses 9 coefficients, 7 for the polynomial representation of specific

heat and two for the reference data.
Cp

% = alT_2 + agT_l + a3 + a4 + a5T2 + a6T3 + CL7T4 (52)

95
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The inclusion of negative exponents in the polynomial enables a higher quality of fit in some cases. For the
9-coefficient fits, any number of temperature ranges are allowed although usually three are sufficient to cover
the range from 200 to 20000 K.

The ideal gas enthalpy can be found by integrating the specific heat since d H = Cp dT for an ideal gas.

H(T) = ' Cp(T')dT + A;H® (5.3)

To

where the constant of integration is the heat of formation AyH® at the standard thermochemical state of
T° =298.15 K, P° = 1 bar (one atm in older data sets) for the ith species. Inserting the functional form of
(5.1) and integrating the polynomial term-by-term, the nondimensional enthalpy is

4 anTn as
a0y T T ¢ -
— T 5.4
= ! bd” b5 g <T <
n=0 n+1 T mid X > Imax
The constant a;5 is determined by evaluating the enthalpy at the standard state to obtain
ArH®° = H(T?) (5.5)
so that
_AHY ¢
as f Z oyt (5.6)

The constant by is determined by requiring continuity of the two representations at the midpoint temperature.
The entropy can be determined by using the fundamental relation of thermodynamics

dH =T7dS -VdP (5.7)
This be written for an ideal gas as

CpdT RdP

=7 "Rp

(5.8)

For a single species in a gas mixture, the pressure is interpreted as the partial pressure of that species P; =
X; P, and the entropy differential is integrated to obtain

S(T,P,) = S°(T) - RIn (;;) (5.9)

The pressure-independent portion of the entropy is

T /
[e] C T [e] [e]
s :/O P:ﬁ/ Jar + s (T°) (5.10)

Using the polynomial representation of the specific heats and integrating term by term, we have

TnLin <T < T’mid

aoIn(T) + 4 2o
o (5.11)

bO ln( ) + Zn 1 Tmid S T S Tmaw
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where ag is determined from the species entropy evaluated at the standard state.

S(T°, P°) = §°(T°) (5.12)
o o 4 o\n
oS g ) (ao IH(TO)JFZW?) (5.13)

The constant bg is determined by requiring continuity at the midpoint temperature. The preceding results
illustrate the procedure for using the NASA-7 fits, the procedure for the NASA-9 fits is analogous.

Using the definitions of the thermodynamic potentials, all other properties and potentials can be found.
Specific heat at constant volume:

Cy=Cp—R (5.14)
Internal energy:
E=H-RT (5.15)
Gibbs energy:
G=H-TS (5.16)
Helmholtz energy:
A=E-TS (5.17)

5.1 Specification for Cantera input

The thermodynamic properties Cp/R, H/RT, and S/R for each species are specified in the Cantera mech-
anism (.cti file). For each species in the .cti file that uses the NASA-style polynomials, Cantera requires
14 coeflicients and three temperatures (Timin, Timids Tmaz). The NASA-7 format of the data in the Cantera
.cti file is

thermo = (NASA([Tmin, Tmidl, a0, a1, az, a3, a4, as, agl),
NASA( [Tmida Tmaz]a [bOa bl, b27 b3; b4i7 b57 bﬁ]))

As an example, a set of NASA-7 coeflicients for CH3CHCHCHO (2-Butenal) is shown in Figure 5.1. The

species( name = "CH3CHCHCHO",
atoms = " C:4 H:6 0:1 ",
thermo = (

NASA(C [ 200.00, 2500.00], [ -2.696365560E-01, 4.341252850E-02,
-3.073846170E-05, 1.115698570E-08, -1.581997240E-12,
-1.483378370E+04, 2.817336550E+01] ),

NASA(C [ 2500.00, 5000.00], [ 8.318851910E+01, -6.599805600E-02,

2.896794850E-05, -5.456349720E-09, 3.760599270E-13,
-6.854568290E+04, -4.704570180E+02] )
),
note = "CIT/08" )

Figure 5.1: Example usage of NASA-7 thermodynamic coefficients with Cantera for 2-Butenal.

coefficients given in this example were obtained by performing a least-squares fit to tabulated data generated
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by evaluating at fixed temperature intervals the statistical mechanical functions with inputs from a semi-
empirical model of the molecular structure. The methodology behind the computation and fitting is described
in the subsequent sections.

The NASA-9 format is similar to NASA-7 with two additional coefficients per temperature range and
multiple ranges. The coefficients a7, b7, ... are used for the enthalpy expression and asg, bg, ... are for the
entropy expression. These are determined as in the NASA-7 cases by using a combination of standard state
values and enforcing continuity at the common boundaries of the temperature ranges.

thermo = (NASA9( [Ty, T5],
[ao, a1, az,

az, a4, Aas,
ag, az, as)),

NASA9([Ts, T3],

[bo, b1, b2,

b3, bai, bs,
b, b7, bs]),

As an example, a set of NASA-9 coefficients for O is shown in Figure 5.2. These coefficients were obtained

thermo=(NASA9([200.00, 1000.00],

[-3.425563420E+04, 4.847000970E+02, 1.119010961E+00,
4.293889240E-03, -6.836300520E-07, -2.023372700E-09,
1.039040018E-12, -3.391454870E+03, 1.849699470E+01]),

NASA9([1000.00, 6000.00],

[-1.037939022E+06, 2.344830282E+03, 1.819732036E+00,
1.267847582E-03, -2.188067988E-07, 2.053719572E-11,

-8.193467050E-16, -1.689010929E+04, 1.738716506E+01]),

NASA9([6000.00, 20000.00],

[ 4.975294300E+08, -2.866106874E+05, 6.690352250E+01,

-6.169959020E-03, 3.016396027E-07, -7.421416600E-12,
7.278175770E-17, 2.293554027E+06, -5.530621610E+02]))

Figure 5.2: Example usage of NASA-9 thermodynamic coefficients with Cantera for Os.

from the compilation in McBride et al. (2002) and find use in computing high temperature equilibrium for
high-speed flow, planetary re-entry, shock tube and shock tunnel applications.

In the reaction mechanisms distributed with the Toolbox, most species have NASA-7 fits with typical
values of T}, = 200 K, T},50 = 1000 K, and T},4 = 5000 to 6000 K. This temperature range is necessary for
many shock and detonation problems, particularly in high-enthalpy flow. One of the motivations behind the
present section is the need to create data sets that extend to the higher temperatures that occur in typical
shock and detonation problems. There are two NASA-9 data sets provided as part of the SDT website,
airNASA9noions.cti which includes all species for high-temperature air except ions and airNASA9ions.cti
which includes the ions.

Cantera 2.5 YAML Format

The new standard format for input files introduced for Cantera 2.5 is based on the YAML syntax. Files based
on the Chemkin legacy format or .cti format can be converted using the Cantera supplied utilities described
in https://cantera.org/tutorials/legacy2yaml.html. The YAML format is more flexible than the .cti
file format but input data for the NASA7 or NASA9 polynomials is identical to that used in the legacy
formats. For example, the NASAT thermo data for the CH3CHCHCHO (2-Butenal) example is represented
as


http://shepherd.caltech.edu/EDL/PublicResources/sdt/cti_mech.html
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/airNASA9noions.cti
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/airNASA9ions.cti
https://cantera.org/tutorials/legacy2yaml.html

5.2. RESOURCES FOR THERMODYNAMIC DATA 99

species:
- name: CH3CHCHCHO
composition: {C: 4, H: 6, 0: 1}
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 5000.0]
data:
- [4.81128032, 5.04043764e-03, 4.54497545e-05, -5.04331802e-08, 1.6700052e-11,
1.12352054e+04, 9.54134078]
- [1.11829874, 0.0317936187, -1.38771283e-05, 2.7330487e-09, -1.99493623e-13,
1.14155759e+04, 24.4646241]
note: Fit by JES 14-Jul-2018 12:06:24

The NASA9 thermo data for the Oy (2-Butenal) example is represented as

species:
- name: 02
composition: {0: 2}
thermo:
model: NASA9
temperature-ranges: [200.0, 1000.0, 6000.0, 2.0e+04]
data:
- [-3.42556342e+04, 484.700097, 1.119010961, 4.29388924e-03, -6.83630052e-07,
-2.0233727e-09, 1.039040018e-12, -3391.45487, 18.4969947]
- [-1.037939022e+06, 2344.830282, 1.819732036, 1.267847582¢-03, -2.188067988e-07,
2.053719572e-11, -8.19346705e-16, -1.689010929e+04, 17.38716506]
- [4.9752943e+08, -2.866106874e+05, 66.9035225, -6.16995902e-03, 3.016396027e-07,
-7.4214166e-12, 7.27817577e-17, 2.293554027e+06, -553.062161]
note: Ref-Elm. Gurvich,1989 ptl p94 pt2 p9. [tpis89]

5.2 Resources for Thermodynamic Data

The thermodynamic parameters for each species are specified in the Cantera mechanism file and based on
the NASA format (McBride and Gordon, 1992, McBride et al., 1993, 2002). Compilations of this data have
been made for many species through the JANAF-NIST project (Chase et al., 1998) and are available on-
line as PDF file. Coefficients of fits are available from NASA, NIST, BURCAT!, enthalpies of formation
for many species relevant to combustion are available at ANL. Cantera provides a utility (ck2cti.py) to
convert legacy data sets to its .cti file format. The original NASA format only used two temperature ranges
for the polynomial fits and seven coefficients for each temperature range. The newer versions of the NASA
polynomials use a larger number of terms (there are 9 coefficients per temperature interval instead of 7) and
multiple temperature ranges. Cantera 2.3 and 2.4 can support both specifications.

The SDToolbox thermodynamic resource webpage has links to sources of data, documentation on com-
putation of polynomial coefficients, multiple versions of the NASA databases and programs for checking,
fitting, and updating databases of polynomial fits. The following programs are provided on the SDToolbox
website.

thermo_check.py This Python script scans a Cantera .cti mechanism file to determine the size of jumps
in thermodynamic properties and derivatives. Identifies species with largest Cp/R jump. Provides
routines for finding all jumps and plotting thermodynamic properties of individual species. Only
works for NASA-7 polynomials with the current version of Cantera 2.3 and 2.4

thermo_refit.m Refits thermodynamic data to eliminate jumps in properties at midpoint temperature.
Works with a list of species created by thermo_check.py or individual species specified by user. Creates

1This database is now maintained by Dr. Elke Goos of the DLR Stuttgart


https://srd.nist.gov/JPCRD/jpcrdM9.pdf
https://srd.nist.gov/JPCRD/jpcrdM9.pdf
https://www1.grc.nasa.gov/research-and-engineering/ceaweb/
https://webbook.nist.gov/
http://www.dlr.de/vt/en/desktopdefault.aspx/tabid-7603/12862_read-32379/
https://atct.anl.gov
http://shepherd.caltech.edu/EDL/PublicResources/sdt/thermo.html
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/thermo_check.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/thermo_refit.m
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a new NASA-7 fit and data structure for polynomial coefficients, writes output files in three formats
(cti, NASA-7 and NASA-9).

thermo_replace.m Reads new thermodynamic data fits generated by thermo_refit.m and batch processes
replaces the data in the NASA format data file using the list generated by check_thermo.py. Currently
only works for NASA-7 polynomials.

thermo_fit.m fit tabular thermodynamic data to generate NASA-7 polynomial fits and writes files in three
formats. An example input file is provided for 2-butenal

The .cti files provided on the SDToolbox reaction mechanism webpage were all checked and in some cases,
selected species were refit to eliminate midpoint temperature discontinuities.

5.3 Least Squares Fit for Piecewise Thermodynamic Representation

Using the partition function definitions of thermodynamic properties, (3.71)-(3.73), we can calculate the
specific heat, the enthalpy, and the pressure-independent portion of the entropy as functions of temperature.
Since a large number of transcendental functions and sums have to be computed for each temperature, it is
computationally expensive to evaluate the partition functions and derivatives each time a thermodynamic
property is needed in a numerical computation. To circumvent this, the thermodynamic properties are eval-
uated ahead of time at fixed temperature increments over the range of interest and fit to an approximating
polynomial that is computationally inexpensive to evaluate. For example, the tables in the JANAF compi-
lation are generated directly from evaluating the partition function expressions and the NASA polynomial
coefficients are obtained by fitting these data. In order to obtain reasonable fits of polynomials to specific
heats over a wide temperature range, the temperature range is divided into segments and data on each
segment fit separately. The method developed by NASA in the 1960s, which is still widely used today, is to
divide the temperature range into two segments that share a common mid-point temperature T},;4.

Of the many ways of computing the polynomial fit' coefficients, the most suitable method is to simul-
taneously optimize the fit to all three properties in the least-squares sense with the additional constraints
of continuity at the matching temperature, T},;4. Other constraints, such as continuity of derivatives and
high and low temperature limit boundary conditions, can also be considered. A common past practice has
been to evaluate the properties from the partition function expressions at at 100 K intervals from 200 K to
3000-6000 K and match the two temperature ranges at 1000 K.

An example of the statistical thermodynamic data and the fit for ¢p/R with Tpin, = 200 K, T)p5q = 2500
K, and T),4, = 5000 K is shown in Figure 5.3. This figure was constructed using the coefficients from
the 2-Butenal (CH3CHCHCHO) example shown in Figure 5.1. The piecewise function was fitted using
a constrained least-squares method in MATLAB. All three piecewise functions for the non-dimensional
properties, cpi(T)/R, hi(T)/RT, and s3(T")/R, were simultaneously optimized and constrained for the best
overall fit. The constraints include continuity for h;(T)/RT and s{(T")/R and continuity for both ¢p;(T")/R
and its derivatives. Also, the boundary point constraints for c¢p;(T")/R and h;(T)/RT are included. There are
a number of different possible combinations of constraints; however, care must be taken not to over-constrain
the system of equations to be optimized.

The constrained optimization problem for a piecewise fit is formulated in matrix form with two non-square
systems of equations, one for the least squares minimization

Ax =10 (5.18)
and one for the constraint equations
Aeqt = beg (5.19)
where x is the 14 x 1 vector of coefficients
& = [aoi, @14, ., Qg3, Dois b1i, v bei] - (5.20)

with [.]7 representing the transpose. After constructing the matrices A, A, b, and b.,, MATLAB’s Isglin(),
iterative constrained least-squares optimization function is used to find the best fit for the coefficient vector


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/thermo_replace.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/thermo_fit.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/twobutenal.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/cti_mech.html
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Figure 5.3: Comparison of ¢cp/R for 2-Butenal (CH;CHCHCHO) calculated from the statistical mechanics
representation (points) to the piecewise polynomial fit (solid lines).

x. The constraints are handled by the method of Lagrange multipliers and the solution is iterated until
user-specified convergence criterion are met.

The general form of the linear least-squares problem without constraints can be written as the matrix
equation

Az =b (5.21)

where A is dimension m X n, x is dimension n x 1, and b is dimension m x 1. The dimension m depends
on the number of temperature intervals that are used to evaluate the partition function expressions. The
standard solution method is to construct a square (n x m) linear system by augmenting the matrix A and
using a standard numerical linear algebra routine to find the unknown vector x.

(AT A)x = (ATb) (5.22)

However, for the constrained problem, additional steps are required, which MATLAB conveniently handles
through the function 1sqlin().

The user-defined input for the fitting program includes the temperature ranges, the standard state en-
thalpy of formation and standard state entropy, the species name, and the species molecular composition.

The program is only available as a MATLAB script thermo_fit.m, which uses a routine poly_cp.m to carry
out the constrained optimization to fit the specific heat polynomial coefficients (NASA-7 form only). Input for
the program is tabular thermodynamic data? and molecular constants in a MATLAB script. The thermody-
namic input data for the example molecule 2-Butenal is in the script twobutenal.m. The output from the pro-
gram fitting program includes the coefficients a.,,; and b,;, optimization diagnostics, and goodness of fit mea-
sures. The output files for the example are CH3CHCHCHO _NASA7.dat and CH3CHCHCHO_NASA9.dat,
in the NASA formats and CH3CHCHCHO.cti in the Cantera .cti file format.

All of these files can be found at the Shock and Detonation Toolbox website. By independently obtaining
thermodynamic data from tables, molecular modeling and statistical mechanics software such as LINGRAF,
one may easily adapt this MATLAB program for constructing fits for any desired species.

2We thank Siddharth Dasgupta of Caltech for computing this data using the Lingraf program developed by the Goddard
group.


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/thermo_fit.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/poly_cp.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/twobutenal.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/2-Butenal/CH3CHCHCHO_NASA7.dat
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/2-Butenal/CH3CHCHCHO_NASA9.dat
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/2-Butenal/CH3CHCHCHO.cti
http://shepherd.caltech.edu/EDL/PublicResources/sdt/index.html
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Figure 5.4: Comparision of tabulated and polynomial fit to reduced heat capacity C,/R for 2-butenal
(CH3CHCHCHO).
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Figure 5.5: Comparision of tabulated and polynomial fit to reduced enthalpy H/RT for 2-butenal
(CH3CHCHCHO).
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Figure 5.6: Comparision of tabulated and polynomial fit to reduced entropy S/R for 2-butenal
(CH3CHCHCHO).






Part 11

Equilibrium and Frozen Flows

This part of these notes describes numerical methods and applications for flows that can be treated using
the approximation of either complete chemical equilibrium or fixed (frozen) chemical composition. These
are situations that can be modeled using mass, momentum and energy conservation without considering
chemical kinetics or transfer of energy between molecular and translation motions. The methods can be used
to model shock waves and detonation waves as jumps or discontinuities. Expansion waves can be modeled
when the flow either remains in chemical equilibrium through shifting composition or else the composition
remains fixed. These basic wave processes can be combined to create approximate but very useful models
for many applications such as shock tubes, shock tunnels, propulsion systems based on detonation waves,
rocket motors, and various wave configurations that can be analyzed using either steady flows or simple wave
matching methods.
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Chapter 6

Jump Conditions

We present a brief summary of the shock jump conditions and the standard
formulation of the graphical solutions. As discussed in classical texts on
gas dynamics, Courant and Friedrichs (1948), Shapiro (1953), Liepmann
and Roshko (1957), Becker (1968), Thompson (1972), Zel’dovich and Raizer
(1966), an ideal shock or detonation wave has no volume and locally can be
considered a planar wave if we ignore the structure of the reaction zone.

6.1 Introduction

A wave propagating with speed U into gas at state 1 moving with velocity uj is shown in Fig. 6.1a. This
can be transformed into a stationary wave with upstream flow speed w; and downstream flow speed wa,
Fig. 6.1b.

W1 :Us—ul (61)
Wo — Us — U9 (62)

Using a control volume surrounding the wave and any reaction region that we would like to include in our
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Figure 6.1: Cartoon depiction of the transformation from the laboratory to the wave fixed reference frame.

computation, the integral versions of the conservation relations can be used to derive the jump conditions
relating properties at the upstream and downstream ends of the control volume. The simplest way to carry
out this computation is in a wave-fized coordinate system considering only the velocity components normal
to the wave front. The resulting relationships are the conservation of mass

P1IW] = paWa , (6.3)
momentum

P+ plwf =P+ ng% s (64)
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and energy
2 2
h1+%=h2+%. (6.5)

These equations apply equally to moving and stationary waves as well as to oblique waves as long as the
appropriate transformations are made to the wave-fixed coordinate system. In addition to the conservation
equations (6.3-6.5), an entropy condition must also be satisfied.

So Z S1 (66)

For reacting flows in ideal gases, the entropy condition is usually automatically satisfied and no additional
constraint on the solution of (6.3-6.5) is imposed by this requirement. Considerations about entropy variation
as a function of wave speed do enter into the analysis of detonation waves and these are discussed in the
subsequent section on detonation analysis.

In general, an equation of state in the form h = h(P, p) is required in order to complete the equation set.
We will consider the specific case of an ideal gas. The equation of state for this case is given by combining
the usual P(p,T) relationship with a representation of the enthalpy. The usual P(p,T) relationship is

P = pRT (6.7)

where the gas constant is

(6.8)

Sk

and the average molar mass is

K -1
W = (Z ;;) (6.9)

i=1 "

with the gas compositions specified by the mass fractions Y;. The enthalpy of an ideal gas can be expressed
as

K
h=">_Yihi(T) (6.10)

The enthalpy of each species can be expressed as

T
h; = Afhl +/ CPJ'(T/) dr’ (611)
where Ayh; is the heat of formation, c,; is the specific heat capacity, and T° is a reference temperature,
usually taken to be 298.15 K. The thermodynamic parameters for each species are specified in the Cantera
data input file. The methodology and software for the generation of thermodynamic data and polynomial
fits is described in detail in Section 5.

Formulation of Jump Conditions in Terms of Density Ratio

An alternate way to look at the jump conditions is to write them as a set of equations for pressure and
enthalpy at state 2 in terms of the density ratio ps/p; and the normal shock speed wq

Py =P + prw? <1 - Zl) (6.12)
2

1 2
hy = + 5w [1 - (Z;) ] (6.13)

The equation of state h(P,T) (6.10) provides another expression for he. This naturally leads to the idea of
using functional iteration or implicit solution methods to solve for the downstream state 2. A method based
on solving these equations for a given value of w; and state 1 is discussed in Section 8.1.
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6.2 Chemical Composition

In order to completely determine the state of the gas and solve the jump conditions, we need to know the
composition of the gas (Y1,Ys,...,Y). In the context of jump condition analysis, we only consider two
possible cases, either a nonreactive shock wave or complete reaction to an equilibrium state. (The more
general problem of finite rate chemical reaction rates and reaction zone structure is considered in Section 9.)
Although this assumption may seem quite restrictive, these two cases are actually very useful in analyzing
many situations. Frozen composition is usually presumed to correspond to the conditions just behind any
shock front prior to chemical reaction taking place. Equilibrium composition is usually presumed to occur
if the reactions are fast and the reaction zone is thin in comparison with the other lengths of interest in the
problem.
The two possibilities for the downstream state 2 are:

1. Nonreactive or frozen composition

Y2i = Yli

The frozen composition case assumes that the composition does not change across the shock, which is
appropriate for nonreactive flows (moderately strong shocks in inert gases or gas mixtures like air) or
the conditions just downstream of a shock that is followed by a reaction zone. In this case, from the
equation for enthalpy (6.10), the state 2 enthalpy will just be a function of temperature

K
hy = h(Ty) = Yiihi(Ty) (6.14)

2. Completely reacted, equilibrium composition.
Yo; = V(P T)

The case of a completely reacted state 2, the equilibrium mixture is used to treat ideal detonation waves
or other reactive waves like bow shocks on re-entry vehicles. In order to determine the equilibrium
composition, an iterative technique must be used to solve the system of equations that define chemical
equilibrium of a multi-component system. In the present software package, we use the algorithms built
into Cantera to determine the equilibrium composition. In this case, the state 2 enthalpy will be a
function of both temperature and pressure

K
hy = h(Ty, Py) =Y Y5 (Py, To)hi(Ty) (6.15)
=1

6.3 Rayleigh Line and Hugoniot

The jump conditions are often transformed so that they can be represented in P-v thermodynamic coordi-
nates. The Rayleigh line is a consequence of combining the mass and momentum conservation relations

Py = Py — pfwi (v2 = 01) (6.16)

The slope of the Rayleigh line is

P—P _ AP__(m)2:_<w)2 (6.17)

Vg — U1 Av vy Vg

where v = 1/p and AP = P, — Py, etc. The slope of the Rayleigh line is proportional to the square of the
shock velocity w; for a fixed upstream state 1. The Rayleigh line must pass through both the initial state 1
and final state 2.
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If we eliminate the post-shock velocity, energy conservation can be rewritten as a purely thermodynamic
relation known as the Hugoniot or shock adiabat.

(v2 +v1)

ho —hy = (P» — P1) >

(6.18)

or

(P> + Py)

5 (V1 —v2) (6.19)

€2 — €1 =

From the previous discussion on chemical composition, we can write the enthalpy as a function of volume
and pressure ha(va, Py) since temperature is related to pressure and volume by

(6.20)

From the definition of internal energy e = h — Pv, so es = e2(Ps, v2). In principle, this means we can solve

detonation

o Shock o
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Figure 6.2: Hugoniots (a) Shock wave propagating in a non-exothermic mixture or a mixture with frozen
composition. (b) Shock wave propagating in an exothermic mixture.

either (6.18) or (6.19) to obtain the locus of all possible downstream states P (vq) for a fixed upstream state.
The result P(v) is referred to as the Hugoniot curve or simply Hugoniot. For a frozen composition or an
equilibrium composition in a non-exothermic mixture like air, Fig. 6.2a, the Hugoniot curve passes through
the initial state. For an equilibrium composition in an exothermic mixture like hydrogen-air, Fig. 6.2b, the
chemical energy release displaces the Hugoniot curve from the initial state. The Rayleigh line slope (6.17)
is always negative and dictates that the portion of the Hugoniot curve between the dashed vertical and
horizontal lines (Fig. 6.2b) is nonphysical. The nonphysical region divides the Hugoniot into two branches:
the upper branch represents supersonic combustion waves or detonations, and the lower branch represents
subsonic combustion waves or deflagrations. The properties of the detonation and deflagration branches are
discussed in more detail in Section 6.5.

The advantage of using the Rayleigh line and Hugoniot formulation is that solutions of the jump con-
ditions for a given shock speed can be graphically interpreted in P-v diagram as the intersection of the
Hugoniot and a particular Rayleigh line. This is discussed in the next sections for shock and detonation
waves.

See the following examples of Rayleigh and Hugoniot lines:
MATLAB Demos:
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demo_RH.m, demo_RH_air.m, demo_RH _air_eq.m, demo_RH _air_isentropes.m, and demo_RH_CJ _isentropes.m

Python Demos:
demo_RH.py, demo_RH_air.py, demo_RH_air_eq.py, demo_RH_air_isentropes.py

6.4 Shock Waves - Frozen and Equilibrium

Examples of the use of the Shock and Detonation Toolbox to find downstream states for shock waves in air
are shown in Figure 6.3. The Rayleigh line and the Hugoniots are shown for two ranges of shock speed.
For shock speeds less! than 1000 m/s (the Rayleigh line shown in Fig. 6.3a), the frozen and equilibrium
Hugoniots are indistinguishable. At these shock speeds, only a small amount of dissociation occurs behind
the shock front so that the composition is effectively frozen. Under these conditions, solutions to the shock
jump conditions are only slightly different from the analytical results for constant specific heat ratio (perfect
gas approximation) given in Appendix A.1. Fig. 6.3a was obtained using the MATLAB script demo_RH_air.

For shock speeds between 1000 m/s and 3500 m/s, Fig. 6.3b, the differences between frozen and equi-
librium Hugoniot curves becomes increasing apparently with increasing pressure at state 2 corresponding to
increasing shock speeds. Fig. 6.3b was obtained using the MATLAB script demo_RH _air_eq.m.
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Figure 6.3: The Rayleigh line and Hugoniot for air with initial pressure of 1 atm and initial temperature
of 300 K. demo_RH_air.m (a) Frozen composition Hugoniot and Rayleigh line for a shock propagating at
1000 m/s. (b) Comparison of frozen and equilibrium composition Hugoniots and Rayleigh line for a shock
propagating at 3500 m/s. demo_RH _air_eq.m

Entropy and Sound Speeds

According to (6.6), the entropy downstream of the shock wave must be greater than or equal to the entropy
upstream. For nonreactive flow, this can be verified by computing the isentrope

s(P,v, Y) = constant (6.21)

with either fixed (frozen) composition Yo = Y or shifting (equilibrium) composition Yo = Y®I(P,v).
The slope of the isentrope can be interpreted in terms of the sound speed a

_ (9)2 (6.22)

s v

opP
ov

I There is no strict rule about when dissociation begins to be significant. The extent of dissociation changes continuously
with shock strength and is also dependent on pressure. The choice of 1000 m/s is arbitrary and chosen for convenience for this
specific example.
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Both the frozen (see MATLAB function soundspeed_fr)

oP
2 2
as = —v° — (6.23)
! v 5 Y
and equilibrium (see MATLAB function soundspeed _eq)
oP
2 2
= —v° — 6.24
= Gl (6.24)

sound speeds are relevant for reacting flow computations. Frozen sound speeds are always slightly higher
than equilibrium sound speeds in chemically reacting mixtures. Acoustic waves in chemically reacting flows
are dispersive with the highest frequency waves traveling at the frozen sound speed and the lowest frequency
waves traveling at the equilibrium sound speed (Vincenti and Kruger, 1965). The Python versions of the
algorithms are defined as functions in thermo.py.

At low temperatures (<1000 K), there is little dissociation, and the difference between frozen and equi-
librium isentropes or sound speeds is negligible. Further, the equilibrium algorithms used in Cantera have
difficulty converging when a large number of species have very small mole fractions. This means that at
low temperatures, it is often possible and necessary to only compute the frozen isentropes. Examples of the
frozen isentropes (see the MATLAB script demo_RH_air_isentropes.m)

P=Pv,s)|y (6.25)

are plotted on the P-v plane together with Hugoniot in Fig 6.4. The entropy for each isentrope is fixed at the
value corresponding to the intersection of the isentrope and the Hugoniot. The isentrope labeled s; passes
through the initial point 1 and the isentrope labeled s, passes through the shock state 2. The isentrope
entropies are ordered as s4 > s3 > o > s1 in agreement with (6.6). Entropy increases along the Hugoniot.

—_
o
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Figure 6.4: Frozen isentropes, Hugoniot, and a Rayleigh line for a 1000 m/s shock wave in air.
demo_RH_air_isentropes.m

The graphical results for the relationship between Rayleigh lines and the isentropes illustrate a general
principle for shock waves: the flow upstream is supersonic, the flow downstream is subsonic. At the initial
state 1, the Rayleigh line is steeper than the isentrope

oprP AP

— —_— 2
ov .Y > Av (6.26)
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which from the definition of the slopes of the Rayleigh line (6.16) and isentrope (6.23) implies that the flow
upstream of the wave is supersonic

W1 > a1 (627)

At the final state 2, the isentrope is steeper than the Rayleigh line

opr AP
el il 6.28
o, v < Av (6.28)
which implies that the flow downstream of the shock is subsonic (in the wave-fixed frame)
wo < a2 (629)

The isentrope is tangent to the Hugoniot at state 1 and also has the same curvature at this point so that
weak shock waves are very close to acoustic waves (Thompson, 1972), with the entropy increasing like the
cube of the volume change

As o |Ay? (6.30)

along the Hugoniot near point 1. The isentropes shown in Fig. 6.4 are frozen isentropes; in general, the
correct choice of conditions (frozen vs equilibrium) for evaluating the isentropes depends on the end use.

See the following demos for frozen and equilibrium post shock states:
MATLAB: demo_PSfr.m and demo_PSeq.m
Python: demo_PSfr.py and demo_PSeq.py

6.5 Detonation Waves and the Chapman-Jouguet Condition

The Hugoniot for a stoichiometric hydrogen-air mixture and two example Rayleigh lines are shown in Fig-
ure 6.5. The possible solutions to the jump conditions are shown graphically as the intersection points of
the Rayleigh lines and Hugoniot. On the upper (U) or detonation branch, the wave speed must be above
some minimum value, the upper Chapman-Jouguet (CJy ) velocity in order for there to be an intersection of
the Rayleigh line and the detonation branch of the Hugoniot. On the lower (L) or deflagration branch, the
wave speed must be less than some minimum value, the lower Chapman-Jouguet (CJ) velocity in order for
there to be an intersection of the Rayleigh line and the detonation branch of the Hugoniot. If the perfect
gas approximation is used, then it is possible to find analytic solutions (see Appendix A.3) for the Hugoniot
and CJ states. For more general equations of state and realistic thermochemistry, it is necessary to use
the numerical methods described in the subsequent sections. The purpose of this section is to present the
theoretical background for the CJ state conditions used in those numerical methods.

The minimum pressure point on the detonation branch (CV') corresponds to the final state of a constant
volume explosion. The maximum pressure point on the deflagration branch (C'P) corresponds to the final
state of a constant pressure explosion. Like shock waves, detonation waves are supersonic (w; > a;) and
a propagating wave will not induce flow upstream but only downstream. However, deflagration waves are
subsonic (w; < a1) and a propagating wave causes flow both upstream and downstream of the deflagration
wave. Examples of deflagration waves in gases are low-speed flames. Since the flow upstream of the flame
is subsonic, the flame propagation rate is strongly coupled to the fluid mechanics of the surrounding flow as
well as the structure of the flame itself. This makes the deflagration solutions to the jump conditions much
less useful than the detonation solutions since flame speeds cannot be determined uniquely by the jump
conditions.

In general, there are two solutions (U, Us) possible on the detonation branch for a given wave speed,
oo > U > Ugy, and two solutions (L1, L) possible on the lower (L) or deflagration branch for for a given
wave speed, 0 < U < Ugy,. Only one of the two solutions is considered to be physically acceptable. These
are the solution (U;) for the detonation branch and the solution (Lz) for the deflagration branch. According


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_PSfr.m
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Figure 6.5: Equilibrium Hugoniot and two Rayleigh lines illustrating detonation and deflagration branches.

to Jouguet’s rule (see Appendix C and Fickett and Davis (1979)), these solutions have subsonic flow behind
the wave wy < as and satisfy the condition of causality, which is that disturbances behind the wave can
catch up to the wave and influence its propagation.

As first recognized by Chapman (1899), the geometry (Fig. 6.6) of the Hugoniot and Rayleigh line impose
restrictions on the possible values of the detonation velocity. Below a minimum wave speed, w; < w¢y, the
Rayleigh line and equilibrium Hugoniot do not intersect and there are no steady solutions. For a wave
traveling at the minimum wave speed wy = Ucjy, there is a single intersection with the equilibrium Hugoniot.
Above this minimum wave speed w; > Ugy, the Rayleigh line and equilibrium Hugoniot intersect at two
points, usually known as the strong (S) and weak (W) solutions. Based on these observations, Chapman
proposed that the measured speed of detonation waves corresponds to that of the minimum wave speed
solution, which is unique. A more detailed description for determining the minimum wave speed is given in
Appendix B. This leads to the following definition:

Definition I: The Chapman-Jouguet detonation velocity is the minimum wave speed for which there
exists a solution to the jump conditions from reactants to equilibrium products traveling at supersonic velocity.

From the geometry (Fig. 6.6), it is clear that the minimum wave speed condition occurs when the Rayleigh
line is tangent to the Hugoniot. The point of tangency is the solution for the equilibrium downstream state
and is referred to as the CJ state, as indicated on Fig. 6.6. Jouguet (1905) showed that at the CJ point,
the entropy is an extreme value and that as a consequence, the isentrope passing through the CJ point is
tangent to the Hugoniot and therefore also tangent to the Rayleigh line as indicated in Figure 6.7 (see the
MATLAB script demo_RH_CJ_isentropes.m). There are various ways to demonstrate this, e.g. differentiate
(6.19) for a fixed initial state to obtain (dropping the subscript from state 2)

de = [AvdP + (P + Pp) dv] (6.31)

1
2

and combine this with the fundamental relation of thermodynamics

de =Tds — Pdv (6.32)
to obtain
Os Av [ OP AP
A e G el .
v |y 2 [ v |y Av} (6.33)
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Figure 6.6: Hugoniot and three representative Rayleigh lines illustrating w; = Ucjy as the minimum wave
speed and tangency of Rayleigh line and Hugoniot at the CJ point.

where H indicates a derivative evaluated on the Hugoniot. At the point of tangency between Rayleigh line
and Hugoniot, the right hand side will vanish so that the entropy is an extremum at the CJ point.

Os

— =0 6.34
A PYNeY, (6.34)
This implies that the isentrope passing through the CJ point must be tangent to the Rayleigh line and
also the Hugoniot. The nature of the extremum can be determined by either algebraic computation of the
curvature of the isentrope or geometric considerations. The entropy variation along the Hugoniot can be
determined by inspecting the geometry of the isentropes and the Rayliegh lines. From the slopes shown in
Fig. 6.7, we see that

)

a% <0 for v<u (6.35)
and

)

Zl S0 for v ey (6.36)

v |y,

so that the entropy is a local minimum at the CJ point.

8%s

902 >0 (6.37)

H,CJT

The tangency of the isentrope to the Rayleigh lines at the CJ point
a9 2
=—|—= 6.38
s ( V2 ) ( )

W = as at the CJ point. (6.39)

AP (wo\*_ 0P
Av Vg T v

implies that
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We conclude that at the CJ point, the flow in the products is moving at the speed of sound (termed sonic
flow) relative to the wave. This leads to the alternative formulation (due to Jouguet) of the definition of the
CJ condition.

Definition II: The Chapman-Jouguet detonation velocity occurs when the flow in the products is sonic
relative to the wave. This is equivalent to the tangency of the Rayleigh line, Hugoniot, and equilibrium
isentrope at the CJ point.

Hugoniot

Rayleigh line
04 05 06 07 08 09 1 11
v (m3/kg)

Figure 6.7: Hugoniot, Rayleigh line, and three representative isentropes (equilibrium) illustrating the tan-
gency conditions at the CJ point. demo_RH_CJ_isentropes.m

The equilibrium isentrope and equilibrium sound speed appear in this formulation because the problem
has been approached in a purely thermodynamic fashion with no consideration of time-dependence or det-
onation structure. In early studies, there was some controversy (see the discussion in Wood and Kirkwood
(1959)) about the proper choice of sound speed, equilibrium vs. frozen. However, after careful examination
of the equations of time-dependent reacting flow, see papers in Kirkwood (1967) and discussion in Fickett
and Davis (1979), it became clear that a truly steady solution to the full reacting flow equations does not
exist for most realistic models of reaction that include reversible steps. As a consequence, it is not possible to
formulate a truly steady theory of detonation. A consistent thermodynamic theory will use the equilibrium
sound speed to define the CJ point and this is what is used in our computations.

See the Following Examples - MATLAB: demo_CJ.m Python: demo_CJ.py

Physical Meaning of the CJ condition

The following heuristic argument is due to Jouguet (1905) and a mathematical version was first presented
by Brinkley and Kirkwood (1949): Consider a detonation wave traveling faster than the CJ velocity such
that the state behind the wave is the upper intersection (S — the strong solution) and the flow behind the
wave is subsonic relative to the wave front. In this situation, perturbations from behind the detonation
wave can propagate through the flow and interact with the leading shock. In particular, if the perturbations
are expansion waves, these perturbations will eventually slow the lead shock to the CJ speed. Once the
detonation is propagating at the CJ speed, the flow behind becomes sonic and acoustic perturbations can
no longer affect the wave. Thus the CJ condition corresponds a self-sustained wave that is isolated from
disturbances from the rear and can propagate indefinitely at the CJ speed. This is why detonation waves
that have propagated over sufficiently long distances in tubes are observed to be close to the CJ velocity.
A similar argument cannot be made for the lower (W) or weak solution which has supersonic flow behind
the wave relative to the wave front. From a theoretical viewpoint, for steady, planar wave the weak solution
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is only accessible under very special circumstances that require a specific form of the reaction rate (see Chap.
5 of Fickett and Davis, 1979).

From an experimental viewpoint, the equilibrium CJ model gives reasonable values (within 1-2%) for
detonation velocity under ideal conditions of initiation and confinement. However, this does not mean that
the actual thermodynamic state corresponds to the CJ point (see Chap. 3 of Fickett and Davis, 1979) since
the tangency conditions mean that the thermodynamic state is extremely sensitive to small variations in
wave speed. Further, detonations in gases are unstable which leads to a three-dimensional front structure
that cannot be eliminated in experimental measurements (see Chap. 7 of Fickett and Davis, 1979).

6.6 Reflected Waves

Assuming a known incident wave speed and upstream state, we can find the gas properties resulting from wave
reflection at normal incidence on a rigid surface. We apply the normal shock jump conditions (Section 6.1)
across both the incident and reflected waves to find the analog of the Rayleigh and Hugoniot equations. We
use a frame of reference where the initial velocity of the reflecting surface has zero velocity. The upstream
(1), post-incident-shock region (2), and post-reflected-shock region (3) are as shown in Fig. 6.8.

2 1 :: 2 3 :t

U, N U, N\

N N

L <+—

u _ N u _ N

2 u=0 s 2 u,=0 §

AN AN

Shock or Wall Shock Wall
Detonation

(2) (b)

Figure 6.8: Diagrams showing the incident shock or detonation wave before (a) and after (b) reflection with
a wall. States 1, 2, and 3 are shown.

Using the velocities in the wave fixed frame relative to the reflected shock for states 2 and 3 as shown in
Fig. 6.8, we obtain the following wave-frame velocities for the reflected wave

wo = Upr + uy (640)
W3 = UR (641)

Substituting these into the usual shock jump conditions yields the following relationships across the reflected
shock

(Ur +u2)p2 = Ur ps
P, + pQ(UR + u2)2 =P+ ngfg

1 1
ho + i(UR +u2)2 = h3 + §U123
hs = h3(Ps, p3)
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We combine these relationships in a manner similar to that used for incident shock waves to obtain equations
for the shock speed

U2

P2
the pressure P3; behind reflected shock
p3u
P; =P, + D3 ) R (6.47)
P2
and the enthalpy hs behind reflected shock
u? o +1
ha=ha + = rz . (6.48)
5B
P2

For substances with realistic equations of state, these equations must be solved using an iterative numerical
procedure. The numerical solution methods for reflected shock waves can be taken directly from those used
for incident shock waves, which are described in subsequent sections. The post-incident-shock state (2) must
be determined before the post-reflected-shock state (3) is found. If the perfect gas approximation is used,
then it is possible to find analytic solutions (see Appendix A.2) for the conditions in the reflected region for
a specified incident shock wave speed and initial state.

For the detonation wave case, the same procedure is repeated, but instead of an incident shock wave, the
incident wave is a detonation and therefore reactive. The post-reflected-shock thermodynamic state (3) can
either be considered in chemical equilibrium or frozen. Experimental, numerical, and approximate analytical
solution methods for reflected detonations are compared in Shepherd et al. (1991).

See the following examples for equilibrium and frozen reflected post-shock states:
MATLAB: demo_reflected_eq.m and demo_reflected_fr.m Python: demo_reflected_eq.py and demo_reflected_fr.py

6.7 Relationship of Ideal Model parameters to Real Gas Properties

The two-y model (Section A.3) contains six parameters (R1, 71, Ra, 72, ¢, Ucy or Mcy) that have to be deter-
mined from computations with a realistic thermochemical model and chemical equilibrium in the combustion
products. This can be done with the programs described in the previous sections of this document.

The parameters are computed as follows:

R
Ry = — 6.49
LS (6.49)
The universal gas constant (SI units) is
R =8314. J-kmol ' - K~* (6.50)

The mean molar mass is computed from the composition of the gas and the mixture formula
K
W= xw, (6.51)
i—1

where X; is the mole fraction of species i and W; is the molar mass of species i. The value of 7 for the
reactants can be interpreted as the ratio of the specific heats

Cpa
Cv 1

)

"= (6.52)
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This is identical to the logarithmic slope of the frozen isentrope

v [(OP a?cT
= (5) =T (6:53)

where the subscript fr indicates that the composition is held fixed or frozen. In order to compute the
downstream state 2, we need to first find the CJ velocity which requires using software like the minimum
velocity CJ algorithm CJspeed as in demo_CJ.py or demo_CJ.m.

Once the CJ conditions have been computed, the CJ state must be evaluated. This can be done using
the jump condition solution algorithm postshock_eq with the computed CJ speed. This is implemented in
the programs demo_CJstate.py and demo_CJstate.m. The CJ state includes the mean molar mass W, and
the value of the parameter 75 can be obtained from the logarithmic slope of the equilibrium isentrope.

v (OP
o= (5).. o

where the subscript eq implies that the derivative is carried out with shifting composition to maintain
equilibrium. The value of the equilibrium sound speed can be used to find the numerical value of veq.

a?

Yoo = P (6.55)

Once these parameters have been defined, the value of the parameter g can be obtained by solving the
two-7 relationships (A.56), (A.57), and (A.58) to eliminate pressure, volume and temperature.

1+ M2)? (v\> 1 1 M?
_ 2|0 1 e ) 6.57
! ! 2(v3 - 1) @it ( )

If the one-y model is used, then this expression simplifies to

a? 1\’
ECICERSY (MCJ - MCJ> (6:3%)

Example: Ethylene-Oxygen Detonation

A stoichiometric mixture of ethylene and oxygen has the composition
CoHy + 302

so that Xcogs = 0.25 and Xpo = 0.75. The results of using the Cantera program CJstate_isentrope to
compute the CJ velocity and state for initial conditions of 295 K and 1 bar are:

Initial pressure 100000 (Pa)
Initial temperature 295 (K)
Initial demnsity 1.2645 (kg/m3)
al (frozen) 325.7368 (m/s)
gammal (frozen) 1.3417 (m/s)

Computing CJ state and isentrope for C2H4:1 02:3.01 using gri30_highT.cti
CJ speed 2372.1595 (m/s)

CJ pressure 3369478.0035 (Pa)

CJ temperature 3932.4868 (X)

CJ density 2.3394 (kg/m3)

CJ entropy 11700.9779 (J/kg-K)
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w2 (wave frame) 1282.1785 (m/s)
u2 (lab frame) 1089.9809 (m/s)
a2 (frozen) 1334.5233 (m/s)

a2 (equilibrium) 1280.6792 (m/s)
gamma?2 (frozen) 1.2365 (m/s)
gamma2 (equilibrium) 1.1388 (m/s)

From the program output and gas objects computed by Cantera, we find the following parameters in
Table 6.1

Table 6.1: Parameters for CJ detonation in stoichiometric ethylene-oxygen computed by the Shock and
Detonation Toolbox.

Wi (kg/kmol) 31.0

ay (m/s) 325.7
" 1.342
Ws  (kg/kmol) 23.45
as (m/s) 1280.
UCJ (m/s) 2372.
My 7.28

¢  (MJ/kg) 9519

6.8 Inverse Shock Relations

The design and analysis of experiments often requires solving the inverse problem of finding a shock strength
and upstream state (1) that corresponds to a given downstream stream state (2). For example, using a shock
tube to create a specified reflected shock state requires working backward from a specified state at the end
wall to compute the initial states in the driven and driver sections. In general, there is a locus of initial
states P;(v1) that corresponds to a specified final state (P2, v2). This locus was termed the inverse shock
adiabat by Thompson and Sullivan (1975).

The shock jump conditions, with the exception of the entropy condition, are symmetric. So any technique
useful for solving the direct problem can be readily modified to solve the inverse problem. An approach that
is useful not only for the inverse but also the direct approach is to work with the purely thermodynamic
Hugoniot relationship in the pressure-volume plane. The inverse shock adiabat is set of solutions to the
Hugoniot equation with specified downstream states.

1
H - hlihgfi(ngpl)(’L‘g +’U1). (659)

Given the downstream values (subscripts 2, highlighted in red), the goal is to solve for upstream values
(subscripts 1). In order to do so, an equation of state in the form h(P,v) is required. The dependence on
composition has been suppressed and this formulation will work with either frozen or equilibrium states.

In the case of an ideal gas, h = h(T") and Pv = RT and we can compute the upstream and downstream
states in terms of temperature and pressure. Substituting these relations into H?, we obtain the following
quadratic equation for P(T') in the upstream state

P\’ hy —hi(T1)  Th Py T
— 2—— 2+ — _1||=)]—-==0. 6.60
(Pz) * [ RL, | T R) T (6.60)
The solution is

P [ho—hi(Th) 1(Th Ty The—h(Ty) 1 (T
PQ\/{ o taln Y| o o Talm Y] (6.61)
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For a perfect gas h = CpT, Cp = yR/(y — 1), the quadratic simplifies to

P\* y+1 T Py T
— —(1—-—= )= —==0. 6.62
<P2> +7—1< n)\B) T (6.62)
and the analytical solution is

Py 1y+1 T\1> T. [ly+1 T

— = -1 - = — | =—(1—- = . 6.63

P2 \/|:2’y—]. < T2>:| +T2 |:2’y—]. T2 ( )
These results can be used to obtain solutions for the pressure ratio P»/P; for either the direct (specified

upstream state 1) or inverse problem (specified downstream state 2). The specific volume ratio can be
computed from

U1 _T1 Py

= —= . 6.64
V2 Tg PQ ( )

Upstream and downstream shock-relative velocities can be computed from the Rayleigh line relationship

ﬂ:%: 7P2—P1: P2 1—P1/P2 (665)
U1 U2 V  v2—1y VRT, \| vi/va—1" ’

The velocities can be computed from the downstream state, pressure, and volume ratios as

wy = /AL, (LT (6.66)

Vg vy /vg — 1
1-P /P
— T .
woy RT, oy r— (6.67)
The jump in velocity across the shock is
[u] = —[w] = /(P — P1)(v1 — v3) = V/RTo/(1 = Py/Py)(v1 /vy — 1) (6.68)

These relationships are independent of the shock motion relative to the laboratory frame and can be used
for either stationary or moving shock waves. In particular both an incident shock into a quiescent state
or a reflected shock into a moving state can be treated with the appropriate transformation to shock-fixed
coordinates.

In the perfect gas case, the solutions in terms of property ratios are dimensionless functions depending on
the ratio of specific heats. If the velocities are expressed in terms of Mach numbers, then those relationships
are also dimensionless.

M1:’LU1:'U1 1—P1/P2 1 (669)

a1 v\l vifvg —1 AT Ty’

M_wg_ 1—P1/P2 1
2_0,2_ 1}1/’0271\/"7/.

(6.70)






Chapter 7

Applications

The functions in the toolbox can be combined and used together with other
Cantera functions to solve a number of problems in shock and detonation
physics. Notes and demonstration programs are provided for using this li-
brary to compute examples of normal and oblique shocks and detonations,
shock and detonation tube operations, expansion waves, nozzle flows, ideal
detonation and wave structure, propulsion systems and selected wave inter-
action problems. The demonstration programs are available in both MAT-
LAB and Python versions.

7.1 Detonations in Tubes

The Chapman-Jouguet (CJ) model of an ideal detonation can be combined with the Taylor-Zeldovich (TZ)
similarity solution (Taylor, 1950, Zel’dovich and Kompaneets, 1960) to obtain an analytic solution to the
flow field behind a steadily-propagating detonation in a tube. The most common situation in laboratory
experiments is that the detonation wave starts-at the closed end of the tube and the gas in the tube is
initially stationary, with flow velocity u; = 0. This solution can be constructed piecewise by considering the
four regions shown on Figure 7.1; the stationary reactants ahead of the detonation mixture (state 1); the
detonation wave between states 1 and 2; the expansion wave behind the detonation (between states 2 and
3); and the stationary products next to the closed end of the tube, state 3.

In this model, the detonation travels down the tube at a constant speed U, equal to the Chapman-Jouguet
velocity Ugy. The corresponding peak pressure, P, is the Chapman-Jouguet pressure Pcj. The structure
of the reaction zone and the associated property variations such as the Von Neumann pressure spike are
neglected in this model. The detonation wave instantaneously accelerates the flow and sets it into motion
uz > 0, then the expansion wave gradually brings the flow back to rest, us = 0. As an ideal detonation
wave propagates through the tube, the expansion wave increases in width proportionally so that the flow
always appears as shown in Fig. 7.1 with just a change in the scale of the coordinates. This is true only if
we neglect non-ideal processes like friction and heat transfer that occur within the expansion wave. If the
tube is sufficiently slender (length/diameter ratio sufficiently large), friction and heat transfer will limit the
growth of the expansion wave.

Taylor-Zeldovich Expansion Wave

The properties within the expansion wave can be calculated by assuming a similarity solution with all
properties a function f(z/Ut). For a planar flow, the simplest method of finding explicit solutions is with
the method of characteristics . There are two sets of characteristics, C* and C~ defined by

dxr

+ _ =
C 7 u+a (7.1)
_ dx
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Figure 7.1: Detonation propagation in tube with a closed end.

On the characteristics the Riemann invariants J* are defined and are constants in the smooth portions of
the flow. In an ideal gas, the invariants are:

on cTt Jt=u+F (7.4)
on c~ Jt=u—-F (7.5)
(7.6)

The Riemann function F' is defined as

P /
Fe / dp]: (7.7)

where P, is a reference pressure and the integrand is computed along the isentrope s, passing through states
2 and 3. For an ideal gas, the integral can be carried out and the indefinite integral is equal to
2a
F= (7.8)
v—1

In this section, the value of v is everywhere taken to be the equilibrium value in the detonation products.

The solution proceeds by recognizing that within the expansion fan, az > x/t > Ugyj, the CT character-
istics are simply rays emanating from the origin of the x-t coordinate system and between the end of the
expansion fan and the wall, 0 > z/t > a3, the characteristics are straight lines.

dx
dt

zu—l—a:% for a3<§<UCJ (7.9)

dx x
— =a for 0<=x<a

e~ 0 t o
The characteristics C~ span the region between the detonation and the stationary gas and on these char-
acteristics the Riemann invariant is constant. Evaluating the value at states 2 and 3 yields the value of the
sound speed in region 3 given the state 2, the CJ condition.

2 2 2

J7: —_ = — = —_
u ’y_la 7_1a3 (5 7_1

as . (7.10)
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From the CJ condition we have

us = Ucy —acy . (7.11)
and the sound speed in region 3 is
v+1 v—1
az = B acy — 9 UCJ . (7.12)

The variation of properties within the expansion wave can be determined using the similarity properties of the
C™ characteristics and the relationship between velocity and sound speed on the C~ characteristics within
the expansion wave. The expansion fan is bounded by the C* characteristic at the tail of the expansion fan

ot dz

tail © qp 98 (7.13)

and the detonation location which coincides with the head of the expansion fan

d

Detonation: d—i =Ucy, (7.14)
d

Cij,_ead: £ZUQ+GQZUCJ R (715)

so that the expansion is within the region
agt SI S UCJt . (716)

The sound speed and velocity vary linearly with distance between the plateau region (state 3) and the
detonation

a v—1 T
Z -1 (1= t<x<Ucyt 7.17
as ’Y+1< a3t> ast =T = Yo ( )

2
U= Uy — T (ag —a) ast <z < Ugyt (7.18)
and are constant in the plateau region

a=a3 0<z<ast (7.19)
=0 0<z<ast (7.20)

The other properties within the expansion fan can be found using the fact that the flow is isentropic in this
region.

1

S v y-1
o _ (T) 2 P (,;) . I (p) (7.21)
as T3 P3 P3 T3 P3

where T is the temperature, p is the density and P is the pressure. The state 3 can be computed from the
CJ state values once a3 is determined.

2y
Py = Pgy (“3> 71 (7.22)
acy
ae \ 172
Ts = Tcy (3) (7.23)
acy
2
a _
P3 = pcy (3> 71 (7.24)
acy
This finally gives for the pressure in the expansion wave
2y

P:P3<1—<H> {1—5”})7_1 ast <z < Ucyt . (7.25)

v+1 ast
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Determining Realistic TZ parameters

The states on the product isentrope need to be determined numerically, starting at the CJ point and extending
to state 3. This is carried out in the program demo_CJstate_isentrope (MATLAB, Python) to numerically
determine the value of thermodynamic properties such as density, sound speed, and temperature

p=p(P,s=sc3) (7.26)
a=a(P,s = scy) (7.27)
T=T(P,s=scy) (7.28)
and also velocity in the TZ wave

P /

P
u=ug + / _ar (7.29)

Pcy (pa)SZSCJ

parametrically as a function of pressure. The state 3 can be found by numerically solving the integral
equation

P
s 4P
Uy = / = (7.30)

PcJ (pa)s:SCJ

obtained by equating the Riemann invariant on the characteristic connecting states 2 and 3. In the program,
the integral is carried out by using the trapezoidal rule with on the order of 100-200 increments on the
isentrope. Interpolation is used to find state 3.

For the stoichiometric mixture of ethylene and oxygen discussed previously, the computation of state 3
using the Shock and Detonation Toolbox gives the following values.

Generating points on isentrope and computing Taylor wave velocity
State 3 pressure 1225686.0898 (Pa)

State 3 temperature 3608.3006 (K)

State 3 volume 1.0434 (m3/kg)

State 3 sound speed (frozen) 1253.7408 (m/s)

State 3 sound speed (equilibrium) 1201.0748 (m/s)

State 3 gamma frozen) 1.2291 (m/s)

State 3 gamma (equilibrium) 1.128 (m/s)

We note that there is a small change in «5 with the change in pressure on the isentrope and the pressure at

state 3 is approximately 0.36 Pcj.

7.2 Approximating the TZ Wave

The property variations within the ideal detonation wave are now completely specified. For example, the
exact solution for the pressure profile is

Py Uc,]<1'/t<00
2y
= _1 —_
e O e CR
Y as
Ps 0<z/t<as

In analytical studies, it is useful to approximate the dependence of the pressure within the expansion wave
with a simpler function. Experimenting with several functional forms (Beltman and Shepherd, 2002) shows
that an exponential can be used to represent this variation. At a fixed point in space, the variation of
pressure with time can be represented by

Py 0<t<tey

P(z,t) = { (Py — Py)exp (—(t — tey)/T) + Ps  toy <t < o0 (7.32)


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_CJstate_isentrope.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_CJstate_isentrope.py
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Where tcy = x/Ucy is the time it takes for a detonation to travel from the origin to the measurement location
. The time constant T' can be determined by fitting the exponential relationship to the exact expression.
The exact expression for pressure in the expansion wave can be rewritten as

2y

y—1(Ucj/ecs—1—1/tcy v—1
P =P;|1— -
(z,t) 3 [ o ( 157ty (7.33)

where 7 = t - tcy. By inspection of the argument in the exact expression, we see that the time constant
should have the form

T = OéTtCJ (734)

The constant ap is a function of the ratio of specific heats v and the parameter Ucj/as. Computations of
these parameters using the one-y model shows that 1.9 < a3/Ucy < 2 for a wide range of values of v and
detonation Mach numbers 5 < M¢j < 10. Fitting the exponential function to the pressure variation in the
expansion wave for this range of parameters yields a 0.31 < ar < 0.34. A useful approximation is

TS (7.35)

In actual practice, if we are trying to represent the variation of pressure over a limited portion of a detonation
tube, it is sufficient to take T" to be a constant and this can be evaluated at some intermediate location within
the portion of the tube that is of interest. For example, the middle of the center section of the Caltech 280-
mm diameter detonation tube is about 4 m from the initiator. A detonation traveling 1500 m/s takes
approximately 2.7 ms to reach this point and the characteristic decay time T = 0.9 ms.

Comparison of Two-Gamma and Real gas models

For the stoichiometric ethylene-oxygen example discussed in the text, the two-v and real gas results are
compared in detail in Table 7.1.

Table 7.1: Comparison of real gas and two-vy results for a CJ detonation in stoichiometric ethylene-oxygen.

Parameter SD Toolbox Value 2-y Model

Meg 7.282 7.287
Py/P 33.69 33.78
p2/p1 1.850 1.852
Ty/T) 13.33 13.80
as (m/s) 1201.1 1206.2
P; (MPa) 1.225 1.242
Ts (K) 3608.3 3603.0
p3 0.9584 0.9726

7.3 Oblique Waves

An oblique shock or detonation wave can be treated using the methods developed for planar one-dimensional
waves with a geometrical transformation and recognizing that only the component of velocity normal to the
wave changes and the velocity component tangential to the wave is unchanged across a shock or detonation
wave. This is equivalent to transforming to a coordinate system with an orthogonal set of axes in the which
the wave lies along one of the axes. Only the component of velocity perpendicular or normal to the wave plays
a role in the solution to the jump conditions. From the geometry of Fig. 7.2, the equations for the upstream
and downstream normal velocity components are related to the net velocities u = v/ w2 + v2 upstream and
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Figure 7.2: Geometry of oblique shock or detonation illustrating normal and perpendicular components

downstream of the wave by:

wi = using (7.36)
ug sin(fs — 0) (7.37)

W2

Where [ is the detonation wave angle, and 6 is the flow deflection angle. For shock waves, the upstream
normal velocity component w; is always supersonic so that w; > a; and for detonation waves, the upstream
normal velocity component has to be equal to or-greater than or equal to the CJ value, w; > wgy. The
tangential components of velocity,

vi = ujcosf (7.38)
ug cos(f — 0) (7.39)

V2
are constant across the wave, vi = vo which implies that:
wo = uy cos B tan(s — 0)
Combining this last relation with the geometric transformations and the solutions to the normal shock or
detonation wave jump conditions, the wave angle § and the flow deflection angle 8 can be determined for a
given upstream velocity u; and normal velocity wi by using elementary trigonometric function relationships:

B = sin Hwi/wm) (7.40)
9 = B—tan! <;“22> (7.41)

uy — wj

The velocity ws required for finding 6 is determined by the solution of the jump conditions for the specified
upstream conditions and normal velocity wy,

P1W1 =  pP2W2 (742)

Pi+pwi = P+ pows (7.43)
1 1

m+§ﬁ = m+§ﬁ (7.44)
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The other thermodynamic properties downstream of the wave (state 2) are also given by the solution to
these jump conditions. In terms of the angles § and 6, the downstream states can be expressed as:

pz _  tanf
p1 tan(B — 60) (7.45)
w] M3 sin? @
‘a; cosB(1 + tan S tan 6) (7.46)
[P] _ M# tan 6 (7.47)

pia?  cos 3+ tan@

In the case of perfect gases (constant specific heat), these equations can be solved analytically for rela-
tionships between the thermodynamic property changes , 5 and 6 as discussed in Appendix A.9. The normal
velocity component has to be selected from within the physically possible range of values:

Shock waves: > wy > ag (7.48)
Detonation waves: uy > wy > Ugy (7.49)

where Ucy is the Chapman-Jouguet velocity computed for the upstream state 1. These limits and the
trigonometry of the velocity components imply that the wave angles are also limited in range:

1
> >sin™! A (7.50)

Shock waves:

Detonation waves: > 06> sin !

(7.51)

NN N

CJ

where My = uy/a; and Mcy = Ucjy/a1. The flow deflection angle is a multi-valued function of the wave
angle or downstream thermodynamic state. This has significant implications for the shock and detonation
wave configurations and interactions. The deflection angle 6 has a maximum value for both detonations and
shock waves. There is no minimum deflection angle for oblique shock waves, 6,,;, = 0 at both 8 = Bnin
and 7/2. For oblique detonation wave, § has a nonzero value at S¢y and is zero at 8 = 7/2. The maximum
flow deflection angle must in general be computed numerically. One way to go about this is by computing
the analytical expression for the derivative of the flow deflection angle with respect to the upstream normal
velocity. A numerical root-solver can then be used to solve for the value of the upstream normal velocity
which makes this derivative zero.

Shock Polar Air, free-stream speed 1500 m/s Shock Polar Air, free-stream speed 1500 m/s
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Figure 7.3: Examples of shock polars for air computed with frozen composition using demo_oblique.m.

The results of either numerical or analytic computations can be usefully represented as polar curves, for
example post-shock pressure vs flow deflection P() or wave angle as a function of flow deflection 8(8), see


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_oblique.m
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Fig. 7.3. Shock or detonation polars can be used in conjunction with polar representations of other wave
processes to illustrate the graphical solution of numerous two-dimensional wave interaction problems.

This procedure enables the use of our computational tools discussed in Section 8 for normal waves but
any method (such as Reynolds (1986) or Gordon and McBride (1976)) to solve the jump equations can
be used to generate solutions for oblique waves without having to make any assumptions regarding the
specific heats, energy release or equilibrium compositions. As long as the material can be treated as a fluid
(for example, solids at sufficiently high pressure), this technique can be used. Once a shock adiabat is
determined in the form wo = f(wy), solutions for any upstream velocity can be obtained readily by these
simple transformations. This procedure is not restricted to ideal gases and can be used on any substance for
which the hydrodynamic model of shock waves applies, for example, strong shocks in solids or liquids.

7.4 Prandtl-Meyer Expansion

In steady supersonic flow with a uniform upstream state, an expansion wave turns the flow and is accompanied
by an isentropic expansion. The amount of turning df and the change in flow speed du are related by
Liepmann and Roshko (1957), Thompson (1972)

d
4 = £/ M2 — 1?” : (7.52)

where the flow Mach number M = w/a and in an expansion turn du > 0. The two signs correspond to the
two possible changes in direction as measured from the incoming flow direction. For example, in Figure 7.4,
the minus sign is appropriate. The expansion wave in this situation is bounded by the characteristics or
Mach lines which are at angle u = sin_l(l /M) to the flow; this angle always decreases across the expansion
wave as M increases. The quantity on the right-hand side of (7.52) defines the Prandtl-Meyer function w by

Figure 7.4: Tllustration of an expansion fan between two uniform states, 1 and 2, deflecting the flow downward
df < 0 and increasing the speed du > 0

the differential expression

pdu

dw = /M2 — (7.53)

An analytic expression for w(M) can be computed for perfect gases, see Appendix A.10, and can be deter-
mined numerically for real gases through integration following appropriate transformation of the right-hand
side, presented next.
Along a streamline in adiabatic flow, the total enthalpy is constant
1
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For streamlines passing through an isentropic expansion wave and originating in a uniform state, the en-
tropy s will also be constant s, so that the enthalpy and therefore the velocity are a function of only one
thermodynamic variable, for example, mass density p.

w=/2(hs — h(s0,p)) . (7.55)

and is also a function only of density in isentropic flow, a = a(s., p). The Mach number can then be computed
as a function of density

The sound speed is defined by

_ E _ 2(ht B h(so,p))
M= e (7.57)

The change in flow velocity itself can be expressed in terms of the thermodynamic changes by using the
momentum equation for the flow on the streamline

puduy = —dP . (7.58)

Using the definitions of sound speed and Mach number, for isentropic flow along a streamline, this is equiv-
alent to

du 1 dp
- ZF 7.59
" Y (7.59)
Finally, we obtain an expression suitable for numerical integration of dw
M2 —-1d 2(hy — h(so,
dw=-—Y2_—-%F where M? = Al = Mso, p)) (7.60)
Mz p a?(so, p)

An example of using this procedure for the equilibrium expansion of hot air (3000 K and 1 atm initial
conditions) is implemented in demo_PrandtlMeyer.m. and some representative results are shown in Fig 7.5.
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Figure 7.5: Example results from numerical evaluation of Prandtl-Meyer function for equilibrium expansion
of hot air (3000 K and 1 atm initial conditions). (a) Prandtl-Meyer function w(M). (b) Pressure-deflection
P(6) relationship within expansion fan.


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_PrandtlMeyer.m
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7.5 Isentropic Expansion Following Shock Wave

The interaction of shock waves with material interfaces can generate a reflected expansion wave (Meyers,
1994, Glass and Sislian, 1994). In order to calculate the strength of this wave, it is necessary to find the states
on the isentrope passing through the post-shock state and values of the Riemann function. The program
shock_state_isentrope.m computes the shock state for a specified shock speed and calculates states on the
isentrope. The output is a file shock_isentrope.txt containing the v, T, P, a.q, u evaluated at fixed

intervals on the isentrope. The example is for a shock wave in air with a speed of 1633 m/s. The initial
conditions are:

Shock State Isentrope

Calculation run on 29-Jan-2008 05:47:49
Initial conditions

Shock speed (m/s) 1633.0

Temperature (K) 295.0

Pressure (Pa) 100000.0

Density (kg/m~3) 1.1763e+000

Initial species mole fractions: N2:3.76 02:1.0
Reaction mechanism: gri30_highT.cti

H oH HF o H H HHH

and the results are shown in Fig. 7.6.
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Figure 7.6: Property variation on an isentrope (frozen) passing through the postshock state of a 1633 m/s
shock wave in air.


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_shock_state_isentrope.m
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7.6 Reflection of overdriven detonation waves

Detonation waves emerging from a deflagration-to-detonation transition event (Ciccarelli and Dorofeev, 2008,
Breitung et al., 2000) are often observed to have a velocity in excess of the Chapman-Jouguet speed for that
mixture, U > Ugy. Such waves are referred to as overdriven and the peak pressure produced by wave
reflection from a closed end is of interest in estimating structural loads. The estimation of peak pressure
behind both incident and reflected waves is straightforward using the programs described in Section 6.4
and 6.6. An example program in MATLAB is given in demo_overdriven.m which computes the states
behind incident and reflected waves in Hy-N5O mixtures as a function of wave speed and prints a summary
overdriven_reflection.txt output file. A plot of the incident and reflected pressures from the output file
is shown in Fig. 7.7. The ratio of reflected-to-incident pressure (Fig. 7.8) varies from about 2.4 for the CJ
detonation up to 6.5 for a highly overdriven wave. The increase in pressure ratio with wave speed shows that
as the wave speed increases, the combustion energy release becomes less important than the kinetic energy
in the flow

reflected pressure (MPa)
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Figure 7.7: Incident and reflected pressures for a detonation in Ho-NoO (31% Hs, 1 bar , 300 K) mixtures.

7.7 Detonation in a compressed gas region and subsequent reflection

Detonation in a closed vessel or pipe can occur after a deflagration (flame) is ignited, then accelerates to
high speed and transitions to detonation near the vessel surface or the closed end of the pipe (Shepherd,
1992). The initial deflagration propagates quite slowly and results in the compression of the unburned gas
ahead of the wave as the pressure increases inside the vessel. As a consequence, the detonation occurs in a
compressed gas region which has higher pressure and temperature than the initial gas within the vessel. In
addition, the detonation may emerge from the transition region with a much higher velocity and pressure
than the CJ values. This results in much higher detonation pressures behind the reflected shock wave created
when the detonation reaches the vessel wall or pipe end. The MATLAB script precompression_detonation.m.
computes the conditions behind a CJ detonation wave and associated reflected shocks in an isentropically


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_overdriven.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_precompression_detonation.m
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UlUg,

Figure 7.8: Ratio of reflected-to-incident pressures for data in Fig. 7.7.

compressed gas for a range of compression ratios. The pressures behind overdriven detonation waves and
associated reflected shocks is then computed for each isentropic compression condition. The results are given
in an precompressed_detonation reflection.txt output file.

7.8 Pressure-velocity relationship behind a detonation

Interaction of a detonation wave or a shock with a contact surface will result in reflected and transmitted
waves (Meyers, 1994, Glass and Sislian, 1994). The computation of these wave amplitudes (for a one-
dimensional interaction) requires matching pressure and velocity at the contact surface. This requires com-
puting the locus of shock and expansion wave states “centered” on the state behind the incident detonation
wave or shock. This can be carried out by combining the methods that have been previously developed to
compute the conditions behind the incident shock and then the subsequent shock or expansion moving into
that state. A MATLAB script detonation_pu.m. computes the conditions behind a CJ detonation wave
and the pressure-velocity relationship for a shock wave moving back into the detonation products. The
output from the script is in a cj-pu.txt file that can be used to construct a pressure-velocity diagram. An
example for a detonation in Hy-N5O is shown in Fig. 7.9a. The case of a shock wave is appropriate for a
reflection from “hard” material, that is, one that has a higher acoustic impedance than the material in the
post-shock or post-detonation state. The solution to the interface matching condition requires constructing
the pressure-velocity relationship for the “hard” material and finding the intersection. An example for a
detonation wave incident on water is shown in Fig. 7.9b. Water is quite stiff and dense in comparison to the
detonation products so that the interface pressure is very close to that found for rigid reflection (u = 0) and
only a small velocity (4 m/s) is induced.

7.9 Ideal Rocket Motor Performance

The performance of an ideal rocket motor can be described by the quasi-one dimensional steady flow rela-
tionships. In general, accurate estimates of performance require consideration of the kinetics of the reactions
in the gases in order to predict the extent of recombination and exhaust velocity at the exit of the nozzle. In
realistic engineering design we need to also consider two- and three-dimensional flow, boundary layers, heat
transfer, and most importantly, off-design operation with shock waves inside the nozzle that result in flow
separation and recirculation. These effects are all outside the scope of quasi-one dimensional flow and the
present discussion is only considered with ideal nozzle performance, which can be bounded by considering


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_detonation_pu.m
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Figure 7.9: a) CJ state and pressure velocity-relationship on reflected shock wave for Hp-NoO mixtures
initially at 300 K and 1 bar. b) Matching pressure and velocity for transmitting a shock wave into water.

o

the simple limiting cases of either frozen or equilibrium isentropic expansion within an inviscid stream tube
of specified area.

The conditions inside the combustion chamber are estimated by carrying out a constant-pressure equi-
librium computation using the specified inlet conditions and mixture of fuel and oxidizer to determine the
initial enthalpy. Neglecting the velocity of the bulk flow within the chamber, the enthalpy of the combustion
products is taken to be the total (ideal stagnation) enthalpy and the chamber pressure is the total pressure.
With these as initial conditions, the flow in the nozzle is computed using the ideal quasi-one dimensional
model.

In steady, quasi-one dimensional flow, the mass flow rate is constant

puA = M (7.61)
= constant , (7.62)

and equal to the values at the sonic point which is the location of the ideal throat in the converging-diverging
nozzle downstream of the combustion chamber.

=p*u*A* where u*=a. (7.63)
The total enthalpy is constant
u?
he=ht (7.64)

so that the velocity can be computed from the thermodynamic state as

u=+/2(hy — h) . (7.65)
The enthalpy is considered to be a function of pressure, entropy, and composition
h=h(Ps, Y) (7.66)

The entropy is fixed at the value of the products in the combustion chamber and the composition is either
specified to be the state in the combustion chamber (frozen flow)

Yi r =Y; combustion products in chamber (7.67)
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or computed to be the equilibrium state consistent with the given pressure at fixed entropy
Yieq = Yi(P, 8 = Schamber) equilibrium at specified P, s . (7.68)
The ideal thrust for expansion to a given area, velocity, and pressure is
F = Mu+ AP — P,) (7.69)

which is traditionally expressed as the specific impulse, defined as

F
P-P,
=24 (7.71)
Ge puge

where P, is the ambient pressure and g. = 9.81 m-s~2 is the acceleration of gravity on the earth’s surface.
The vacuum performance is obtained when P, — 0. In practice, the lowest pressure that can be used in the
computation is limited by the temperature range of the thermodynamic fitting polynomials (usually valid
only to 200 K) and the convergence of the numerical solution to the isentrope.

An example of the computation of flow in a nozzle is given in the MATLAB program demo_quasi_ld.m
for a hydrogen-oxygen-helium mixture with varying amounts of helium. This program uses interpolation
to find the throat conditions and recalculates the streamtube area as the nondimensional value A/A*. A
modification of this program rocket_impulse.m computes and plots (Fig. 7.10) an estimate of the vacuum
I, for both frozen and equilibrium conditions.

440

420 b Equilibrium

260 . . .
0 0.2 0.4 0.6 0.8 1

helium mole fraction

Figure 7.10: Vacuum specific impulse for an ideal hydrogen-oxygen-helium rocket motor

7.10 Equilibrium and Frozen Isentrope Properties

Computation of compressible reactive flows is often simplified by considering portions of the flow to satisfy
equilibrium or frozen conditions and approximating the equation of state by simple analytical forms based


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_quasi1d_eq.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_rocket_impulse.m
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on perfect gases. In regions that are free from shock waves, inviscid adiabatic flow is treated as isentropic
although the entropy may differ on adjacent streamlines. The variation of properties on isentropes such as
sound speed, Griineisen parameter, ratio of specific heats and logarithmic slopes requires the computation of
derivatives. These derivatives can be found analytically for ideal gases frozen composition but for equilibrium
compositions, the derivatives must be computed numerically.

The computation of the isentropes and derivatives is described in this appendix. The demonstration
program demo_g.m shows how to implement the methods for numerical evaluation described in the following
sections. Graphical results are shown for a simple example of isentropic expansion along an isentrope (frozen
and equilibrium) from the constant volume explosion state of a stoichiometric Hy-Og mixture initially at
conditions of 1 atm and 300 K.

Isentropes

The computations of the isentropes is straightforward, requiring the specification of the entropy and one other
thermodynamic variable such as temperature, pressure or specific volume. Either the frozen or equilibrium
state is evaluated at this condition, using the appropriate gas composition. Once the state is determined,
then all thermodynamic properties can be evaluated.

Given an entropy value S2, a composition X2 and a specific volume V', the computation of equilibrium
and frozen isentropes proceeds as follows:

% equilibrium state
set(gas,’V’,V,’S’,82);
equilibrate(gas,’SV’);

P(i) = pressure(gas);

T(i) = temperature(gas);

% frozen state
set(gas,’S’,82,°V’,V,’X’,X2);
P_f(i) = pressure(gas);
T_f(i) = temperature(gas);

— — — Frozen 10t F — — — Frozen
Equilibrium

Equilibrium
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w
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temperature (K)
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pressure (atm)
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volume (m*/kg) volume (m*/kg)

(a) (b)

Figure 7.11: (a) Frozen vs. equilibrium isentrope in P-V coordinates. (b) Frozen vs. equilibrium isentrope
in P-V coordinates. Values are for isentropic expansion of combustion products of a stoichiometric Hy-O4
constant volume explosion with initial state of 1 atm and 300 K.

From these plots it is clear that one of the key differences between frozen and equilibrium isentropes is that
at the same volume, the temperature of the equilibrium isentrope is much higher than the frozen isentrope.
This is due to the thermal energy released by recombination of the dissociated combustion products with


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_g.m
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decreasing temperature (increasing volume). On the other hand, the frozen and equilibrium pressures show
much smaller differences than temperatures at a given volume. Another key difference is that the slope of
equilibrium sound speed in P — V' coordinates is less negative than the slope of the frozen sound speed.
While it is not obvious, it is possible to show on general thermodynamic grounds that this is always true.
This has implications for the sound speed as discussed in the next section. For both equilibrium and frozen
states, the curvature of the temperature-volume relation in log-log coordinates indicates that a power-law
(polytropic) fit will be inaccurate over a large range of volumes. This curvature is due to the combined
effects of specific heat and in the case of equilibrium, composition, dependence on thermodynamic state.
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Figure 7.12: Species equilibrium composition on the isentrope for the case described in Fig. 7.11.

For a limited range of states, a standard engineering representation of the isentropes is a polytropic
approximation:

Pv* = Pof = constant ; (7.72)
ToF 1 = Tlvflfl = constant ; (7.73)
where the constants k and k' are determined by fitting the exact results shown in Fig. 7.11. The range of

the volumes has to be limited in order to get reasonable bounds for the exponents. Limiting the fits to v <
1000v1, the following values of the exponents are obtained (see demo_g.m):

kg = 1.2597; (7.74)
keq = 1.1075 ; (7.75)
k}r = 0.2597 ; (7.76)
kéq = 0.08016 ; (7.77)
For a perfect gas with a constant ratio of specific heats
Y =cp/ey, (7.78)
the exponents are given by
k=, (7.79)
K=vy-1. (7.80)

The relationship k&’ = k — 1 is numerically satisfied to four significant figures in the frozen case but the value
of k:’eq in the equilibrium case is 20% lower than k., — 1. The fit-derived value of k¢, — 1 obtained for the
frozen case is about 18% higher than the average of the frozen thermodynamic values of v ~ 1.2119 in the
range of fitted volumes. The discrepancy in numerical values between kf, and vy, is due to fitting the data
in log-log coordinates with a linear model over a large range of specific volume.


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_g.m
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Sound Speed

The starting point for our computation of equilibrium sound speed is the expression that is usually taken to
define sound speed in terms of its squared value:

W2 @1;)8 . (7.81)

If the thermodynamic state is constrained to be equilibrium then the derivative is interpreted as being the
slope of the equilibrium isentrope in P-p coordinates

oP
— () . 7.82
q ), yer (7.82)

An alternative expression for sound speed that is used in compressible flow is in terms of derivatives of

enthalpy h(P,p, Y).
dh = <8h) dP + (8}1) d
oP),y ) p vy

)

./ on
+2<8Y

) av; (7.83)
: Pp,Yjzi

For equilibrium flow Y = Y®/(P, p) and

Y, ! Y4
dY;eq = (8 ) dP + (8 ) dp . (7.84)
P, Y PYjz;

oP ap

The fundamental relation of thermodynamics can be written
P &
dh=Tds+ =~ + > pidn (7.85)
i=1

The last term vanishes for either frozen or equilibrium processes. Eliminating dh between these two expres-
sions we have for frozen flow

(@)
2 ) p vy

p oP), v

and for equilibrium flow

B

(50)v "2 (7)o, o)
a2y = oy = L potie e (7.87)
1 oh oY1
;7 <8P)p, Y ; )P/%YJ#L < op )p,Y#i
which can be written as
(5r)
2 % Jp (7.88)

G0 =T 7ohay
- (57),
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where

(ag;q ) - (6h(P, p,;:q(R p)) ) ) (7.89)

and

e €q
(2 - (2reXra)y r0
or J, oP o
Although not obvious from (7.83) and (7.87), it is possible to show on general thermodynamic grounds
(see Appendix 4D Fickett and Davis, 1979) that the equilibrium sound speed will always be less than the
frozen sound speed.
Afr > Gegq (7.91)

The holds irrespective of the nature of the equilibration process, endothermic or exothermic. This inequality
is a consequence of the extremum properties of equilibrium processes, discussed in Chapter 4.

Numerical computation of sound speed

A simple finite difference approach to computing the sound speed is to evaluate pressure at two states, 1
and 2, at nearby points on an isentrope and to form the difference quotient

d, x2) — f(x
dx To — T

If we select the two points to be equally spaced about a central point xg, 1 = zg — h and 23 = x¢ + h, then
we recover the central difference approximation to the first derivative

df | f(zo+h)— f(zo—h)
i o +O(h?), (7.93)

which as indicated, is accurate to second order in the increment h. Applying this to the computation of
(7.82) and considering P(p, s, Y) we obtain

2 o P(po + AP) 505 qu) — P(po — Apa 50, qu)
eq ™ 2Ap ’

(7.94)

where the equilibrium composition Y*®? is evaluated at the entropy and density associated with that state.

A straightforward implementation of this approach is to start with an initial equilibrium state and then
to use the 'SV' option to perform equilibrium computations of adjacent states at a fixed entropy and two
density values. The MATLAB code soundspeed_eq.m that implements this approach is:

rho0 = density(gas);

TO = temperature(gas);

pO = pressure(gas);

sO = entropy_mass(gas);

x0 = moleFractions(gas);

rhol = 0.99%rho0;
set(gas,’Density’,rhol, ’Entropy’,s0, ’MoleFractions’,x0);
equilibrate(gas,’SV’);

pl = pressure(gas);

rho2 = 1.01*rhoO;
set(gas,’Density’,rho2, ’Entropy’,s0, ’MoleFractions’,x0) ;


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Thermo/soundspeed_eq.m
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equilibrate(gas,’SV’);

p2 = pressure(gas);

dpdrho_s = (p2 - pl)/(zho2 - rhol);

aequil = sqrt(dpdrho_s);

set(gas, ’Temperature’,TO, ’Pressure’,p0, ’MoleFractions’,x0) ;

If the reference state passed to the function in the gas object is not in equilibrium, the result of the call is still
valid but requires care in interpretation. The resulting equilibrium sound speed is based on an equilibrium
isentrope that passes through the (S, V') state that is passed to the function but composition and therefore
the thermodynamic properties such as pressure and temperature will be quite different from those of the
reference state.

The approach outlined above is useful for most cases but there are reference states that are challenging
for the Cantera equilibrium solver to converge when using the 'SV' option. The Cantera equilibrium solver
is optimized and most robust when used in the 'TP' mode. To take advantage of this, consider variations in
entropy with small changes in temperature and pressure

ds 0s

In this expression and what follows, the constraint of equilibrium is not explicity stated. On an isentrope, s
= sp and dropping the higher order terms, we obtain the following relationship between small temperature
and pressure changes along the isentrope

<as)
OP ) 1
AT = —? AP, (7.96)
aT ) p
which can also be written as
oT
_ (ap>s AP (7.97)

The two derivatives on the right-hand side of (7.96) can be computed using centered differences,

05\ s(P,Ty) — s(P1, Ty) (7.98)
oP ), P, — P ’ .
and
9s\  _ s(Po,Ty) — s(Py,Th) (7.99)
oT ) p -1 . .
The sound speed squared can then be approximated as
AP P—P
9 2 1
2~ AP _ 7.100
Ap s p(Pg,TA) — P(PhTB) ( )
where
or
Te—T 9N (p_p 7.101
A o+ <8P> . ( 2 0) ) ( )

oT
T =1TH + (W)S(Pl —Po) s (7102)
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Note that all the quantities in the difference approximations are given as a function of temperature and
pressure enabling the use of the 'TP' equilibrium option to find an equilibrium state or else in the case of
frozen composition, direct evaluation of the thermodynamic properties. This is the method that is used in
the Python module soundspeed _eq.

If the thermodynamic state has a single component or the composition is fixed, the frozen sound speed
is defined as

oP
a?, = () , 7.103
f ap .y ( )

which can be numerically estimated using the finite difference approximation

P A Y)— P(po— A Y
air ~ (pO + Ap, So, ) (Po P> S0, ) ) (7104)
2Ap
The evaluation of this formula does not involve equilibrium computations and can be evaluated by straight-
forward evaluation of states on the isentrope, which is implemented in the MATLAB soundspeed _fr.m and

Python soundspeed_fr routines:

rho0 = density(gas);

TO = temperature(gas);

PO = pressure(gas);

sO = entropy_mass(gas);

x0 = moleFractions(gas);

rhol = 0.99%rho0;
set(gas,’Density’,rhol, ’Entropy’,s0, ’MoleFractions’,x0);
pl = pressure(gas);

rho2 = 1.01*rhoO;

set(gas, ’Density’,rho2, ’Entropy’,s0, ’MoleFractions’,x0) ;
p2 = pressure(gas);

dpdrho_s = (p2 - pl)/(zho2 - rhol);

afrozen = sqrt(dpdrho_s);

set(gas, ’Temperature’,TO, ’Pressure’ ,P0, ’MoleFractions’,x0) ;

These algorithms for sound speed are independent of equation of state and will work for both ideal and real
gas equations of state.
As discussed in Section 7.10, the frozen sound speed can be computed from the thermodynamic identity

oP\ ¢, (OP
(ap)s ~ (ap> | (7.105)

For frozen composition in a real gas, this quantities can be computed from the ideal gas properties and
departure functions, evaluating the derivative using finite differences. For an ideal gas the derivative simplifies
to

oP
—_— = RT. 7.106
( dp > 7Y ( )

Defining the frozen ratio of specific heats as

C Y(T)
T)= 22~ 7.107
’Yf( ) CU’Y (T) ( )
we obtain the following alternative expressions for frozen sound speed.
2 P
ay =v;(T)RT = ’Yf(T); (7.108)

This is the extension of the perfect gas expression a? = yRT with v = constant to the situation of variable
thermal properties accounting for the specific heat dependence on temperature through 4 (7).


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/thermo.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Thermo/soundspeed_fr.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/thermo.py
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Griineisen Coefficient

The Griineisen parameter is defined as

oP
= = 7.109
5=(%), (710

which can be transformed using thermodynamic identities to
v (0T

__v (oL 7.110
T ( v ) s ( )

p (0T
=== . 7.111
T ( dp ) s (T

The simplest approach to numerical computation is to use finite differences to approximate the derivative
on the isentrope

(GT) - T(s,p+ Ap) —T(s,vp — Ap) . (7.112)

p 2Ap

and the computation of temperature as a function of entropy and specific volume (or mass density) is either at
equilibrium or frozen composition. The MATLAB script gruneisen_fr.m (the Python routine is gruneisen_fr)
that implements the equilibrium composition version is:

rho0 = density(gas);

PO = pressure(gas);

TO = temperature(gas);

sO = entropy_mass(gas);

x0 = moleFractions(gas);

rhol = 0.99%rho0;
set(gas,’Density’,rhol, ’Entropy’,s0, ’MoleFractions’,x0) ;
equilibrate(gas,’SV’);

tl = temperature(gas);

rho2 = 1.01*rhoO;
set(gas,’Density’,rho2, ’Entropy’,s0, ’MoleFractions’,x0) ;
equilibrate(gas,’SV’);

t2 = temperature(gas);

dtdrho = (t2 - t1)/(rho2 - rhol);

rho = (rhol + rho2)/2.;

t = (£t1+t2)/2.;

G_eq = dtdrho*rho/t;

set(gas, ’Temperature’,TO, ’Pressure’ ,P0, ’MoleFractions’,x0) ;

Another method of computing the Griineisen parameter is by using thermodynamic identities (Denbigh,
1981, Sec. 2.10) to transform the derivatives to use temperature and volume as the independent variables.

)U , (7.113)

T
v (86>?) ’ (7.114)

(7.115)


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Thermo/gruneisen_fr.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/thermo.py
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The denominator is the specific heat at constant volume

Oe
ey = <5T>v , (7.116)

and the numerator can be expressed (Denbigh, 1981, Sec. 2.10) as

o
(gl;)v _ ng%p . (7.117)
orP ),

The Griineisen parameter can be expressed as

v [(OP v
=—— = — . 7.118
o= (a), (7). ()
The Griineisen parameter can be related to other thermodynamic properties using the thermodynamic
identity (Denbigh, 1981, Sec. 2.10)
opP a'\”
cp—cy=—T () () . (7.119)
P ov /), \0T)p
Subsituting the alternative definition (7.118), we obtain the following identity
cp T (0v
- —-1=6G—| = . 7.120
Cy g v (3T> P ( )

Simplfying this with the definition (7.78) we obtain the final version of the relationship between v and G.

y1=G. [f (S;)J _ (7.121)

The last two expressions are valid for both frozen and equilibrium compositions; the term in brackets in
(7.121) is one for frozen conditions. The derivatives will need to be evaluated numerically if the equilibrium
constraint applies. If the derivatives are evaluated at fixed composition, then substantial simplification occurs

for an ideal gas.
Loy _
v \ 0T P_
_L(ovy _
v \ OP T_

At fixed composition, the constant volume specific heat can be expressed in terms of the ratio of specific
heats v and the gas constant R

Frozen composition , (7.122)

ol Nl

Frozen composition . (7.123)

R
Cof = Frozen composition , (7.124)
S
v = Z—p Frozen composition . (7.125)
v

Considering the frozen case, the Griineisen parameter for an ideal gas can be expressed as

Gr=r—1 Frozen composition (7.126)
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This can be used as a check on the finite difference approximation for the frozen case. The equilibrium
case requires evaluating the derivatives using finite different approximations. Some progress can be made
analytically for an ideal gas by expanding the derivative and simplifying to obtain

T [ Ov "W [0Y;

The last term vanishes for frozen conditions (consistent with the previous discussion) and is positive for
equilibrium combustion products, with a value as large as 1.5 for dissociated combustion products. As a
consequence the values of v obtained from the Griineisen parameter are smaller than expected based on the
relationship (7.126) extended to equilibrium conditions.

Ratio of specific heats

The specific heats are defined in terms of the derivatives of internal energy e

Oe
cy = (8T)v : (7.128)

or enthalpy h

cp = (gg) . (7.129)

These derivatives can be carried out either at frozen or equilibrium conditions. The frozen case can be
evaluated directly form the mixture average specific heats and the differentiation for the equilibrium case is
carried out numerically in demo_g.m.

% compute frozen specific heats from thermodynamic properties
set(gas,’T’,T(1),°V’,);

equilibrate(gas, ’TV’);

gamma_fr_thermo(i) = cp_mass(gas)/cv_mass(gas);
% compute equilibrium specific heats from properties and definition
% constant volume

set(gas,’T’,T(i)*1.01,°V’,V);

equilibrate(gas, ’TV’);

U2 = intEnergy_mass(gas);
set(gas,’T’,T(i)*0.99,°V’,V);

equilibrate(gas, ’TV’);

Ul = intEnergy_mass(gas);

CVEQ = (U2-U1)/(.02xT(i));

% constant pressure
set(gas,’T’,T(i)*1.01,°P’,P(i));
equilibrate(gas, ’TP’);

H2 = enthalpy_mass(gas);
set(gas,’T’,T(i)*0.99,’P’,P(i));
equilibrate(gas, ’TP’);

H1 = enthalpy_mass(gas);

CPEQ = (H2-H1)/(.02*T(i));

gamma_eq_thermo(i) = CPEQ/CVEQ;

The frozen versions are relevant to fluid dynamic simulations (e.g., nozzle flow) and idealized explosion
models (e.g., ZND, CV or CP computations) which model chemical reactions using detailed chemical kinetic
descriptions. The equilibrium versions are sometimes used to describe idealized models of processes that are
sufficiently slow to be modeled as a sequence of equilibrium states.


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_g.m
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The ratio of the specific heats are related to the slopes of the isentrope and isotherm in the P — p plane by
a thermodynamic identity (Denbigh, 1981, Sec. 2-1) that is valid for either equilibrium or frozen conditions.

oP ¢ oP
(ap)s ~ (ap> ’ (7.130)

Using the definition of the ratio of specific heats (7.78) this can be expressed as

2

a
op )1
For an ideal gas,
oP W (0Y;
— | =RT+RT — <Z> . 7.132
( dp )T ; Wip 9 )r ( )

The last term vanishes for frozen conditions and is negative for equilibrium conditions (see Fig. 7.16) so that

(ap> <RT. (7.133)
ap T eq

The consequences of these relationships are that the equilibrium sound speed is lower than the frozen sound
speed as shown in Fig. 7.13. The deviation of a? from linear dependence on T is due to both the change in
specific heat ratio and composition with temperature. For both frozen and equilibrium flow we have

"W [0Y;
L ()
;Wi 8/) T

For frozen flow, this is the extension of the usual perfect gas relationship to an ideal gas with fixed compo-
sition.

o = 2RT , (7.134)
Cy

2 cp,rr(T)
af, = —=——=RT, 7.135
! e, r(T) ( )
=4 (T)RT . (7.136)

For equilibrium flow, there is similar expression but with an additional term due to the shift in composition
with temperature changes

2 Cpeq(T) W (ayz')
a2, = e lpr |14 : 7.137
1 Cv,eq(T> ; W’Lp ap T ( )
W (0Y;
= veq(T)RT |1+ p ( ) (7.138)
a ; W1 8/} T

An alternative interpretation of the ratio of specific heats is in terms of the nondimensional (logarithmic)
slope of the isentrope in pressure-density coordinates

_r(or
RP<6P)S. (7.139)

The origin of the approximation of the isentrope by a power law is based on the integrating this equation
with k &~ constant = k. However, this is only valid over a limited range of thermodynamic states as shown
in Fig. 7.14 and discussed in the beginning of this Appendix. The definition of k can be rewritten as

K= []pj (‘?;)T] . (7.140)
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Figure 7.13: Frozen vs. equilibrium values of sound speed squared a? for isentropic expansion of combustion
products of stoichiometric Ho-O2 constant volume explosion.

The term in brackets is one for frozen flow and less than one for equilibrium conditions (Fig. 7.16a) so that
the slopes of equilibrium isentropes at high temperature will be less than the ratio of specific heats.

In general G, v — 1, x and ¢,/c, are functions of temperature and the frozen values are larger than the
equilibrium values. As shown in Fig. 7.14a, the frozen values G; = vy —1 =k; —1 = ¢, /c, — 1 are all equal
and show a nonmonotonic dependence on temperature. This is due to the competing processes of excitation
of molecular degrees of freedom and dissociation of molecules to atoms with increasing temperature. In
Fig. 7.14, value of v was computed from (7.131) and the ratio of specific heats was computed from the
definitions (7.128) and (7.129) using the appropriate composition constraint. Because these definitions are
thermodynamically consistent, both frozen and equilibrium values of v and ¢, /¢, are identical to the precision
of the computation and the curves overlap in Fig. 7.14. As shown in Fig. 7.14b, the equilibrium values of
k — 1 and G are significantly lower than v — 1 at higher temperatures due to the temperature dependence
(Fig. 7.16) of the derivatives in (7.121) and (7.140).

As shown in Fig. 7.15, at low temperatures, less than about 1200 K, the quantities v, = Keg = Yeq
are all equal and increase with decreasing temperature. At low temperatures, dissociation is unimportant
(see Fig. 7.12) and composition can be considered frozen so that the specific heat varies only due to the
population of molecular vibrational states associated with temperature. At intermediate temperatures, 1200
< T <2000, there is a substantial amount of dissociation and shifting composition in equilibrium effectively
increases the heat capacity of the mixture and lowers the value of both rkeq — 1 and 7yeq — 1 below vy, — 1.
This effect is reflected in the variation of the functions shown in Fig. 7.16. With increasing temperatures
above 2000 K, the mixture becomes progressively dominated by atoms resulting in an increase in the value
of 7eq. At 3500 K, the mixture is mostly atoms so that the frozen and equilibrium values of v become equal.
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Figure 7.14: Frozen vs. equilibrium values of 7 -1 and & - 1 for isentropic expansion of combustion products
of stoichiometric Ho-O9 constant volume explosion.
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Figure 7.15: Frozen vs. equilibrium values of v -1 and & - 1.

7.11 Shock Tube Simulation

The classical shock tube consists of a high-pressure driver section separated by a diaphragm (metal or plastic
sheet) from a low pressure driven section. Rupture of the diaphragm results in the propagation of a shock
wave into the driver section and an expansion into the driven section, see Fig. 7.17. For an idealized shock
tube, the diaphragm ruptures instantaneously and the conditions at states 2 and 3 as well as the shock
strength can be computed by considering these regions as uniform until the waves have reflected from the
far end of the tube and disturb the uniformity of states 2 and 3. This approximation is reasonable and be
used to estimate the strength (Mach number or speed) of the shock wave in real shock tubes for locations
sufficiently far from the diaphragm.

Idealized shock tube performance can be computed by numerically implementing simple wave solutions
using the pressure-velocity matching method. For perfect gases in the driver and driven sections, the solution
for the shock Mach number can be obtained analytically as a function of the ratio of specific heats of each
gas, the ratio of initial sound speed a4/a; in the driver and driven section, and the pressure ratio Py/P;.
The solution (Appendix A.11) can be obtained analytically in this cases.

For strong shock waves and expansion from hot driver gases, realistic solutions for shock and expansion
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Figure 7.16: (a) Equilibrium value of the function (p/P)(dP/dp)r. (b) Equilibrium value of the function
(T/v)(du/dT) p.

states require realistic thermochemistry using equilibrium solutions for the composition. This is implemented
in the demonstration program demo_ShockTube.m and demo_ShockTube.py. There are four driver situations
that have been implemented in the program.

1. Cold gas. This is the conventional shock tube situation in which the driver is just pressurized gas. The
driver gas could be warm but in many cases it is cold, i.e., the same temperature as the driven gas.

2. Hot gas. The gas is hot and generated by a rapid combustion process, approximated as constant-
volume, adiabatic, complete combustion.

3. Forward detonation. An ideal detonation wave propagating toward the diaphragm at the CJ speed.

4. Reverse detonation. An ideal detonation wave starting at the diaphragm and propagation away at the
CJ speed.

In all cases, the solution is constructed by first computing the wave curves that represent the P(u)
relationship for the states behind the shock waves in the driver and expansion in the driven section. The
P(u) relationship for the shock wave is constructed using the postshock routines described in Section 6.1
and computed postshock pressure and density as a function of shock speed Us.

P, = Py(U,) (7.141)

p2 = p(Us) (7.142)

up = Uy(1— 2L (7.143)
P2

TheP(u) relationship for the expansion wave follows the development given in Section 7.1. For the left-
propagating expansion shown in Fig. 7.17, the C* Riemann invariant across the wave provides the relation-
ship

dpP

—du . 7.144
o u (7.144)

Integration along an isentrope provides the required P(u) relationship

P

dP

U= 7/ —. (7.145)
Py PQ


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_ShockTube.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_ShockTube.py
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Figure 7.18: Equilibrium postshock properties: (a) density, (b) temperature, (c) pressure as a function of
shock Mach number and (d) Pressure-velocity relationship. Air at an initial state of 1 bar and 298.15 K.

The solution for states 2 and 3 for given values of states 1 and 4 is found by requiring that pressure and
velocity are continuous at the contact surface between these states

Uz = usz ,
Py= P .

(7.146)
(7.147)

The solution proceeds by tabulation of P(u) for states 2 and 3 followed by interpolation and a simple root-
finding routine. This can be graphically visualized as finding the intersection of the shock and expansion
wave curves in the P-u plane. The ideal gas solutions of Appendix A.11 are a useful first approximation,
particularly for expansion waves in the driver but for strong shock waves with rapid equilibration behind the
front, the shock and detonation toolbox equilibrium postshock routines give more realistic answers. At shock
Mach numbers greater than about 3 in air initially at 1 bar pressure, dissociation results in significant changes
in composition and departures of the gas density and temperature from ideal gas values, less significant are
the departures of the P(u) relationship from ideal.

Examples of wave curves and solutions for states 2 and 3 are shown in Fig. 7.19 for four types of drivers.
The driven gas is air with a composition O5:0.2095 N5:0.7808 Ar:0.0093 C0O5:0.0004 and initial state of 100
kPa and 298.15 K. The driver in case (a) is high presure (3.3 MPa) helium. The driver gas used in cases (b),
(¢c), and (d) is a rich propane-oxygen (C3Hg:2.0 O2:5.0) mixture with an initial state of 1 bar and 298.15
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Figure 7.19: Wave curves and solutions for four types of drivers: (a) He ; (b) constant volume explosion of
propane-oxygen; (c) reverse (propagation away from diaphragm) detonation of mixture used in case (b); (d)
forward (propagation toward diaphragm) detonation of mixture used in case (b).

K. In case b, the driven state is uniform and at the condition of an adiabatic, constant-volume explosions
(P = 2.28 MPa, T = 3299 K). For cases (c) and (d), the conditions are for a detonation wave (Pcy = 4.52
MPa, Tcy = 3540 K) in the mixture used in case (b). For case (c), the plateau state (P = 1.64 MPa, T' =
3103 K) at the end of the Taylor-Zeldovich wave is most relevant for estimating the driver initial state. The
solutions for case (d) only apply immediately after the interaction of the detonation wave with the driver
gas as there are significant nonsteady processes associated with the Taylor-Zeldovich expansion flow behind
the wave. In cases (a), (b) and (c), the solutions for pressure and velocity at the 2-3 interface are only valid
until the reflected expansion wave from the driver end reaches the interface.

There is another case, Fig. 7.20, that occurs when the CJ state lies under the shock wave curve; a reflected
shock wave occurs in the driver gas. The interaction of a detonation wave with a contact surface within and
at the exit of a detonation tube was investigated numerically and experimentally Wintenberger et al. (2003),
Wintenberger (2004) and used in the development of models for pulse detonation propulsion systems. The
performance of combustion and detonation-driven shock tubes has been investigated for use in hypervelocity
flow facilities (shock tunnels and expansion tubes) Olivier et al. (2002) as well as conventional shock tubes
Schmidt et al. (2013). The interaction of the detonation wave with an interface is crucial but only one
component of the operation; a full unsteady gas dynamic simulation of the wave propagation processes is
required to predict the performance.
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Chapter 8

Numerical Methods for the Jump Equations

The most common predictive problem in shock physics is to numerically
determine the post-shock state 2 given an initial state 1 and shock velocity
Us = wi. There are many methods to accomplish this task, two of which are
given below. The first method is based on functional iteration in a single
variable (density ratio). The second method is based on a two-variable
(temperature and volume) implicit solution using Newton’s method. The
second method is more robust than the first and is used in the numerical
algorithms in our software package. In order to use these methods, an
equation of state in the form e(P, p) or equivalently h(p, p) is required. This
can be either an analytic formula, a set of tabulated data, or an algorithmic
procedure.

8.1 Iterative Solution with Density

One convenient way to approach this problem is to rewrite the momentum and energy jump relationships
as a function of density ps

Py = P, + pyw? [1 - ’pﬂ (8.1)

1 2
hy = by + 5w [1 - (2) 1 (8.2)

Using an assumed value of ps = p3 and the initial state (Py, p1, h1, w1), Equations (8.1) and (8.2) are used
to predict interim values of pressure and enthalpy, Py and h3. The enthalpy from (8.2) is then compared
with the value obtained from the equation of state

h = h(P;. p3) (8.3)
to obtain an error

Err = h(8.3) — h(8.2) (8.4)

Depending on the sign of Err, a new value for ps = p5 that will reduce the magnitude of Err is selected.
Through repeated! trials (iterations), Err can be reduced to less than a desired tolerance e. This formulation
of the problem can be used with any equation of state that can be evaluated to yield h(P, p); Mollier charts
and tables (Reynolds, 1979) that are widely available for many substances are well suited for this approach.
This method is the basis of the post-shock state solution in the original detonation structure program ZND
developed by Shepherd (1986).

IThis is most conveniently carried out using one of the “canned” nonlinear root solvers available in standard libraries of
numerical subroutines (Press et al., 1986).

115
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Algorithm

The details of the solution algorithm are as follows:

1.

2.

10.

Define known quantities: Upstream state (1), e.g., specify (w1, P1, T1, Y1), error tolerances
Seek unknown quantities: Downstream State (wq, P, To, Y3)

Define the unknown specific volume ratio to be X

PL
P2

X = (8.5)

Guess a value for X within assumed upper and lower bounds X,,,;, < X < X,naz. As discussed below,
the value of X,,;, has to be selected carefully to avoid having the solution compute nonphysical values
of properties which will result in runtime errors and a failure to obtain a solution.

1
Xonin = = 8.6
Xpaw = — (8.7)
M 1.005 '
Compute the tentative value for pressure from momentum jump
Py = Pipywi (1 - X) (8.8)

Compute enthalpy from the equation of state using an assumed (frozen) or computed (equilibrium)
composition Y

P2 =% (8.9)
hs = h(P;, s, Y3) (8.10)
Compute the enthalpy using the energy jump equation
w2
ho = hy + 71 (1-X?) (8.11)
Find the error as the difference between the two enthalpies
Err = hg — h} (8.12)

In (8.10), h(P,p,Y) is the thermodynamic equation of state of the products. If the products are
in chemical equilibrium, in step 6, this will require determining the equilibrium composition Y 4
corresponding to P* and p*. This solution algorithm is valid for a general equation of state and can
be simplified for an ideal gas by computing temperature as an intermediate variable in step 6.

Iterate until Err (8.12) is less than the specified value.

Return final post-shock state (2).

The program ZEROIN (Shampine and Watts, 1970) was used in Shepherd (1986) to carry out the iteration.
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Figure 8.1: The Rayleigh line and reactant (frozen) Hugoniot with the minimum (8.6) and maximum (8.7)
density ratios superimposed for stoichiometric hydrogen-air with the same initial conditions as Fig. 6.3 and
a shock speed of 1.4Ucy. The proposed asymptote (8.14), v bound, is also shown. demo RH.m

Algorithm Analysis

This algorithm has difficulty converging with strong shock waves such as the leading shock of a highly
overdriven detonation, i.e., a wave speed significantly exceeding the Chapman-Jouguet value. This is due
to the vertical asymptote of the Hugoniot at high pressures (Fig. 8.1). Small changes in density correspond
to large changes in pressure, and if the bounds on the density are not chosen carefully, the algorithm will
pick values that fall to the left of the asymptote which may cause the root-solving routine to fail. In order
to use this method, we need to find a good approximation to the lower bound on the specific volume ratio
Xmin- An approximate asymptote (8.14) can be determined from the constant cp analytic solution to the
jump conditions (see Appendix A.1).

1
Pz _ LQ (8.13)
P1 14 =
gl + M2
where v is the ratio of specific heats, cp/c,. As M — oo, this expression becomes
1
p2_ o+l (8.14)
pr y—1

In general, particularly when considering a wide range of shock speeds, the value of v(7) shown (Fig. 8.2)
varies with postshock temperature (and pressure for reacting cases) since cp(T). In order for this estimate
to be useful, we need a value for «. This will depend on the postshock temperature and pressure. A typical
maximum leading shock velocity in unstable detonations (Eckett et al., 2000) is about 1.4Ucj, where Uc; is
the Chapman-Jouguet value. The value of  for a shock of this strength in air is about 1.3. Figure 8.1 shows
the typical bounds on the density ratio for this case and we see that the simple estimate falls to the left? of
the actual solution, which means that considerable trial and error is needed to get appropriate bounds on
the trial value of the density. For this reason, functional iteration on density is not a very robust method
for a wide range of problems, and a more reliable technique is needed.

2When the specific heat is a function of temperature, even if the composition is fixed, (8.14) is incorrect.


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_RH.m
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Figure 8.2: v as a function of temperature for stoichiometric hydrogen-air at 1 atm (frozen composition).

8.2 Newton-Raphson Method in Temperature and Volume

The iterative solution with density requires a good initial guess for the density and care must be taken
not to exceed the maximum density. The steep slope of the Hugoniot for strong shocks makes this method
unsuitable in those cases. We have found that a more robust method is to use a two-variable Newton-Raphson
scheme with the variables temperature and specific volume. The scheme presented below is an extension of
the method used by Reynolds (1986) to solve the jump conditions for a Chapman-Jouguet detonation.

The momentum and energy jump conditions can be expressed as

1 1

P = (P2 + ng%) — (Pl + p1 W%) (816)

The exact solution to the jump conditions then occurs when both H and P are identically zero. We can
construct an approximate solution by simultaneously iterating these two equations until A and P are less
than a specified tolerance. An iteration algorithm can be developed by considering trial values of (T',v) for
the downstream thermodynamic state 2 that are close to but not equal to the exact solution, (T, v3). The
expansion of (8.16) and (8.15) to first order in a Taylor series about the exact solution,

oH oH

H(T,U) :H(T27U2)+87T(T7T2)+%(’U71}2)+ (817)
oP JP

P(T,v) :P(TQ,UQ)+87T(T7T2)+%('U7’U2)+... (8.18)

Recognizing that H(Ts, vs) = P(Ts,v2) = 0, this can be written as a matrix equation

oH  oH
H oTr  ov oT
= (8.19)
P oP OP ov

or v
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where 6T = T —T5 and dv = v —vo. This equation is used to compute corrections, 67 and dv, to the current
values of (T,v) and through successive applications, approach the true solution to within a specified error
tolerance. At step i, we have values (T, v") which we use to evaluate (8.15) and (8.16) and obtain H¢ and
P then we solve (8.19) for 6T° and dv’ and compute the next approximation to the solution as

T =T — 51" (8.20)
R U (8.21)

The corrections can be formally obtained by inverting the Jacobian

oH oA
or  ov
J= (8.22)
op 9P
oT ov

and carrying out the matrix multiplication operation.

[ g } =J! { 7; ] (8.23)

This is equivalent to the Newton-Raphson method (Press et al., 1986) of solving systems of nonlinear equa-
tions. The derivatives needed for the Jacobian might be computed analytically although it is often simpler
to compute these numerically for complex equations of state or problems that involve chemical equilibrium.
This is the approach used by Reynolds (1986) in his implementation of this method for finding CJ states for
detonations and the basis for the method used in the present software. The algorithms for both the Python
and MATLAB implementations are essentially identical and are described next.

Subfunctions shk_calc and shk_eq_calc

The algorithms for both frozen and equilibrium shocks are formally identically and only differ in how
state 2 (postshock state) is updated. For shk_calc the composition is kept frozen (equal to that of state 1)
and for shk_eq_calc, the composition is equilibrated at the given thermodynamic state in order to determine
state 2 thermodynamic properties.

1. Define known quantities: Upstream state (1), e.g., specify (w1, P1, T1, Y1), error tolerances (defaults
are set in software), and initial increment values (07", dv).

2. Establish preliminary guess (i = 1) for downstream state (2) based on an assumed value of ps = p5.
A standard starting value that (set in the SDTconfig files) is p3 = 5p;. This value may not work for
all cases and some experimentation may be needed to find an appropriate value.

3. Compute downstream state (2) using jump conditions and current value of p

- 1
U%:T
P

P2

4. Compute downstream temperature from the equation of state in the form
Ty = T(P3, ph, Y5)

For frozen shocks, the downstream composition is fixed Y4 = Y7, for equilibrium postshock states, the
equilibrium composition Y% ., will need to determined as a function of (Py, p3). In the case of an ideal
gas, a useful shortcut is to introduce an estimated temperature because the equilibrium algorithms
converge most rapidly with temperature and pressure (or density) as the state variables.
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5. Call Subfunction FHFP to get H(T4) and P(T%)

6. Perturb temperature holding volume fixed and call Subfunction FHFP to get H(Ti+AT) and P(Ti+AT)
using a suitably small perturbation AT

7. Perturb specific volume holding temperature fixed and call Subfunction FHFP to get H(vs + Av) and
P(vi + Av) using a suitably small perturbation Av

8. Evaluate the elements of the Jacobian by first order differences

OH  H(Ti+ AT) — H(T})

T AT

oP P(Ti + AT) — P(T%)
or AT

oH H(vh + Av) — H(v)
v Av

oP P(vs + Av) — P(vd)

v Av

9. Solve the linear system given in (8.19) to find 7 and dv
10. Limit the values of §T and dv to avoid runtime errors.
o 0T: IF |6T| > 0.2 T4, THEN 6T < 0.2 T4 % sgn(67T)
° Hu:

— IF [dv] > 0.2 x v} and v} + dv < vy, THEN v < 0.2 % v} * sgn(dv)
— IF |6v| > 0.5(vy — v&) and vé + dv > vy, THEN dv « 0.5(v; — v4) * sgn(v)
11. Update post-shock state
it =18 — 6T
vitt =l — dv
12. Check convergence
T = T3 < Terror
vyt = vh < Verror
13. Repeat 5-12 as needed
14. Return final values of T» and ve as the post-shock state.

Subfunction FHFP

The purpose of this routine is to compute the error in jump conditions given the current state of the
iteration.

Procedure:

1. Inputs:
Upstream State (P, p1, h1, w1);
Current Guess State (P4, pb, hb)

2. Determine wy and compute ‘H and P

2
wé:wﬁ<§> (8.24)

H=(@+;ﬁ>—<m+;ﬁ> (8.25)
P=

(P3 + phw3) — (P1 + p1w}) (8.26)
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8.3 Chapman-Jouguet Detonation Velocity

As discussed previously, the (upper) Chapman-Jouguet detonation velocity, Ucy, can be determined either
by finding the minimum speed solution of the jump conditions or the downstream sonic flow solution in the
wave-fixed frame. The minimum wave speed method is more robust since it does not require an additional
iteration to compute the equilibrium sound speed. However, obtaining an accurate solution requires careful
treatment of the iteration convergence. If a robust method of computing the equilibrium sound speed is
available as a standard routine, then the sonic flow method is easier to implement and test convergence. We
describe both methods but in the current version of the toolbox, only the minimum wave speed method is
implemented in the toolbox.

Sonic Flow Algorithm

This algorithm finds the solution of the shock jump conditions (8.15) and (8.16) where wy is unknown and
wo is the equilibrium sound speed. The equilibrium sound speed is calculated by numerical evaluation of

the derivative
9 oP
aeq = 87[)
sYeaq

using the methods described in Chapter 7.10.
The algorithm for computing the CJ solution is:

1. Define known quantities: Upstream state, e.g., specify (P1, T1, Y1). Guess the downstream state, e.g.,
specify (P, T3, Y}%) - a constant volume explosion state is a useful starting point.

2. Estimate w; using the guessed state 2 and equilibrium sound speed.
wh = az,eq(P3, T3, Y3) (8.27)
Evaluate the densities in state 1 and 2 and compute the associated trial value of w;

i iﬂé
wh =wh2 (8.28)
P1

3. Evaluate the enthalpy in states 1 and 2 and compute jump errors H and P

1 1
H = <h§ + 2a2’,1q> - <h1 + 2w172> (8.29)
P = (Pg + péag’iq) - (P1 + plwlf2) (8.30)

4. Use a root-finding method to iterate on temperature and pressure of CJ state to reduce the residuals
H and P below the desired error tolerances.

This method was explored in the orginal toolbox and worked well for simple mixtures, however, there
were difficulties with mixtures that have a large number of product species in converging to an equilibrium
sound speed. The method has been revised® and an improved version has been implemented as an option in
the latest toolbox.

Minimum Wave Speed Algorithm

As discussed previously, the minimum wave speed solution uniquely determines the (upper) Chapman-
Jouguet point. We implement this by determining w; as a function of the density ratio ps/p; at discrete points
and then using a combination of analysis near the CJ point and statistical methods, find an approximation

3The new algorithm was developed by Zifeng Wang of Tsinghua University in 2021.
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to the minimum value of wj. The solution of the jump conditions for a given density uses the same Newton-
Raphson method previously discussed but with a key difference that instead of solving a system of equations
in volume and temperature (8.19), we used initial velocity and temperature as variables.

on- on
_ (8.31)
P ap 9P dwq
oT 8W1

The minimum wave speed solution is carried out with two routines. The routine CJ_calc computes the wave
speed or shock velocity consistent with the jump conditions and corresponding to a trial value of downstream
density. The routine CJspeed iterates on the trial density, calling CJ_calc repeatedly and determining the
CJ velocity as the minimum value of the wave speed.
Subfunction CJ_calc

The purpose of this routine is to compute a shock velocity that is consistent with a given upstream state
and a specified downstream density. The solution w; will be greater than or equal to the CJ speed.

1. Define known quantities: Upstream State, e.g., (P1, p1, Y1) and downstream density ratio ps, error
tolerances, increment values (67", dwy)

2. Seek unknown quantities: Downstream State (Pa, T5, Y2) and value of shock speed wy.
3. Establish preliminary guess: (i = 1)

wi = 2000

Ti = 2000
4. Equilibrate the system with constant temperature and specific volume to find P and h}
5. Call Subfunction FHFP to get H(T4) and P(T3)

6. Perturb temperature holding initial velocity constant and call Subfunction FHFP to get H (T4 + AT)
and P(Ts + AT) with a suitably small value of AT

7. Perturb initial velocity holding temperature constant and call Subfunction FHFP to get H(wi + Awy)
and P(wi 4+ Awy) with a suitably small value of Aw,

8. Evaluate the elements of the Jacobian by first order differences a

OM _ H(T§+ AT) — H(T5)

aT

AT

OP _ P(T3+ AT) — P(T3)

~

aT AT

OH _ H(wi 4+ Awy) — H(w))
37“’1 - Awy

oP P(wh + Awy) — P(wh)

~

dwy

AWl

9. Solve the linear system given in (8.31) to find 67" and dw;

10. Limit the value of 6T

IF |§T| > 0.2 T4, THEN 6T = 0.2 % T} * sgn(57T)

11. Update values

Tyt = T8 — 6T

i+l
w3

=w] —dwy
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12. Equilibrate the system with constant temperature and specific volume to find Pi™! and h4™

13. Check convergence

T2i+1 - TQZ < Te'r"ror
WiJrl - Wll < Wierror

The values of the error bounds are determined by using the error tolerances (ERRFT,ERRFV) multiplied
by the current values of temperature and velocity so the convergence is obtained by reducing the
relative error to less than the values of ERRFT,ERRFV.

14. Repeat 4-13 as needed

15. Return final values of T5 and wy.

Minimizing Initial Velocity

Following the algorithm outlined above, we are able to find how the initial velocity varies with the final
density. Analytically, we have found that the initial velocity varies quadratically with density close to the
CJ point (see Appendix B). In order to find the minimum wy, the CJ speed, in MATLAB we use cfit
toolbox and in Python we have implemented the analytical solution for a quadratic least squares fit to
the data points that we gathered from the above algorithm. We use the R-squared value to quantify the
precision of our fit and simultaneously obtain observation prediction bounds to quantify the uncertainty in
our minimum wave speed.

Subfunction CJspeed
The purpose of this routine is to compute the CJ speed by minimizing the wave speed as a function of
downstream density.

1. Define known quantities: Upstream State, e.g., (P1, 11, Y1), initial (i = 1) guess for density ratio X
= pa/p1 and range (X!, = 1.5, X! = 2.0) of interest for the solution. The default values of the

min
range limits and number of values ((numsteps=20) of X are hardcoded but usually adequate for most

gas detonations.
2. Seek unknown quantities: CJ speed
3. Call CJ_calc for each density ratio, X; for ¢ € (0, numsteps))
4. Fit data to a quadratic equation (aX? + bX + c) using the method of least squares (regression)

b
5. Find minimum of fit <Xmm = —2>
a

6. Narrow density ratio range

X = Xopin — 0.001X, 0 (8.32)
XL — Xonin +0.001 X, (8.33)

7. Check convergence using the regression coefficient of determination “R-squared” (R?). For convergence
require that:
R? > 0.99999 . (8.34)

8. Repeat 3-7 as needed

9. Return the final result when convergence is obtained. The predicted CJ speed is computed from the
coefficients

b2 b2

la 24 ¢

of the fitted curve and the prediction bounds on this minimum are given by the descriptive statistics

for the curve fit.

(8.35)

Wimin =

Figures 8.3 and 8.4 depict the results that we obtain from the method described in this section.
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Figure 8.3: Initial velocity as a function of density ratio for stoichiometric hydrogen-air with intial tempera-
ture 300 K and initial pressure 1 atm. Chapman-Jouguet velocity is 1969.03 m/s corresponding to a density
ratio of 1.80. demo_CJ.m
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Figure 8.4: Initial velocity as a function of density ratio for stoichiometric hydrogen-oxygen with intial
temperature 300 K and initial pressure 1 atm. Chapman-Jouguet velocity is 2836.36 m/s corresponding to
a density ratio of 1.84. demo_CJ.m

Statistical Analysis of CJ Speed Solution

As discussed above, we have used the R-squared value to quantify the precision of the fit and quantify the
uncertainty in the computed value of the CJ speed. In this section these aspects will be discussed more

completely.
If y(x), the R-squared value is defined by the following equation

2 S (@ —y)?
B = S e (8.36)


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_CJ.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_CJ.m
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If this value is very close to unity then the curve is a good fit.

Simultaneous prediction bounds measure the confidence that a new observation lies within the interval
regardless of the predictor value. There are two main measures of confidence: confidence bounds and
prediction bounds. The confidence bounds give the uncertainty in the least square coefficients. These
uncertainties are correlated, and the prediction bounds account for this correlation. In our particular problem
we have uncertainty in both the x value of the minimum as well as the y value of the minimum. This is
because we choose

b

Ymin = QT + bTmin + € (8.38)

and there is uncertainty in a, b, and c. We choose simultaneous prediction bounds because that will account
for the uncertainty in . Non-simultaneous prediction bounds assume that there is no uncertainty in x.
MATLAB defines simultaneous new observation prediction bounds with the following expression.

Poo=1%+f\/o2  +aSa/ (8.39)

sample
In this expression f is the inverse of the cumulative distribution function F' (Fig. 8.5), Jf,ample is the mean
squared error (8.40), x is the predictor value for the new observation, and S is the covariance matrix of the
coefficient estimates (8.41).

.
U?ample = ; Z (yl - yz)2 (840)
=0
S = (XTX)ilagample (841)
D(x
v Fs

X

Figure 8.5: Cumulative distribution function F for error in fitted parameters.

8.4 Verification and Convergence

As depicted in Fig. 6.3, for a Chapman-Jouguet detonation in stoichiometric hydrogen-air with standard
intial conditions, there is a unique post-shock state. Our experience is that unique results are obtained for
all cases of equilibrium reacting gas mixtures described by ideal gas thermodynamics.* Theoretical support

4This does not mean that the ideal post-shock state or CJ condition always correctly describes the physical situation. We
are only referring to the mathematical uniqueness of our solution methods.
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for the uniqueness of the post-shock state is given by Menikoff and Plohr (1989). They have determined that
the Bethe-Weyl theorem assures that the Hugoniot is well-behaved when I', the fundamental derivative of
gas dynamics, is positive. We note that our algorithms may not be appropriate for cases when I' < 0.

We can verify the correctness of the software by comparing with perfect gas analytic solutions and
validating it against results from legacy software. First, we can compare PostShock fr results with the
exact solution to the jump conditions for a perfect gas (see Thompson (1972) or Appendix A.1).

_ 2 2
Py =P, [1 + 2 1)} (8.42)

w=ui-— (1-5p)] (5.43)

In the case of a perfect gas, the specific heat is constant and the enthalpy can be expressed as h = cpT.
Figure 8.6 shows the error in pressure, density, temperature, and enthalpy between the exact solution and
PostShock_fr’s results for shock speeds ranging from 500 to 5000 m/s. The system for these simulations
was one mole of Argon at 1 atmosphere and 300 Kelvin.
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Figure 8.6: The percent error in the exact solution and the results of PostShock_fr for one mole of Argon
with initial temperature 300 K and initial pressure 1 atm.

For mixtures with non-constant specific heat, we can compare the results of PostShock_fr with STAN-
JAN (Reynolds, 1986) results. Figure 8.7 shows the percent difference in post-shock pressure and temperature
for stoichiometric hydrogen air with varying shock speed.

We have also investigated the shape of the H and P surfaces resulting from PostShock_fr. Figure 8.8
shows that the surface generated by calculating the RMS of H and P according to (8.44) has a distinct
minimum, and that the minimum corresponds to the valid solution.

marser = [(1) (2 a0
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Figure 8.7: The percent difference in the solutions of STANJAN and PostShock_fr for hydrogen-air at an
equivalence ratio of 0.5 for varying shock speed with initial temperature 300 K and initial pressure 1 atm.
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Figure 8.8: A contour plot of the RMS surface with the solution indicated at the minimum.

The concave shape of the RMS surface implies that the solution should converge to the minimum.
Figure 8.9 shows the absolute value of the differential values at each step and demonstrates this convergence.
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Figure 8.9: Convergence study for stoichiometric hydrogen-air with initial temperature 300 K and initial
pressure 1 atm using PostShock _fr.



Part 111

Reacting Flows

This part of these notes treats steady flows and some simple unsteady flows which are not in equilibrium
or frozen and chemical reactions must be considered. The steady flows treated are the reaction zones behind
shock and detonation waves moving at constant speed, the reaction zone along the stagnation streamline
in supersonic blunt body flows, flow through a converging-diverging nozzle and quasi-one dimensional flows
with friction and heat transfer modeled as wall functions. The unsteady flows modeled include reactions
occurring under constant temperature, pressure and volume conditions or with prescribed volume or pressure
time dependence.
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Chapter 9

Reacting Flow Equations

In the continuum-flow regime, the motion of gases with chemical reaction and energy ex-
change processes can be modeled with the standard methods of fluid mechanics using the
conservation of a mass, momentum and energy supplemented with the transport equations
for individual species. These equations have to be augmented with chemical reaction mech-
anisms and associated reaction rates. A consistent set of thermodynamic data must be
provided for each of the chemical species and energy states considered in the model. The
goal of the present chapter is to present the governing equations and various simplification
which are useful for analyzing specific situations.

Our analytical treatment of reacting flow behind shock and detonation waves follows the approach taking
by Kirkwood and his collaborators (Some key papers are collected in Kirkwood, 1967) and the subsequent
work at Los Alamos that is summarized in Fickett and Davis (1979). The analysis is based on the use-
ful fictions of local thermodynamic equilibrium and either steady quasi-one dimensional flow or unsteady
zero-dimensional (control volume) systems, considering only convective transport and neglecting molecular
diffusion. Although limited in application, this approach has been a useful foundation for beginning research
in high-temperature gas dynamics before going on to apply the numerical methods necessary for realistic
treatments of the unsteady, multi-dimensional flows encountered in technology and nature.

The approach in this chapter is to develop fundamental equations in the most general form for a fluid
described by a complete thermodynamic equation of rate, general reaction mechanism and the conservation
laws of fluid mechanics. Our formulation of the basic equations follows that of Kirkwood and Wood (1954)
and the analysis of the structure of the reaction zone behind shock waves and detonations by Wood and
Salsburg (1960). Our treatment emphasizes the key role of the thermicity in coupling chemical reaction and
fluid motion. After developing the general analytical framework, the expressions are specialized to the case
of an ideal gas and examples are given of idealized detonation reaction zone structures and control volume
models of explosions. The thermodynamic property evaluations are expressed in term of the language of
ideal solution theory and partial molar properties used in the standard chemical engineering approach to
evaluating mixture thermodynamic properties.

9.1 Reacting Compressible Flow

The field equations that describe mass, momentum, energy and species transport for a reacting compressible
flow can be written in many different but equivalent forms (Kee et al. Ch. 3 2003, Poinsot and Veynante Ch.
1 2001). The starting point for all of these versions is the conservation form that can be obtained directly
from control volume balance statements.
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ap

5 +V-(pu)=0 (9.1)
ag;:—5—V~(puu):—VP—i-V-7' (9.2)
0
E(e—f— [ul?/2) + V- [pu(h + [u|?*/2)] = =V -q+ V- (7 - u) (9.3)
)¢ .
apk—‘rV'(pqu):—V'jk—l—Qk k=1,2,....K (9.4)

ot

where p is the mass density, P is the pressure, ® is the tensor product, u is the velocity vector, h = e+ P/p
is the enthalpy, e the internal energy, Y; the mass fraction of species k. The net species production rate
., which has units of mass per unit volume and time. The practice in chemical kinetics is to compute the
net rates of production as in terms of moles or molecules per unit volume and time. The term Qk = Wiwi,
where Wy, the molar mass of species k£ and the net molar production rate per unit volume wy.

The viscous stress tensor 7 is defined in terms of the velocity gradients and the standard assumption is
that the bulk viscosity vanishes and only the mixture viscosity pu is relevant:

_— —gﬂ(v W T+ p(Vu+ (V)T (9.5)

where I is the identity tensor. In cartesian tensor notation

- 2 3uk 811,2 6’&]'
Tij = _g,uaimk(szj + (a:)ﬁj + (9.%)) (9'6)

The mixture viscosity is a function of composition and termperature and is usually approximated using a
mixture averaging formula. The species mass diffusion flux can be defined in terms of a peculiar velocity Vi,
i.e., the effective velocity of a species k relative to the mass average velocity u.

Jk = pYi Vi (9.7)

The thermal energy flux is defined as the sum of the usual diffusive flux due to a temperature gradient,
thermal conductivity A and the transport of enthalpy due to the diffusive flux of each species

K

q=-AVT+> jrh. (9.8)
k=1

In order to complete the equation set, we must add the appropriate equation of state, for example
h = h(P,p,Y). This can be as simple as the perfect gas equation of state or may be a dense fluid equation of
state derived from an analytical expressions or tabular data based on detailed thermochemical information
and molecular simulation. We also need models and data to compute diffusion fluxes and the transport
coefficients p and A, there are various levels of approximation and well developed methodologies for ideal
gases (Kee et al., 2003) and empirical extensions for dense fluids.

The net molar reaction rates w(7, P, Y) must also be specified. This requires an appropriate set of
chemical species, a reaction mechanism and reaction rates describing the significant reactions between these
species. This can be as simple as an irreversible one-step mechanism A — B, the ideal dissociating gas
model or the multi-species, multi-reaction mechanisms used to describe the reactions in high-temperature
reentry or laboratory flows or the oxidation of hydrocarbon fuels.

Note that the chemistry appears explicitly only in the last term of Eqn. 9.4 and also note that the
first three equations, Eqns. 9.1, 9.2, 9.3 apparently do not involve chemical reaction explicitly. These first
three equations are sufficient for modeling two special cases. If we assume that reaction does not occur,
then we have fixed composition Y = constant, this is the situation of frozen or nonreactive flow. If we
assume that the species at each point in space reacts infinitely fast and the composition shifts to match
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local thermodynamics state, Y = Y,(P,T), this is the case of equilibrium flow. In the general situation,
chemical reaction will occur at a finite rate and will influence the flow through the dependence of the enthalpy
and pressure functions on the composition. This flow-chemistry coupling can be demonstrated explicitly by
reformulating the governing equations and using the the equation of state.

These equations are an incomplete model for high-temperature flows with energy exchange between
translation and internal (rotation, vibration, electonic and ionization states) molecular or atomic energy
states. Additional rate equations and detailed considerations of molecular and atomic collisions are needed
to formulate adequate models of these processes (Zel’dovich and Raizer 1966, Vincenti and Kruger 1965,
Clarke and McChesney 1964). The approximate theory for some simple situations is given in Ch. 11 of
this report. Thermal radiation transport is an important issue for re-entry into planetary atmospheres and
strongly radiating and absorbing gases in explosion products and near strong shock waves. Modeling these
situations requires not only including thermal radiation interactions as a source term in the energy equation
(9.3) but also solving an additional set of model equations for radiation transport (Zel’dovich and Raizer
1966, Pai 1966). If the gas density is sufficiently low, as in the high-altitude stages of atmospheric re-entry,
an approach based on the solution to the Boltzmann equation and kinetic theory is required (Bird 1994,
Boyd and Schwartzentruber 2017). For very dense fluids or liquids, it is necessary to simulate molecular
dynamics using Newtonian mechanics with forces derived from approximate molecular interaction potentials
and statistical averaging over ensembles of molecules.

Material Derivative Formulation

Rather than work directly with Eqgs. 9.1 -9.4, it is more convenient to expand the derivatives with the usual
rules of calculus to obtain the following variant of the governing equations. In doing this, a more convenient
notation is the material or substantial derivative, defined as

%{:%fﬂ.w. 9.9)
where f is any differentiable field property. Substitution of this definition and simplifying, we obtain
% __V.u (9.10)
%?:f%VP+V~T (9.11)
Di_1DP 1o o Ly 012
DD—};’“z—%V-ijr%Qk (k=1,...,K) (9.13)

The term Y represents viscous energy dissipation per unit volume and is the tensor product of the velocity
gradient and viscous stress tensor

T=r7:Vu. (9.14)

In cartesian tensor notation, this is
=% il (9.15)
: - ik 8Uk .

Entropy

The coupling between chemistry and fluid dynamics can be more explicity displayed by subsituting an
evolution equation for entropy s instead or enthalpy h. Introduce the fundamental property relation of
thermodynamics for a fixed mass of material:

P &
dh=Tds+—+ Y grdYy (9.16)
P k=1
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where g, = p;/W; is the Gibbs energy per mass of species i. The changes dh, ds, etc. refer to variations
within a certain mass of material or fluid element. For the next step we will take the changes in properties
to be represent the time rate of change following a fixed identity of material using the material derivative,.
With this correspondence dh — Dh/Dt, etc., we can then combine Eqns. 9.16, 9.12 and 9.13 to obtain an
equation for entropy which can be used in place of the energy equation.

Ds 1 K K .
— =—-——|V:-q—-T7T - gV -k + g 9.17
Dt T ; ; ( )

The entropy change has four components, entropy change due to heat transfer from adjacent fluid elements or
boundaries, entropy generation due to viscous dissipation caused by velocity gradients and viscosity, entropy
change due to species diffusion, and entropy changes associated with chemical reaction. Entropy changes or
generation associated with gradients in the flow result in irreversibility that always increases the entropy of
a fluid element. Small changes in the thermodynamic state often can be considered reversible and can either
increase or decrease the entropy. The entropy changes in (9.17) result in both reversible and irreversible
increases in entropy.

Diabatic' flows with external heat addition or removal (Rayleigh flow) and viscous flows inside ducts
(Fanno flow) can be treated in a quasi-one-dimensional framework (see Ch. 11) as flows with additional
entropy sources in (9.22) to mimic the integrated effects of entropy generation in (9.17). Although volumetric
heat addition is often considered in elementary discussions of combustion as a surrogate for the conversion
of chemical to thermal energy, that is an incomplete and misleading approach to modeling reacting flows.

Euler’s Equations

The role of diffusion in high-speed reacting flow can be important in the multi-dimensional, unsteady flows
that are observed in the laboratory Shepherd (2009) and detailed simulations Ziegler (2011) of detonations
and the many situations in high-temperature gas dynamics associated with reentry or shock wave interactions
that result in shear layers and strong property gradients transverse to the main flow. However, in purely
one-dimensional flows behind shock waves, diffusive transport of mass, momentum and energy are negligible
for even a very modest flow Mach number (relative to the shock) in the reaction zone. Singh et al. (2003-10-
02/2003-10-21) demonstrate this through numerical simulation of reaction zone structure based on Egs. 9.1
-9.4 with realistic properties for the case of methane-air as well as scaling analyses and magnitude estimation
of the dominate balance between reaction, diffusion and convection.

Eliminating the diffusive transport terms, we obtain the governing equations for inviscid, compressible
fluid motion, frequently referred to as Fuler’s Equations.

Dﬁf — Veu (9.18)
% _ _%vp (9.19)
%iz _ %% (9.20)
% - %Wkwk (k=1,...,K) (9.21)

If the flow is adiabatic and the entropy changes due to molecular diffusion (energy and species), and
viscous dissipation are negligble, then the general entropy expression (9.17) reduces to

Ds 1 K .
D=7 > pion (9.22)
k=1

where we are now using the more conventional symbol for Gibbs energy per mole or chemical potential puy
= Whgi. This expression is consistent with the Euler equations and indicates that the entropy in a smooth,

LA diabatic flow is one that exchanges energy in the form of heat with the surroundings. This is in contrast to adiabatic
flows which are thermally insulated from the surroundings.
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inviscid flow changes only due to chemical reaction. Of course, in a discontinuous flow i.e., one with shocks,
there can be jumps in entropy without any chemical reaction.

9.2 Adiabatic Change Relation

Changes in pressure, density, entropy and species are not independent but are related through the equation
of state. Consider using an equation of state in the form

P=P(s,p,Y)

and relate small changes in pressure to changes in p, s and Y.

K

oP oP oP
dP = | — dp + () ds + () dY; 9.23
( 8/) > s,Y P Os »Y Z Yy 8,0, Yitk * ( )

k=1

The coefficient of the first term on the right-hand side is just the definition of the frozen sound speed squared

op ,
—_— =a5 . 9.24

The coefficient of the second term on the right-hand side can be expressed in terms of standard thermody-
namic quantities using the definitions and identities in App. E

oP _ LT
(88>p7y = paz——, (9.25)

P

the coefficient of thermal expansion is

_ 1 ‘9p) 9.26
4 P(aT P,Y7 (9.26)

and the specific heat at constant pressure is

0s
Cp = T (M)P,Y . (9.27)

An alternative but equivalent formulation is to express this derivative in terms of the Griineisen coefficent G
oP
() =pTG. (9.28)
9s ) v

This formulation will be useful in considering quasi-one-dimenional flows with friction and heat interactions.
The coefficients of the sum in the third term on the right-hand side can be expressed in terms of derivatives
which can be readily computed from the independent variables (7, P,Y).

ap) , | 1 ( dp ) B < oh )
—— =pas—— | 7 —— || 5 — 9k (9.29)
<8Yk o0 Vi f { P\ )r oy, & |\OVi)rpy..

Rearranging and collecting terms, the final result is

g > 1/ 9p B ( on
dP = a%dp + pa’ = | Tds + gxdYy | + pa —— == B
f fcp zk: fzk: p \ 0Yx T.PYisn Y}, T.PYisn

Cp

dY;, (9.30)

Ok
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Following Fickett and Davis (1979), we refer to this as the adiabatic change equation. The term

Tds+ Y grdYs
k

represents any entropy changes other than those associated with chemically reaction. For example, from
(9.17), we obtain

K
1
Tds+ Y gudVe=—=|V-q-="T—> gV-ji | dt
k P k=1
For an inviscid, adiabatic flow, the right hand side vanishes and we can substitute ds from Eqn. 9.22 into
(9.30) to obtain
DP 5 Dp
=2 2=r
Dt /Dt
The thermicity ¢ represents all the interactions of the chemical reaction with the flow and is defined by

+ pa?c’r . (9.31)

Thermicity which has dimensions of reciprocal time (s~!)and as we will see in the following sections, is the
key quantity that determines the structure of the reaction zone in steady flows and the coupling between
chemical reaction and the flow in unsteady cases.

9.3 Thermicity

The thermicity coeeficients o are thermodynamic properties and can be evaluated once the state (P, p,Y)
is known. From the previous derivation we have

1 ( Op ) B ( oh )
L (o B (0h 9.32)
PN ) payia @ \OVi/)pry,,

In terms of these coefficients the thermicity is

oy [H(2) ()
= p \0Yy PTYiz ©p Y% PT.Yizk

Note that this relation is completely general and is independent of any assumptions about the equation of

DY}

- (9.33)

state or the reaction mechanism. Alternative formulations for the thermicity coefficients can be obtained
using thermodynamic identities and the standard methods of transformation of variables.
Considering expanding h(P, p,Y) to obtain

oh oh K/ on
dh = (> dP + () dp + () av;, (9.34)
oP ),y ) py ; e ) ppv

and eliminating the enthalpy using Eqn. 9.20 to obtain the following version of the adiabatic change relation

1 8h) (zm) K ( oh >
Y i dapP = == dp + —-— dY; . (9.35)
<p (aP p,Y) ap PY ; aYk P,p,Yi+k

This can be further simplified with the following thermodynamic identities

(9.36)

(5)
dp PY ( Oh ) _ G
PY

1_(0h> Op T B
o oP oY
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a/fi
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which results in the following alternative expression for the thermicity coefficient

o= (91 (9.37)
Y,
cp k/ PpYisk

A similar derivation can be carried out (Kao, 2008) with internal energy e(P,v,Y) rather than enthalpy
leading to

g ( Oe )
op = —— | —— (9.38)
a? aYk P,v,Yisp

where the Griineisen coefficent, see Section 7.10, is

v

G = 7@ (9.39)
OP ), v
and the sound speed can be computed from e(P,v)
(5) +r
v
2=t LR (9.40)

a,f = < 86 )
opP v, Y

Using the identities in Appendix E, the final result can be simplified to

;> (o50)
o =—— | =— (9.41)
‘p ar Pv,Yizk

which also follows directly from the previous result for enthalpy using the definition h = e + Pv. Yet another
approach using partial molar properties is presented in. Appendix D and Section 9.8.

Ideal Gas
For an ideal gas, we can simplify the thermicity coefficients substantially.
K
oh ) 1
— = hk(T) ) ﬁ = =, Cp = chp,k (942)
(aYk P,T,Yizk T ;
1/(0 W v\
1 (f’> 2 oo () (9.43)
PN/ pryis k k=1 'k
The thermicity coefficients simplify to
4% hi
=0 - — 9.44
Ok Wk; CpT ) ( )

which is straight forward to evaluate from available thermodynamic functions. The final expression for ideal
gas thermicity is

K

. Wk \ DY,

= _— . '4
7 Z(Wk cpT) Dt (9.45)

An alternative expression in term of the specific internal energy e and ratio of heat capacities v = ¢, /¢, is

K
"—Z<m c,,T) D (9.46)

v k=1
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Physical significance of thermicity

Thermicity represents the combined physical and chemical response of a reacting system to changes in
chemical composition and more generally exchange of energy between the mean flow associated with the
intermolecular energy associated with rotation, vibration, electronic and ionization states of molecules and
atoms. It can be applied to any sort of reacting flow, endothermic or exothermic, steady or unsteady. It was
originally introduced in the context of modeling the processes behind shock fronts, particularly detonations.
Other applications including reacting flow in nozzles, flow in the stagnation or shock layer region in hypersonic
blunt body flows, the reaction zone between oblique and curved shocks or detonations, and limiting cases of
reaction constrained to occur along specified thermodynamic paths.

Going further, we can assign to components to this response, corresponding to the two terms in the
summations over species in the thermicity.

. 1/ dp > DY} B ( oh ) DYy
o= — |\ = T~ - “\ av B
2 l p <5Yk PIY. Dt Xk: & \OVi/ pry,. DI

I II.

These components represent: I) changes in volume due to changes in composition; IT) exchange of internal
energy with the mean flow due to changes in composition. Both of these changes are manifested as a source
term in the adiabatic change equation and can be conceptualized as contributing to the time rate of change
of density and pressure due to chemical reaction processes in the flow. For inviscid flows, this is the sole
manner in which the reaction processes are coupled to the flow.

Term I can be rewritten in terms of the change in specific volume v with time at constant pressure
and temperature to explicitly show how this is a source term of volume created by the chemical reaction

processes.
1 /dv
<”:U(a>
P,T

The contribution to the thermicity change in a time increment At is the relative volume change

Aoy = 20
v

In a fixed mass of fluid treated as an ideal gas, this can be further manipulated to obtain

1 /dw 1 (dn
I:—— _— = — e .d].
0= (), = (@), e

illustrating the direct connection of term (I) to the change dn in the total number of species per unit mass
due to the reaction process.
(I)—l dv _J >0 ifdn/dt >0
Co\dt)p, | <0 ifdn/dt <0

We see that reaction processes that result in an increase in the number of species make a positive contribution

to thermicity analogous to exothermic chemical reactions and those processes that result in a decrease in

the number of species make a negative contribution to the thermicity analogous to endothermic reactions.
Term IT can be rewritten in terms of the change in specific enthalpy h with time at constant pressure

and temperature.
dh
2 ()
cp \dt ) pr

The change dh in enthalpy is due to reaction processes making and breaking chemical bonds. Sign of the dh
is determined by the heat of reaction: dh < 0 for exothermic reactions, dh > 0 for endothermic reactions.
The energy released or absorbed from the mean flow is transformed in a temperature change dT' = dh/c,
through the mixture specific heat capacity ¢, the temperature increment creates generates differential volume
expansion dv/v = BdT through the coefficient of thermal expansion 8. The contribution to the thermicity
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due to a change in enthalpy Ah in time At is the relative volume change associated with the enthalpy
increment

Av
Ao =— = —ﬁAh
v Cp
The sign of thermicity created by the enthalpy change is determined by the energetics the chemical
reaction processes.

(IT) = B (dh | >0 exothermic reactions dh/dt < 0
¢y \dt/p, | <0 endothermic reactions dh/dt > 0

For an ideal gas 8 = 1/T and this provides an alternate explanation of term (IT) as the change in enthalpy
compared to a reference thermal energy content c,T’

1
(I1) = _B (dh) - (dh) ideal gas (9.47)
T \ d¢ PT CpT dt P,T

Equivalent Thermal Energy Addition

An alternative interpretation of the thermicity is in terms of defining an a fictitious thermal energy or “heat”
addition that simulates the combustion process. The basis of this is to consider the reversible entropy change
due to a thermal energy source ¢ which represents thermal energy transferred into the fluid per unit volume
and time. For a nonreactive flow, the time rate of change in entropy of a fluid element is

Ds q
—_— = 9.48
Dt pT ( )
The adiabatic change equation can then be expressed as
DP 2 Dp .
— 2= . 4
pr =@ pr HY4 (949)

Comparison with the thermicity formulation of the adiabatic change equation, we obtain the equivalence

For an ideal gas, this expression is

Limiting Cases
Three limiting cases of thermodynamic constraints are often considering in modeling combustion systems.

In the following, the processes are all assumed to be adiabatic.

1. Constant Pressure

Constraining the pressure to be constant, the thermicity is converted to specific volume changes. The
adiabatic change equation becomes an evolution equation for specific volume

dl __|_'
1 P— Vo
o\ _ .
at )~ "7

or density
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2. Constant Volume

Constraining the specific volume to be constant, the thermicity is converted to specific volume changes
to pressure changes. The adiabatic change equation becomes an evolution equation for pressure.

P = +pa’s
e ), P

3. Steady flow

In steady, adiabatic flow, the conservation of momentum and mass imply that pressure and specific
volume changes are coupled with the constraint taking the form of the Rayleigh line R. Differentiating

(6.17), we obtain:
dpP _ odv  ,dp
(dt)R_ (p) a "V at

Using this constraint in the adiabatic change equation, we obtain

dp _ o
dt R_ paQ—w2

dp , a® .
—_ = — ——=0
dt ) » pw a? — w?

When the initial conditions are values immediately behind a shock wave, these equations form the ZND
model of steady shock and detonation structure. There are numerous variations on these equations
associated with variable area flow, flows with friction and thermal energy exchange, flows behind
oblique and curved shocks and constraints of imposed pressure or volume changes. These cases are
discussed in Chapter 11.

and

4. Unsteady flow

The thermicity appears as a source term in the when density is eliminated from the Euler equations,
see Section 9.5 for a discussion of the implications for computing one-dimensional flow with the method
of characteristics.

In addition to the equations given above for pressure and density (or specific volume), equations for
the evolution of temperature can be formulated, the perfect gas versions of these equations are given in
Section 9.7 and the real gas versions are given in Section 9.8.

9.4 Equilibrium and Frozen Flow

In frozen flow, the composition Y = constant, and DY /D¢ = 0. From the adiabatic change relation, the
pressure and density changes in frozen flow are related by

DP  ,Dp , (0P
—_— —_— d — —_— .
Dr = % Dy an as <6p v (9.50)

along particle paths. If the entropy is uniform throughout the flow then this applies broadly to any states
in the flow

dP = a} dp. (9.51)
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In particular, this relationship can be used in the momentum equation to replace spatial gradients in pressure
with gradients in density

VP =a}Vp (9.52)

and with an expression af(p), the mass and momentum equations form a complete description of adiabatic,
irrotational compressible flow (Liepmann and Roshko, 1957, Ch. 7).

An equilibrium flow without diffusive transport has a fixed elemental composition and species composition
that shifts with changing thermodynamic state Y = Y*®4(P, p). The equilibrium isentrope P-p relationship
is defined implicitly by

P =P(p,YUP,p);s = constant) . (9.53)
The slope of the isentrope can be computed from the adiabatic change relationship
K
dP = a7 dp + pa} Z o; dY; 1, (9.54)
i=1

and the dependence of the composition on thermodynamic state

oy oy
d}g:( i > dP+< i ) dp . (9.55)
oP » op Jp

Solving for the slope of the equilibrium isentrope, we obtain

(9.56)

<8P> _ 2

) w 7 oY

P s, Y 1‘[)(1?@2](10'1( >
P

This expression is often referred to as the equilibrium sound speed

a? = (813) : (9.57)
op s, Yeq

The interpretation is that this is the speed of propagation of low frequency sound waves in a reactive flow
and is valid as long as the period of the wave is much larger than the characteristic chemical reaction times
so that the composition shifts to remain in equilibrium as pressure and density change within the wave.

In the equilibrium limit, the chemical reaction processes that maintain equilibrium must proceed faster
than all other flow processes. From a molecular point of view, a condition of equilibrium is that the forward
and reverse reaction rates balance or equivalently, the net reaction rates for all species vanish w; (Y, P, p) =
0. From the previous discussion on thermodynamics, this means that the entropy is constant along particle
paths in the equilibrium flow limit and it is sensible to speak of an isentropic but reacting flow. This is
of course, an idealization and the consequence of a limiting process. The reaction rates must be non-zero
in order for the species to shift to maintain chemical equilibrium as temperature and pressure vary with
time in a transient flow. As long as the reaction rates are all significantly faster than the rate of change
of temperature and pressure, the species distributions will be sufficiently close to the chemical equilibrium
values to justify using exact thermodynamic equilibrium species distributions. A detailed discussion of this
issue is given in Ch. 6 of Cooper (2004) in the context of chemical reactions within the Taylor-Zeldovich
expansion.

The frozen sound speed is the speed of propagation of high frequency sound waves which have a period
that is sufficiently small compared to the characteristic chemical reaction times that the composition remains
fixed as the pressure and density change within the wave. The dependence of sound speed on frequency leads
to dispersion of wave packets propagating in reactive flows as discussed at length by Vincenti and Kruger
(1965) in the context of both chemical reactions and vibrational-translational energy exchange processes.
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9.5 Nonsteady Flow

The real value of the entropy formulation is the connection that can be established between chemical reaction
and thermodynamic state changes. This can be most clearly illustrated by considering a one-dimensional
flow and formulating the equations in characteristic form.

Starting with the adiabatic change equation and the definition of thermicity (9.33), the governing equation
set for reacting, inviscid flow can be written

DP

D + pa?V -u = pa’s (9.58)

p% P -0 (9.59)
DY, Wiw

]T:: ’;’“ k=1,2....K (9.60)

% = _piT zkjukwk (9.61)

This equation set has to be supplemented by a relationship for frozen sound speed

oP
a? = () 9.62
f ap oy ( )

a reaction mechanism, and thermochemical data for computing the equation of state in the form P(p,s,Y).
These equations can be further manipulated to obtain the characteristic form for planar (one-dimensional)
geometries:

%:ﬁ:paf% = pafcd on %:uiaf
ds _ _ 1 - dz _
& = Top Lk on Gr=u (9.63)
‘ d
dve . W on =y (k=1,..,K)
de p dt

The effect of chemical reaction is felt through the source terms on the right-hand side of the equation.
Amplification or decay of signals will occur in addition to the propagation effects described for nonreacting
flow. The thermicity appears as the key function coupling chemical reaction and acoustic wave propation.

Physically, this indicates that there are two types of propagating disturbances in the flow. Acoustic
disturbances produce pressure changes d P that are proportional to velocity changes du and modified by the
chemical reaction through the thermicity

0P = %pay du + pa?d&t on 0z = (u=£ay)dt. (9.64)

The disturbances created by a pulse of thermicity propagate with the sound speed +a relative to the flow,
which is moving with velocity u. In a space-time diagram of the process, the acoustic disturbances propagate
along characteristic directions C'y

dx
T — =uxa. .
Cy T uta (9.65)

Entropy disturbances ds and composition changes dY; due to chemical reaction or spatial nonuniformity
propagate with the fluid velocity w. This can be interpreted as motion along the particle path characteristic

dz
Co: T (9.66)
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In nonreactive flow w, = 0, the solution of the characteristic equations is obtained by using Riemann
Invariants P and Q defined by

dP
( —+ u) =P (9.67)
pag
dP
< —_—— u) =0 (9.68)
payg
For non-reactive flow, these quantities are constant along characteristics and the function
P !
dP
F(P) = / (9.69)
o paf

is unique. For reactive flow, these quantities are not invariant and the function F(P) is path dependent

dpP . dz
5 = WO on s =u+a (9.70)
do . dx
5 = YO on Fou—a (9.71)

Numerical solutions of the reactive form of the characteristic equations were used by Fickett and co-workers
in studying the one-dimensional stability of detonation with a model one-step reaction, (See p. 278, Fickett
and Davis, 1979).

Although the characteristics C1 are defined using the frozen sound speed, the chemical reaction along
the particle paths results in dispersion (Vincenti and Kruger, 1965, Ch. 8, ) with low-frequency sound waves
traveling at the equilibrium sound speed and high frequency sound waves traveling at the frozen sound
speed relative to the mean flow. Impulsive small amplitude disturbances will spread out to form smooth
compressive waves with a precursor traveling at the frozen sound speed and the bulk of the disturbance
moving at the equilibrium sound speed.

9.6 Steady flow

In terms of thermicity, the unsteady Euler equations are

Dﬁf — e (9.72)
% _ _%VP (9.73)
% = a?% + pa?«c’r (9.74)
DDLZ’“ = %Wkwk (k=1,...,K) (9.75)

These can be simplified for steady one-dimensional reactive flow, with the following definitions:

0

& =0, (9.76)
u=wX, (9.77)

D d

In a frame of reference moving with a fluid element, the relationship between space and time is given by the
trajectory X (t) of the element as defined by the kinematic relationship

dx
o = W) (9.79)
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Instead of distance x, we can consider the motion in terms of the time ¢ elapsed from a reference location.
This is equivalent to the Lagrangian interpretation of the convective derivative

D d dx
n

= i

5T w . (9.80)

When considering shock-initiated reactions as in a detonation, it is usual to consider the time ¢ as being
relative to time the fluid element passed through the shock front. The equations of motion simplify to

% _ _p% ’ (9.81)
% _ _pw2% ’ (9.82)
%J _ w% 7 (9.83)
% _ %Wm —Q (k=1,....K). (9.84)

The sonic parameter is defined in terms of the frozen sound speed

=1-— .
n 22 (9.85)

The sonic parameter is always less than one in the reaction zone behind a shock wave and if the sonic
parameter approaches one, then the thermicity has to vanish or the solution will be singular: ¢ — 0 as n —
0.

These equations (9.81- 9.84) are the basis of the standard Zel’dovich-von Neumann-Déring (ZND) model
of detonation structure and extensions to treat variable area, friction and heat transfer are the foundation
of widely-used elementary models of steady reactive flow (See Ch. 2 of Zhang, 2012). This model and
extensions described in Ch. 11 can be used for both endothermic and exothermic reaction, and is applicable
both to the flows behind shock waves and as well as variable area flows encountered in high-speed flight and
testing facilities.

9.7 Temperature

In this section we derive temperature evolution equations for steady reactive flow and the limiting cases of
constant volume and constant pressure explosions. The derivations in this section are all based on the ideal
gas model. A more general expression for relating changes in 7', P, p and Y valid for an arbitrary equation
of state is given in Section 9.8.

The derivation begins with the ideal gas relations.

P = pRT (9.86)
This leads to the following logarithmic derivation relationship.

AP dp dR AT

Here R is the specific gas constant,

=R Yi (9.88)
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The derivative of R is related to the evolution of the species in the following way

dR W
= —dy; 9.89
R 2w, (9.89)
Now the temperature derivative in a steady flow is
Ny
ar _ [1dp 1dp SW Ay (9.90)
de  ~ |Pdx pdz W; dz |’ ’

and if we insert the thermicity equations (Eqgs. 9.81-9.84),

. . Ny -
dT pwo 16 W Q,;
— =T |-—=—+—- — 9.91
dz Pn+wn ;Wiw ( )

By grouping terms and recalling the definition of the frozen sound speed afc = vP/p, the temperature
equation becomes

ar T 2 Iy
_KIAW;>U Vo, (9.92)
r oW ag ) STV
Finally, the ZND temperature equation is
. Ny
dT o w .
— = |(1=-yM?) = - Q, 9.93
i [( SRR 3 (0.93
or
ar ar & LW
— =w—=T|(1—-yM?*) = — Q; 9.94
dt |y~ Vdx (1=227) ; ; 994

Limiting Behavior

The constant volume explosion is the limit of the steady reacting flow equations as velocity goes to infinity
w — 00. The velocity only appears in the first term and its limit is

2

T (1 - 737) m T, (9.95)



146 CHAPTER 9. REACTING FLOW EQUATIONS

Now we can rearrange the terms as follows to find the correct expression for the constant volume model.

Ny NY
dT W h; : A%
dt X, |"7; (Wl CpT) ¢ ; Wl ! (9 96)
Ny r
W Yy hz .
=13 |G- 10 - CPT} 0, (9.97)
i=1 t ¢
T W e+ RT| .
:TZ (’y—l)W—ﬁ Qi (998)
=1 " g v
Mor w €1+RZT .
:TZ (fy—l)W—ciT Q; (9.99)
=1 - ' v
Ny Ny
1 . w RW~y—-1] .
:—C—ZeiQi+TZ |:(7_1)W‘ W R} Q (9.100)
V=1 i=1 v ’
Ny NY
1 . w W .
CzeiQﬁTZ{(yl)W(vl)W]ﬂi (9.101)
V=1 i=1 v '
Ny
a7 _ 5o (9.102)
dt X, Cv =

On the other hand, the constant pressure model is the limit as the velocity goes to zero w — 0. Again,
the velocity only appears in the first term and its limit is
T (1 - 'yw—j) 7 s (9.103)
V)
ey

Now we can rearrange the terms as follows to find the correct expression for the constant pressure model.

Ny Ny
dr W k. W
o7 - Q; — Q; 104
al, T[S G- et .

Ny h .

= T; *cPTQi (9.105)

Ny
dr 1 :
= =—_= hi € 1
iy, CP; : (9.106)

9.8 Real Gas Modeling

Real gases? are distinguished from ideal gases through the additional pressure (or equivalently volume) de-
pendence of the thermodynamic potentials that arises from continuous intermolecular interactions. These
interactions are important at sufficiently high densities so that the molecules and atom are constantly inter-
acting through the electrostatic force fields as well as quantum mechanical effects. At intermediate densities
and low temperatures, these interactions are attractive and result in a lower pressures than would be pre-
dicted by the ideal gas relations. At higher densities and temperatures, these interactions are repulsive and
result in higher pressures than would be predicted by the ideal gas relations.
There are four key real gas effects on reactive flows:

1. Departures from the ideal gas P(V,T) equation of state.

2We use the term real gas to indicate any fluid substance (gas, dense gas or liquid) that can be described in terms of the
thermodynamic parameters P, V and T'. The considerations in this section apply to any substance in this category.
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2. Departures from the ideal gas properties for thermodynamic potentials E, H, A, G and entropy S.
3. Departures from ideal gas chemical potentials and equilibrium constants.

4. Shifts in chemical reaction mechanisms and rates due to the creation of new intermediates and pathways
associated with stabilizing influence neighboring molecules.

The thermodynamic effects of items 1-3 can be described by defining a compressibility factor Z,

PV
7= s (9.107)

In the attractive regime, Z < 1 and in the repulsive regime, Z > 1. For ideal gases, the molecular interactions
are highly intermittent, occurring through infrequent collisions so that Z = 1 to high degree of accuracy.
The functional dependence Z(T, P, N) for a pure substance at modest temperatures can be determined by
measurements, which can be fit to model equations (Reid et al., 1987, Reynolds, 1979) of the form P(V/N,T).
As discussed the next section, these relationships can be extended to gas mixtures using empirical averaging
methods to include the effects of composition P(V/N,T,X) or equivalently, P(V/N,T,Y).

Using classical thermodynamics and a functional relationship Z = Z(T, V,N) for a reactive mixture, the
departures associated with item 1 can be computed directly or implicitly, and for items 2 and 3, the relevant
departure functions can be computed from partial derivatives of Z. Item 4 is much more challenging to
address and requires using molecular dynamics and quantum mechanical modeling of molecular interactions
to determine the corrections and limitations of using traditional reaction mechanisms with thermal reaction
rates.

From the thermodynamicist and engineer’s point of view, the effect of molecular interactions can be
represented as compressibility effects and quantified through empirical relationships and extended to other
properties using the methods of classical thermodynamics. From the physicist or chemist’s point of view, the
effect of molecular interactions can be represented by using molecular potentials to describe the interactions
and use the methods of statistical thermodynamics to compute a partition function from which all ther-
modynamic properties can be derived. In practice, a mixture of these methods is used: rigorous statistical
mechanics for ideal gas properties (described in Section 3) complemented by empirical equations of state and
rigorous thermodynamics to correct for the effects of compressibility. This is the approach we will describe.

Critical States and Properties

The effect of molecular interactions on a pure substance can be gauged by evaluating the nondimensional
thermodynamic state, using the thermodynamic critical properties T, P. and V. as reference conditions.
In these terms the compressibility factor can be expressed as function of nondimensional reduced pressure
P. = P/P,, volume V/V,, temperature T,, = T'/T,, and mole fractions X.

Z =Z(Pr,7r,X) or Z=Z(Pr,Vr,X) (9.108)

Thermodynamic critical states for selected molecules are given in Table 9.1. Additional values and esti-
mation methods (important for radicals and reactive intermediates) are given in texts and monographs on
thermodynamics (e.g., Kee et al., 2003, Reid et al., 1987, Reynolds, 1979).

Reactants and products for combustion systems are mixtures with a composition that varies during the
reaction process. In order to compute the compressibility effects during the reaction process using a model
relationship of the form (9.108), an averaging method is needed to combine pure substance properties to
calculate effective or psuedo-critical states as a function of composition. Prescriptions for averaging are
discussed by Reid et al. (1987). One simple method is Kay’s rule for the effective critical temperature

K
Tc,m = ZXch,k (9109)
k=1
where X}, is the mole fraction of species k. The Prausnitz-Gunn rule for effective (or pseudo-) critical

pressure, compressibility, and volume is

RT K K
Py = Zpy— Zewm = X2, em = Xy, 9.110

c,m
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Table 9.1: Thermodynamic critical states for some common components of combustion reactants and
products (Reid et al., 1987).

substance %% T. P, Pe Z.
(ke/kmol)  (K)  (MPa) _(kgrm—)

CH4 16.043 190.6  4.61 162.0 0.2880
Ny 28.014 126.2  3.40 313.2 0.2897
O2 31.999 154.6  5.043 435.2 0.2885
COq 44.01 304.2  7.38 466.5 0.2753
CO 28.01 134.5  3.50 310.9 0.2819
H,0O 18.02 647.0  22.09 322.5 0.2291
H, 2.0159 33.18 1.30 31.36 0.3060

Applying these relationships to a stoichiometric CHy-air mixture, the pseudo-critical values shown in Ta-
ble 9.2 were obtained. The product composition was computed for constant-pressure combustion at 1 bar,
values for constant volume or CJ detonation are comparable and the modest differences are due to the shift
in composition with pressure.

Table 9.2: Effective thermodynamic critical parameters for stoichiometric CH4-air mixtures.

Tc,m Pc,m Pec,m Zc,m
(K) (MPa) (kgm~?)

reactants 138 3.79 316 0.289
products 238 6:57 329 0.277

For intermediate species, radicals and fuel molecules for which thermodynamic critical states are not
available, the critical properties must be estimated. One method is to use the molecular potential parameters,
¢ (well depth), o (well radius) given in the Cantera or Chemkin thermodynamic database files and used for
computing molecular transport coefficients. These parameters are specified as well_depth = ¢/k; (K) and
diam = o (A) For the purposes of rough approximation, the critical pressure and temperature can be
estimated (all units in SI) using the following correlations Rowlinson and Swinton (1982).

T.=135— (K) (9.111)
kp
e
P.=0142— (Pa) (9.112)
V. =2857TN0® (m®-mol™t) (9.113)

Other correlations are available, for example, Smit (1992) has analyzed molecular simulations of a fluid de-
scribed by molecules interacting by intermolecular forces derived from a Lennard-Jones potential to obtain
T. = 1.316c/kp and V. = 3.29N 403, P. and Z. are determined by the equation of state. These simple
estimation methods are very rough approximations to critical properties and should be used with caution,
particularly with the many molecules and mixtures that require considering the effects of asymmetric molec-
ular potentials that cannot be described by a central potential such as Lennard-Jones. For cubic equations,
the values of Z. depend only on the particular form of the equation Reid et al. (1987). For example van der
Waals Z. = 3/8, Redlich-Kwong Z. = 1/3 and Peng-Robinson Z, = 0.3074.

The actual values of Z. as well as the P(V, T) relationship in the near-critical region can be significantly
different than predicted by simple cubic equation equations of state. There is a substantial chemical engi-
neering literature on sophisticated equations of state for pure substances that can be used to make highly
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reliable estimates of thermodynamic properties. However, there are significant issues in developing and ap-
plying more sophisticated approached to multi-component mixtures characteristic of combustion systems.
For this reason, cubic equations of state continue to be widely used in estimating compressibility effects for
combustion at elevated pressures with the notable exception of condensed explosives.

Compressibility effects on products and reactants are often found to be quite different due to the much
higher temperatures in combustion products as compared to reactants as well as effects of higher product
pressure in the case of shock and detonation waves. For example, for CHy-air at an initial pressure of 100
bar, the initial reactant state can be considered a perfect gas at room temperature but there are substantial
molecular interaction effects (Z ~ 2) on the postshock (vN) state and the product CJ state (Z ~ 1.3). The
compressibility factor will increase with increasing density, reaching values as high as 15 to 20 for condensed
explosives.

Computations and experiments reveal that:

1. At a given reactant density, the constant volume or detonation pressures are higher for a dense gas
than for the ideal gas model.

2. Detonation velocity is higher for dense gases than for low density gases at the same initial composition
and temperature.

3. Dense gas detonation velocities increase with increasing reactant density but computed ideal gas values
reach a limiting value.

4. Compressibility factors of shocked reactants and products increase with increasing reactant density.

5. For modest density increases, the effect on compressibility factor is much more pronounced than the
effect on enthalpy or internal energy.

6. For fuel-air mixtures, the initial pressure should be less than 10 to 20 bar if less than a 10% error in
compressibility, i.e., Z —1 < 0.1, is to be allowed at the vN point. The initial pressure should be less
than 2 bar if less than 1% error is allowable.

Physically, all of these effects are a consequence of the increasing importance of molecular repulsion with
increasing density of the reactants and consequently, the products. This effect can be crudely approximated
with a hard sphere model which prevents the molecules from being packed together any closer than the mean
diameter. Detailed consideration of dense gas effects for detonations can be found in Schmitt and Butler
(1995a,b)

Equation of State

For chemical equilibrium and reactive flow computations a complete equation of state is required in the form
of a thermodynamic potential (Sec. 2.1) that is a function of two independent thermodynamic variables and
composition. For equilibrium computations, an expression for the Gibbs energy G(T, P,N) is sought. In
the case of reacting flows, either the enthalpy H, internal energy U or Helmholtz energy A will be required
in addition to G. In practice, only one of the potentials, for example A(T,V,N) will be computed and the
other potentials computed by standard thermodynamic transformations (Ch. 2).

In order to construct a complete equation of state, we start from the low-pressure (large volume limit)
of the ideal gas mixture (Section 2.2). In this limit, we can take advantage of the established databases
of information for temperature and species dependence of ideal gas properties (Ch. 5) which are based on
statistical mechanics and physical chemistry (Ch. 3). To estimate the continuous molecular interactions on
the ideal gas properties, we will use an empirical expressions for Z(V,T,N) or Z(T, P,N) and thermody-
namic identities to calculate departure or residual functions which are additive corrections to the ideal gas
properties.

The computation of a complete real gas equations of state proceeds by considering a gas mixture with a
fixed (frozen) composition, a set of ideal gas properties such as C;g, H(T) and a analytical relationship for
Z(V,T,N). Because the composition is frozen, we suppress the dependence on composition when computing
the departure functions although the total amount of substance will enter into the results. However, we
will need to keep the composition dependence in mind and carry out differentiation with respect to the
composition variables in order to develop the governing equations for reactive flow.
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Cubic Equations for Z

A popular starting point for analytical Z(V, T, N) expressions is the van der Waals equation (Abbott, 1989),
which has been the basis of further development of a range of cubic equations (Abbott, 1973), so named
because Z is determined as the root of a cubic polynomial. Members of the cubic equation family that are
widely used in chemical engineering (Reid et al., 1987, Smith et al., 1996) include van der Waals, Redlich-
Kwong, Peng-Robinson, and Soave. These equations can all be written in the form

NRT NZ2a

P= -
V-Nb V24+VNc+ N2

(9.114)

The conventional interpretation is that the first term on the right-hand side represents the effect of the
finite size of the molecules, the second represents the effect of attraction associated with the intermolecular
forces. The parameters a, b, c,d are functions of the molecular properties, composition and temperature;
constraints on these functions and relationships to the critical properties, vapor pressure, acentric factors and
virial coefficients are discussed by Abbott (1973). The application of cubic equations to the computation of
detonation properties for high-pressure gases is described by Schmitt and Butler (1995a,b) and the calculation
of the thermodynamics properties based on selected cubic equations is explained in detail by Schmitt (1994),
Schmitt et al. (1994). Cubic equations are successful (Schmitt and Butler, 1995a) in describing detonation
parameters such as CJ wave speeds for hydrocarbon-oxygen-diluent mixtures as a function of initial pressure
up to 500 atm. Measurable deviations from ideal gas predictions are observed for initial pressures greater
than 10-20 atm and the CJ speeds increase with increasing pressure, reaching values that are 50% larger
than the ideal gas values at 300 atm (Schmitt and Butler, 1995a). For even higher pressures and condensed
explosives, specialized P(V,T,N) equations such as JCZ and BKW are utilized (Hobbs et al., 1999); these
are also applicable to high-pressure gaseous detonations.

Redlich-Kwong EOS

A commonly considered cubic EOS for estimating real gas effects is the Redlich-Kwong model, this is
implemented in Cantera 2.5 and the thermodynamic functions can be accessed through the Python interface.
In molar volume coordinates, the EOS is defined by two parameters a and b

RT a

P=—_" " 9.115
V—b TYV2V(V+b) (6.115)

The coeflicients a and b can be related to the properties of the thermodynamic critical point. These properties
are implicitly defined by the vanishing of the first and second derivatives of pressure with respect to volume:

P
((9) —0 (9.116)
6V TC7PC
92p
ov' /. P
R2T? 1
=Q,—c O, = ———— =0.42748 ... 11
a i 5@ D) 0.42748 (9.118)
RT. 21/3 1
b=, 5 Q= = 0.0.08664 . . . (9.119)

The coefficients a and b have been determined empirically for a number of pure substances (Reid et al.,
1987) at modest temperatures by fitting experimental (P,V,T) data. For combustion simulations we are
interested in gas mixtures containing many species such as radicals and intermediates and thermodynamics
conditions for which it is not possible to directly measure the (P,V,T) EOS and obtain values of a and b.
The state determined by (9.116) for a mixture is more properly referred to as a “pseudo-critical” point as
the near-critical behavior observed in mixtures is often much more complex than the pure substance case.
We also require an analytical model of how the coefficients @ and b depend on composition in order to
implement reacting flow models, which as discussed below, require partial molar properties. In order to
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compute value of @ and b for mixtures, mixture averaging of individual species properties using mole or mass
fractions is used. A common approach is to use rules (attributed to van der Waals) similar to those proposed
for combining molecular interaction potential parameters.

a= Z ZXiXk\/aiak (9.120)
i k

b= Xib (9.121)
k

The coefficients a; and b; for each species are, when available, based on tabulated values for pure substances.
For the many combustion species for which EOS data is not available, the values of a; and b; must be
computed using critical properties (9.116) estimated either from molecular potential parameters (9.111) or
group contribution methods based on molecular structure (Joback and Reid, 1987, Reid et al., 1987). The
a and b values for a mixture can be used in (9.118) and (9.119) as an alternative to (9.110) or (9.111) to
define pseudo-critical point values (Table 9.3).

Table 9.3: Pseudo-critical parameters for stoichiometric CHy-air mixtures computed using a and b values
for Redlich-Kwong equation of state.

Tc,m Pc,m Pe,m Zc,m
(K) (MPa) (kgm~?)

reactants 135 3.74 279 0.33
products 190 5.28 281 0.33

Departure Functions, Fugacity and Activity

Departure functions (Reid et al., 1987, Schmitt et al., 1994) are defined as additive corrections to the ideal
gas properties to obtain real gas properties at a given temperature and pressure. For any thermodynamic
property M, we define the departure as

M*T,P,N) = M(T, P,N) — M*(T, P,N) . (9.122)

Residual functions (Reynolds, 1979, Van Ness and Abbott, 1982_) are an alternative terminology for these
corrections and usually defined with the opposite sign, M"™ = M - M.

Departure for G

For fixed composition the Gibbs energy dependence on temperature and pressure can be found (Van Ness
and Abbott, 1982) by integrating the fundamental relationship in the form

dG = —SdT + VdP . (9.123)

Because G(T, P) is a state function we are free to choose a convenient path of integration from the reference
state (T°, P°) to the state (T, P) and the answer will independent of the path chosen. The choosen path
is to first integrate in temperature at a fixed pressure P° and then integrate in pressure at the fixed final
temperature 7. The ideal gas limit is P° — 0, in practical terms, a gas is ideal, i.e., Z = 1, at P° =
standard atmosphere if the temperature is sufficiently high compared to the effective critical temperature.

P P
—S%(T’, P°)dT’ + / V(T, P"YdP' +... lim (V(T,P")—V*(T,P))dP",

o P°—0 Po

T

G(T,P) = G(T°, P°) +/

o

Gig Gd
(9.124)

=G +G?, (9.125)
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The ideal gas has Z = 1, so that

. NRT
Ve = =2~ (9.126)

The compressibility factor can be expressed as
Z=7Z(T,V/N,X) or Z=ZPT,X), X =(X1,Xo,...,.XK), Xi = N¢/N (9.127)

where X}, is the mole fraction of species k. This is necessary and possible because Z is an intensive variable
that does not depend on the amount of substance N so volume can only enter as a specific volume V/N
and composition as mass or mole fractions. This is consistent with the cubic equation of state with the
parameters a, b, ¢,d functions only of temperature and the mole (or mass) fractions. Rewriting the second
integrand in (9.124) in terms of compressibility, we have

Gd P dpr’

— = NZ(T,P',N) - N . 12

77~ | wzrP NN G (9.125)
Defining the volume departure as

o NRT

| I VA v T 5 (Z-1), (9.129)
from this definition and (9.128), we obtain

v A(G?/RT)

_— = | . 9.130

w2, @130
Using these relationships in (9.123), we obtain

H d(G*/RT) P roz\ dpP’

Ho_ _p | NG R N 2z & 9.131

=T ", [ (5), % (8-131)

Departure functions for other properties can be determined from (9.128) and (9.131) and thermodynamic
identities. In nondimensional form, these are:

Sd HY Gd

R-RT RT (9.182)
E He

Al G?

Departure Functions for P(V,T,N EOS

The departure functions computed using Gibbs energy are appropriate for an equation Z(P, T, N). However,
for equations of the form Z(V,T,IN) such as the cubic family, it is better to start from the Helmholtz energy
A(T,V,N) and carry out integrations in volume rather than pressure. An alternative is to use the expression
for A% in terms of G and transform to V coordinates for the integration of the departure term. From the
previous section, the departure function for A is

Ad
RT

/P (NZ(T,P') — N) d]f// ~N(Z-1). (9.135)
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The integral term in (9.135) can be rewritten in terms of volume instead of pressure to facilitate computation
using a P(V,T,IN) equation of state. Starting from the definition of compressibility Z, at fixed T and N,
we have

P WV _ 4z

1
2 + % 7 (9.136)
Subsitution into the intergral and transforming to volume integration, we find that
A N[z Y Nz (9.137)
RT ~ O, v/ " '

The departure for entropy can be computed from the fundamental relationship of thermodynamics for A

HA
d _ _
S¢ = ((‘3 >V. (9.138)
\Y4

= NR [T (aZ)V + 27— 1} . (9.139)

oT %

The departure functions for other thermodynamic potentials can be computed from the relationships (9.134)
derived previously and the expressions for A? and S?. The internal energy departure function is

E¢ O(AY/RT)
= _T( P )V , (9.140)

and to complete the set of relations, we can show that

M@) . (9.141)
T

N(Z—l):V( =

Explicit expressions for the departure functions are given in Reid et al. (1987) for several equations of state,
including Redlich-Kwong and variations.

Fugacity

An important application of departure functions is the computation of chemical potential and the application
to chemical equilibrium through the minimization of Gibbs energy

K
G=> NG, (9.142)
k=1
at constant (7', P) subjection to the conservation of atoms.
K
> pwidN; =0. (9.143)
k=1

where the chemical potential is defined from the partial molar Gibbs energy

. (G
pi=G; = <6Ni>T,P,N,€¢i : (9.144)

Expand G in terms of the departure function to obtain

0G* 0G*
i = < ) + ( > . (9.145)
ON; T,P,Ny; ON; T,P,Ny;




154 CHAPTER 9. REACTING FLOW EQUATIONS

Identifying the derivative of the departure function as a partial molar property we obtain
g ~d
=i+ G (9.146)

From (9.124) the partial molar departure function is

P /
—d — dP
@:/(@_u?ﬁ (9.147)
0
where we define the partial molar compressibility factor as
- NZ
Z; = <8( )) . (9.148)
ON; T,P,Niz;
In analogy with the ideal gas expression for chemical potential
1 = pS(T) + RT In(X; P/ P°) , (9.149)
the fugacity f; is defined by
wi = p(T) + RT In(f;/P°) . (9.150)

The fugacity coefficient ¢; is defined by

fi
P = ) 9.151
¢ X,P ( )
which leads to the definition
i — 9 =RTIng; . (9.152)
Expressing ¢; in terms of the Gibbs energy departure function
R dpr’
Ing; = — Z;—1 . 1
ng RT/O z:-1) % (9.153)

Using the Helmholtz departure function to define ¢;, we obtain an expression that is useful for computing
with an equation of state in the form P(T,V,N)

1 /V oP RT
Ing; = ——— -
RT Joo |\ONi) rynes, V

The variation of the chemical potentials with pressure and temperature can be evaluated if the partial
molar volume and entropy are known. Applying the reciprocity relationships of thermodynamics to the
fundamental relation we obtain

dv’
V/

—InZ (9.154)

Opi &
<8T>P,N =-S5k, (9.155)

Opi T
<8P>T,N =Vi. (9.156)

Differentiating the expression for the Gibbs potential and using the fundamental relationship for dG we
obtain

K
> Npdpy = —SdT + VdP . (9.157)
k=1

This is known as the Gibbs-Duhem relationship. Using the partial molar sum representation of .S and G and
considering arbitrary variations in composition, the relationship for each component can be written

dpp = —8pdT + V3, dP . (9.158)
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Equilibrium

Equilibrium in real gases requires expressing the chemical potential in terms of the fugacity or fugacity
coefficients instead of partial pressures which are used in the ideal gas formulation discussed in Section 4.8.

pi = i (T) + RT In(f;/ P°) (9.159)
— 42(T) + RT In(¢; X, P/ P°) . (9.160)

For a single equilbrium relation with stoichiometric coefficients v;, the equilibrium condition for a real gas
will be

0="> v;[1{(T) + RTIn(¢; X; P/ P°)] (9.161)

or (setting P° =1)

17 = oxp (- =) (9.162)

In terms of partial pressures

Vi 1 Z ; Vilts (T)
ILP" = . —_= ). 1
——
real gas correction ideal gas
or
ILPY = K9 (9.164)

Define the ideal gas pressure-based equilibrium constant as

K9 = exp <W> (9.165)

to obtain the real-gas pressure-based equilbrium constant as a modification to the ideal gas value

Kis
Kp9=_—t_.
p Hid);/i

(9.166)

Computations of reaction rates often require the equilibrium constant expressed in terms of molar concen-
trations in order to compute the reverse reaction rate from the forward rate. In doing so, there are two
effects that can be significant for real gases: 1) the molar concentration for a real gas at the same partial
pressure will differ from the ideal gas values when Z # 1; 2) the equilibrium constant for a real gas differs
from the ideal gas value when ¢; # 1. The molar concentrations are:

N;
N 2% 9.167
il =7 (9.167)
or in terms of the partial pressures
P;
= ZrT (9.168)

The concentration-based equilibrium constant is

K9 = IL[i]" (9.169)
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which can be expressed as

1 )

in terms of the ideal gas concentration-based equilibrium constant

% 1 %
ch = WKPS] . (9171)

Real-gas reacting flow model equations

The real gas analogues of the model equations for ideal gas reacting flow are derived starting from the
fundamental relationships of thermodynamics.

V(T,P,N) expansion

A useful general result is the expansion of V (T, P, N) in a Taylor series.

aVv ov aVv
dV = () dT + () dP + () dNy (9.172)
or PN opP TN ONg P,T,N;,
The coefficients can be expressed in terms of standard thermodynamic propertie and definitions
oV
— =Vg. 9.173
(57 ) =7 A7)
ov
P VN Cy pay
% > —
— =Vg. (9.175)
(aNk V,Nizy

Solving for the temperature derivative and changing from mole to mass fraction for the composition variables
we obtain

1 dP dp Vi W
dT' = = |vV— — — — — —dY; 9.176
B pat p Xk: vV W, (9.176)
The ideal gas version of this expression is
dP dp w
dT'=T | — — — — — Y ideal 9.177
Iz ) gk W & (ideal gas) ( )

consistent with the results obtained directly using the ideal gas EOS in Section 9.7.

Constant pressure reaction

For an adiabatic, constant-pressure reaction process of a fixed mass, the enthalpy is constant and we can
generalize the ideal gas results given previously by starting from

dH =0, (9.178)

and considering H = H(P,T,N) for a real gas equation of state. Expanding the derivative and using the
definition of partial molar properties, we obtain

OH OH K
dH = () aT + <> AP+ 3" HydN; . (9.179)
T ) p OP ) 1n —
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Considering the time evolution of a closed, adiabatic reacting system with fixed enthalpy dH = 0 and pressure
dP = 0, we obtain:

K

dr 1 — dNg
—_— = —— Hp— 9.180
a ~ Cp ; Bar (9.180)
where the heat capacity is
OH
Cp = () (9.181)
I ) pn
K p—
OH
=Y N, ( 8Tk> . (9.182)
k=1 P Nk

From the definition of departure function, the enthalpy can be expressed as
H=H"Y+H. (9.183)

Defining the partial molar departure function as

—d
—d OH
H =|— 9.184
T,P,N;#k

and using the standard expression for the the ideal gas enthalpy
K .
H' =Y " N.H;(T), (9.185)
k=1
we obtain an expression for the coefficients in the energy equation
H,=HY+H; (9.186)

In an similar fashion we can define the molar specific heat capacity as the sum of the ideal gas value and a
departure function

Cpi = C)l + 5Z,k ; (9.187)

=d aﬁk
Cop= <8T )RN : (9.188)

To compare this result with the ideal gas expression derived previously, define the molar specific heat
capacity as

C, = % 7 (9.189)
K
=" X,Cy (9.190)

b
Il
—

and compute the time rate of change of the species amounts from the net molar production rates wy and
system volume V'

kL v 9.191
dt Wk ( )
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which can be expressed in terms of the total number of moles, IV, the mass density p and mean molar mass

w

= Nwip’“ . (9.192)

Introducing the specific heat capacity per unit mass ¢, = C,,/W, we obtain the analog of (11.28), the ideal
gas expression for an adiabatic (¢ = 0), constant-pressure (P = constant) reaction

— = Z H o - (9.193)
PCp .

(9.194)

In the case of constant-pressure combustion, the temperature evolution equations for ideal gas and real
gases are identical in form but the interpretation of the symbols is different as shown in Table 9.4. Mass
densities and concentrations used in computing w also need to be computed appropriately using the com-
pressibility factor.

Table 9.4: Correspondence between terms in the constant-pressure, adiabatic temperature evolution equation
for real gas and ideal gas models.

symbol real gas ideal gas
H, HY + HS
— K i
Cp Zk  XkCYo + Zk 1Xkak > ke XkCLo
i r
p ZRT RT
P P
4] X ZRT XeRr

The simplicity of the correspondence between ideal gas and real gas in this case is due to the use of
(T, P,N) as the variables and the natural role that partial molar properties plays in the expansion in these
coordinates. Contrast the simplicity of this derivation with the complexity of the derivation® in Appendix B
of Tang and Brezinsky (2006) as a consequence of choosing (T, V,N) as the thermodynamic state variables.

By defining the partial molar enthalpy per unit mass as

Hy,

hpy = — , 9.195
ES (9.195)
we can write the energy equation as
dT
— = hiW 9.196
dt pcp Z Witk - ( )
or
K
1 — dYy
=—— hy— . 9.197
SR (9.197)

3The Tang and Brezinsky result, Eq. B8, is also inconsistent with the present derivation because of an error associated with
transforming derivatives when changing independent variables from (T, V,N) to (T, P,N) between equations B2-B6 and B8.
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For an ideal gas, this is simply

a1y
th ke (9.198)

This is the form of the expression used in the cpsys.m and cpsys.py routines.

Constant volume reaction

The real-gas, constant-volume, adiabatic reactor energy equation is derived Ch. 7 of Schmitt et al. (1994)
using the (T, P,N) as the independent variables. It is instructive to carry out the derivation in (7', V,N) and
carry out the appropriate thermodynamic transformations to show that it is possible to obtain the identical
result.

Considering the internal energy E = E(V,T,N) for a real gas equation of state, we carry out the Taylor
series expansion

oF OH
E=|— Ng . 1

And apply the constant-volume and adiabatic conditions

av =0, (9.200)
dE =0, (9.201)

to obtain the temporal evolution equation for temperature

K

T 1 OFE dN,

ar _ =k 202

R LG (9.202)
oT

We can identify the denominator on the right-hand side as the heat capacity at constant volume

OF OE}, OFE), _
CVZ((‘?T)V) X_:Nk< ) —NZXk< )V’N:ch, (9.203)

where the molar specific heat capacity is

EK: <8Ek ) . (9.204)

The numerator can be written in terms of a partial molar properties by considering F(P,T,N), P(V,T,N)
and using the chain rule of differentiation.

() s = (30 )y, (59) o (o) (0205
ONj T,V,Nixp ONy, T,P,N;y, opr TN ONj V,T,N;zx -

The last term can be expressed in terms of conventional thermodynamic properties using classical thermo-

dynamics
E P T —
(3) ( o > _ <5 _ p> v, (9.206)
oP TN ONy, VT, N1 RT


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/CP/cpsys.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/cp.py
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The term in parentheses represents one of the corrections due to a real gas equation of state and vanishes in
the case of an ideal gas. The terms in this expression are the coefficient of thermal expansion

1 /oV
_ (Y 2
s=1 (8T>RN, (9.207)
the isothermal compressibility
1 /oV
—__ (2 9.208
=7 (55), (209
and the partial molar volume
— oV
Vi = <> . (9.209)
ON, T,P,Nixp

An alternative expression for the combination of terms in parentheses can be derived from classical thermo-
dynamics

T8 .. (0P
=T <8T) . (9.210)

This combination of terms can be expressed in terms of the derivative of the compressibility factor

T (?;)MN =P(l1+ = (gi) (9.211)
The final expression for the temperature temporal derivative is
aT 1 & T3 — 7 dN,
& - Ne, ; {Ek - <KT - P) Vk] el (9.212)
Or in terms of the compressibility factor
ar 1 | Tz - |an,
@~ NGy [E -7 (57). V’“] e 0:213)

Using the same consideration as in the previous section, we can write this in terms of the net molar production
rate, mass density and mass specific heat heat capacity at constant volume

K

% _ 1 3 [Ek i <Tﬁ _ p) Vk} D | (9.214)

C K
kazl T

This is identical to Eq. (7.17) of Schmitt et al. (1994). Contrast this with the ideal gas version

Z Bl (9.215)

C
kal

K

ar _ Z dek (9.216)

The final version is the form of the expression used in the cvsys.m and cv.py


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/CV/cvsys.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/cv.py
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ZND model

The derivation of the ZND model equations terms of mass fraction derivatives was given previously in
Section 9.2 and presented in terms of partial molar properties in Schmitt and Butler (1995b), the complete
derivation can be found in Schmitt (1994). The only difference between the ideal and real gas formulations
is in the computation of thermicity using in (9.81)-(9.84) A derivation of thermicity for the real gas case is
given Appendix D. The result in terms of the partial molar fractions is

. W Ve B Hy\ dYy
- ok P R) IR 9.217
7 ;(M v cpwk> at (9:217)
Comparing this with the previous derivation (9.32) and equating corresponding terms, we find that
v 1/0
WVe 1 (p> : (9.218)
Wk Vv 14 8Yk P,T,Y; s,
H oh
S _ B () . (9.219)
epWe  ¢p \ Oy P, Yisn

Direct computation of the quantities on the right-hand side is facilitated by using the tranformation dNg =
MdAY}, /Wy to obtain the relationship between PMP of an extensive property B and the corresponding mass
specific property b = B/M

— 0B ob
By = () =W (> ;. (9.220)
ONj P, T,N;z, oYy, T,P,Y;21

(9.221)

Using this transformation verifies that the mass and meole based expressions for the terms in thermicity are
equivalent.

From the definition of the compressibility factor, we can express the first term in the thermicity using
the partial molar derivative of Z

Vi 1
= =14+ =7 . 222
7 + 74k (9.222)

The second term in the sum has three components, c,, 3, H ., all of which will have departure from ideal gas
values due to real gas effects. The effects on specific heat capacity and enthalpy require detailed computation
using the departure functions, while the effect on thermal expansion coefficient can be computed from the
compressibility

1, 1[0z
=zt (8T>p,y (9.223)
(9.224)

The real gas thermicity expression reduces to the ideal gas version (9.33) in the limit of Z — 1 with the
following correspondence between ideal and real gas quantities.

The evolution of temperature for the ZND model of a real gas can be computed using the ZND model
equations for P (9.82), p (9.81) and (9.176). The result is

(9.225)

dT 1 1—’yM2 . Vi, W dY;
= 7U_Zj77
dt B n k vV Wy dt
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Table 9.5: Correspondence between terms in the thermicity expresssion for real gas and ideal gas models.

symbol real gas ideal gas
Hy, H,ig + FZ H,ig
= K i K —d K i
Cp Pohe1 XkCEy + a1 XiCpr 2oy XkCply
1 1 /907 1
8 =+ (5 -
T Z\0T)py T

<| =

1_
1+—=7 1
+Z k




Chapter 10

Reactions and Reaction Rates

Chemical reaction rates in gases are determined from a network of reactions and associated
reaction rates which are assembled into a reaction mechanism. The types of individual reac-
tions and empirical rate descriptions are described as is the computation of net reaction rates
for each species within the reaction network. The concept of detailed balance is introduced
to relate forward and reverse reactions to equilibrium constants.

The time rate of the change of each species mass density p; = Y;p is determined by the mass source term
W;w; on the right-hand side of the species equations (9.21). The fluid motion is coupled to the chemical
reaction through the thermicity (9.33) which can be written as a sum of terms, each of which is proportional
to the time rate of change of the species mass fraction. The source term for (9.21) the has units of mass (of
species 1) per unit time per unit volume of the gas. The term is written as the product of the molar mass W;
and the molar source term w;, which traditionally is specified in units of mol-cm™3- s™'. The terminology
of chemical reactions and reaction rates is a legacy of chemistry and chemical engineering which measure
the quantity of substance in terms of moles and the concentration in terms of moles per unit volume (the
concentration of species A is written [A]) in usually given in legacy units of mol-cm~2. The key to computing
a chemically reacting flow is to have a prescription for computing the source term.

In order to compute the source term, we need to select a set of species, a reaction mechanism and
associated reaction rates. Only elementary reactions, that is, physically plausible reactions mediated by
molecular collisions, are of interest for detailed reaction modeling. These come in three varieties: uni-
molecular, bi-molecular and ter-molecular; see Laidler (1987) for an introduction to chemical kinetics and
the theory of reaction rates.

10.1 TUnimolecular reactions

Unimolecular is a term that is used to describe a reaction that appears to obey first order rate laws, that
is, the rate of disappearance of the reactant is proportional to the amount of reactant. For example, an
initial step of the decomposition of the explosive molecule nitromethane under high pressure conditions is
the thermal decomposition which can be expressed as

CH3NOy; — CHs + NO» (RQ)
and if rate of reaction is k.., the rate of disappearance of nitromethane can be expressed as

d[CH3NO,]

G = —kao[CH3NOy] (10.1)

This reaction, like many other reactions that appear to be unimolecular, actually depend on bimolecular
collisions to provide the energy to overcome the bonding that stabilizes the molecule (the activation energy
for this reaction is 58.5 kcal/mol), and create an excited state that decomposes into the observed products.
When the collisions are sufficiently rapid compared to the rate of decomposition, decomposition is the
limiting or rate-controlling step and the pressure does not appear explicitly in the rate law. As the pressure
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is decreased and collisions become rarer, the collisions are the rate limiting step and the collisions with the
other molecules (denoted M) in the gas need to be explicitly taken account of in the reaction

CH3NOy; + M — CH3s + NOy; + M (R3)
and the rate of disappearance of nitromethane depends on pressure (P = [M]RT).

d[CH;3NO,]

2222 — i [CH3NOS (M) (10.2)

The transition from unimolecular to bimolecular with decreasing pressure is a general situation that occurs
with reactions that appear uni-molecular at high pressure and are truly elementary.! The representation of
these reaction rates for use in comprehensive combustion models requires measuring or estimating the high-
pressure (ko) and low-pressure (k,) rate constants and an interpolating function of pressure and temperature
that fits the intermediate data. The meaning of high and low pressure as well as the interpolating function
are discussed subsequently in Section 10.3.

True unimolecular reactions can occur due to the spontaneous emission or absorption of photons. These
are relevant to predicting optical emission and absorption or photochemical initiation of combustion. Some
examples that are important in high-temperature gas dynamics and combustion of the decay of an excited
atomic or molecular electronic state and the emission of a photon are:

OH(A%Z+) — OH(X2II) + hv (R4)
with emission in a band between 305-315 nm.
CH(A%A) — CH(X2I) + hv (R5)
with emission in a band between 425-435 nm.
CO2(A%B?) — CO2(X'Y) + hv (R6)
with emission in a band between 405-415 nm.
Cy(d3Tlg) — Ca(aIlu) + hv (R7)
with emission in a band between 465-475 nm, part of the Swan bands.
NO(A2XT) — NO(X?II) + hv (R8)
with emission in the gamma band between 180-270 nm.
Na(3P3/o or 3Py /5) — Na(3S;/2) + hv (R9)

with emission in two adjacent lines (termed the D-doublet or D-lines) at 588.995 and 589.5924 nm. Although
sodium is sometimes deliberately introduced into flows, it is a ubiquitous contaminant and the D-lines are
prominent in high-temperature gas spectra.
The rate of disappearance of an excited state, generically written as A*, is proportional to the amount
of that state.
d[A”]

— = kraalAT]. (10.3)

In the context of transitions between two quantum states, from a single upper level to lower level, the
constant kg is known as the Einstein A-coefficient. In the absence of competing processes, kqq is the
inverse of the excited state radiative lifetime

1
kragd = — . (10.4)

Trad

IThere are many empirical models of reactions, particularly of explosives, which are modeled as uni-molecular but these
are approximations of composite molecular processes not true elementary reactions.
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The order of magnitude of the radiative life time is 1076 s for OH* and NO*, and 108 s for Na*. The
quantity kpqq[A*] is the number of photons emitted per second and for a single frequency emission, each
photon will have energy hr. The spontaneous emission of photons occurs uniformly in all directions so that
the energy emission rate J per unit volume and unit solid angle is given by

1
J = —hvkpaq[A7] W.sr! (10.5)
47

Comprehensive models Hanson et al. (2016), Zel’dovich and Raizer (1966) of radiative emission in high-
temperature gases requires considering the competing processes of creation and destruction of the excited
species as well as the absorption and re-emission that occurs during the transport of radiation through the
surrounding gas. Additional reaction processes include the production of excited species by recombination
of atoms or bimolecular reactions, and nonradiative transitions or quenching due to collisions. The most
sophisticated models consider the manifold of electronic and molecular states and all the possible transitions
between these states in order to predict the wavelength dependence of emission.

10.2 Bi-molecular or two-body reactions

Bi-molecular reactions involve the collision of two reactant molecules to produce two distinct reactant
molecules. In the following example (considered the most important reaction in combustion) the reactants
are H and O3 and the products are OH and O.

H+ Oy — OH+ O (R10)

These form the majority of the reactions considered in detailed reaction mechanisms. These reactions
rearrange or shuffle the atoms but do not decrease or increase the number of molecules in the system.
Energy will be released or absorbed depending on the heat of reaction. The molar rates of creation of the
products are equal because each reaction between an H-and an Oy will always create an OH and one O. The
rates of reactions associated with the reaction (R10) are:

d[oH]  d[O]
% A (10.6)
_d[H]
--= (10.7)
d[O,]
—a (10.8)

For bi-molecular reactions, the rate of reaction is equal to the collision rate between the molecules times
the probability of a reactive collision. This can be expressed a reaction rate constant times the product of
the molar concentration of the reactants. For the reaction (R10), the rate constant is kf with the subscript
indicating the forward reaction proceeding from left to right.

O — &m0, (10.9)

The rate constant for a mixture in local thermodynamic equilibrium is only a function of the temperature
and is conventionally parameterized and fit to the modified Arrhenius form.

k= AT" exp (—E/RT), (10.10)

where the pre-exponential A, temperature exponent n, and the activation energy E are theoretically or
experimentally determined constants.
Elementary reactions can always proceed in either the forward direction(10) or in the reverse direction

H + Ox¢— OH + O (R11)
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and the associated reaction rate is k,. The rates of reaction associated with (R11) are:

d[H] _ d[O.]

o =G (10.11)
_ _d[OH]
== (10.12)
_ _d[o]
=2 (10.13)
= k,[OH][0] (10.14)

The forward and reverse reactions together are usually written as a single reaction equation with double
arrows

H+0, = OH+O0 . (R12)

The net reaction rate is the difference between the contributions of the forward and reverse rates, for (R12),
these are:

OM _ 1 10, - &, fom[0], (10.15)
% — ki [H)[Os] — K, [OH][O], (10.16)
% = —k¢[H][O2] + k,.[OH][O] , (10.17)
d[gf] — _ks[H][Os] + k. [OH][O] (10.18)

The forward and reverse reactions generally proceed at very different rates due to the distinct dependence of
the forward and reverse rate constants on temperature as well as the concentration of the species in the gas
mixture. Setting aside the obvious effect of concentrations on reaction rates, the differences in rate constants
reflects the relative size of the energy barriers (measured by the magnitude of the activation energy) and the
probability of a geometrically favorable collision. Many elementary reactions actually go through a series of
intermediate steps which have been averaged over to arrive at a reaction rate. For example, (R10) proceeding
through the creation of an intermediate complex HO3 of the H and Oz molecules,

H+ 0y — HO; — OH + O (R13)

which is actually in a potential well (lower energy) compared to both products and reactants ( 180 kJ/mol
lower) (Melius and Blint, 1979, Miller, 1981, Quéméner et al., 2010, Guo, 2012). The overall reaction is
endothermic, with an enthalpy change of about +70 kJ/mol, which is consistent with the activation energy
inferred from the measured reaction rate temperature dependence.

Forward and reverse rates are determined in separate measurements and for combustion reactions, there
has been a multi-decade collective effort (Gardiner, 1984, Baulch et al., 1992, 1994, 2005) to evaluate these
measurements and make consensus recommendations for rates. The measured rates for (R10) are shown in
Fig. 10.1. Baulch et al. (2005) recommend a reaction rate of 3.43x 1071070097 exp(—~7560/T') in units of
em?-molecule™1-s71 for (R10) over the range 800-3500 K. Note the use of alternate units in the rate, the
units can be converted to the convention most often used in Cantera (length = cm, time = s, quantity =
mol, activation energy = cal/mol) using the Avogadro number 6.02214x10%3 molecules-mol~! and energy
equivalence 1.9872 cal-mol™*-K~!. For reaction (11), Baulch et al. (2005) recommend a reaction rate of
2.0x 1071070352 exp(113/T) over the range 250-3000 K.

Although the forward and reverse reaction rates can be independently measured and specified for an
elementary reaction, these rates may not be consistent with thermodynamic equilibrium. In equilibrium, the
net rate of reaction vanishes for all species. For our example reaction,

d[OH] _ d[O] _ d[H] _ d[Os]

a A a o a ™ (10.19)
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Figure 10.1: Measured reaction rates for H+Oy — OH+O from Baulch et al. (2005).

which implies that

or

10°T '/K'

0= kf [H]eq[OQ]eq - kT’[OH]@q [O}ﬁq ’

(OH]y[Oley _ Ky
[Heg[Ocleg v

The left-hand side is known as the concentration equilibrium constant

“= (o).,
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(10.20)

(10.21)

(10.22)
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and can be computed from thermodynamic data for each of the species (Denbigh, 1981, Sec. 4.4).

AGe(T)
eXP(* RT )
K, = RIS (10.23)

The argument of exponential is the net change in the pressure-independent portion of the molar Gibbs energy
G° = H - TS°. For set of K species, this change is defined as

K
AG® = Z v (Hy, — TSP) (10.24)
k=1
where
K
vy =v) —v, and Av= Z V. (10.25)
k=1

The stoichiometic coefficients v, for reactants and v} for products are the species numeric multipliers in the
equilibrium relationship or corresponding reaction equation of interest when written symbolically in terms
of the species My, as

UIMy + Mg + - + Ve Mg = /My + VMo + - - + Ve Mg (10.26)
or more concisely
K K
SOvMg = > M, (10.27)
k=1 k=1

The v}, and v}/ are either zero or positive integers for elementary reactions. In the case of the reaction (R12),
the equilibrium relation is

H + 0 = OH + O (10.28)

N—— —

reactants products
and the stoichiometric coefficients are

v = +1 v =0 (10.29)
Vo, = +1 vo, =0 (10.30)
von =0 vig=+1 (10.31)
1/6 =0 1/6 =+1 (10.32)

The net change Av is zero for bimolecular reactions and non-zero for unimolecular or ter-molecular reactions.
The stoichiometric coefficients can be used to more compactly express the relationships between changes in
species amounts due to a reaction or shift in equilibrium by defining the net change in species 7 as v; =
vi' — v}. The net reaction rates normalized by v; are known as the rate of progress ¢ and are identical for all
species in the reaction

1 dM;] 1 d[M,] 1 d[Mg] K , K ;
o = == =g =k [[ M) — ke ] MR)F 10.
vy dt vy dt v dt q kaI[ K] k:l[ k] (10.33)
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For bimolecular reactions, the concentration equilibrium constant K. is identical to the partial pressure
equilibrium constant

K,(T) = exp(— A?;j@) (10.34)
K

= [I @z . (10.35)
k=1

ol N ---- RIO

equilibrium constant
=
T
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T

Figure 10.2: Equilibrium constants K, for the forward and reverse reactions of H+0, — OH+-O.

To avoid thermodynamic inconsistency, combustion modelers typically only specify either the forward or
reverse rate and compute the other rate from the equilibrium relation, for example if the forward rate is
specified, the reverse rate is computed as i

f

k, = K. (10.36)
This is the case for almost all of the reaction mechanisms supplied with the SDToolbox. The choice of which
direction to use as the reference reaction for specifying the rate often depends on which has been measured
or estimated more reliably. For example, as shown in Fig. 10.1 there are extensive measurements over a wide
temperature range for (R10) but measurements for (R11) are only available for temperatures less than 500
K. The reverse rate has been fit to an expression which is consistent at high temperatures with (10.36) as
shown in Figure 10.3. At room temperature, the estimated rate k;/K, is almost 5 times larger than the
recommended rate of Baulch et al. but within 20% for temperatures between 800 and 3000 K, which is the
range of interest in most combustion situations.

10.3 Ter-molecular or three-body reactions

As discussed in the introduction, there are many reaction processes which require collisions with other gas
molecules in order to create a reaction pathway to the products. These collisions either serve to add sufficient
energy to overcome an energy barrier or stabilize a product molecular by removing energy. At sufficiently
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Figure 10.3: Forward and reverse rates for H+Oy — OH+O using the recommended values from Baulch
et al. (2005) and the estimate ky/K. for the reverse rate.

low pressures, these reactions appear to depend explicitly on the pressure through the total concentration of
the gas molecules. One-way of including this dependence is by introducing a third molecule into the reaction
equation and to make the rate proportional to the concentration of that molecule. These processes are for
this reason termed ter-molecular or three body reactions although they are really composite and consist of
a sequence of bimolecular reactions.

Some important examples include the chain-termination reaction

H+ O + Ny — HO5 + No (R14)
dissociation of diatomic molecules
No + Ar — N+ N + Ar | (R15)
or the inverse process of recombination
N+ N+ Ar — Ny + Ar . (R16)

The third-body or chaperone molecule, Ny or Ar in these examples, is often generically indicated as M
although in many cases, the rate of reaction will depend significantly on the identity of M. This is often
taken account of by assuming that each type of molecule has a collision efficiency « relative to some reference
molecule, usually argon.

A three-body reaction will result in a change in the total number of molecules in addition to the release
or absorption of thermal energy. In addition to chain termination, association reactions play a significant
role in creating intermediate species and most importantly, in releasing energy through the recombination
of intermediates to products. Two of the most important examples in combustion are:

H+OH+M —H,O+M and (R17)
CO+0+M—CO;+M . (R18)

Recombination or association can generically be written as
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A+B+M—AB+ M (R19)
and if this reaction is elementary, then the reverse reaction

AB+ M —A+B+M (R20)
is equally plausible and the combination of forward and reverse reactions can be written

A+B+M — AB+ M (R21)

Using the formalism discussed in Section 10.2, the rate of progress can be written

K K K
Vild[;v;l] _ %d[g;b] - ... = i% —q= (Z ak[Mk}) </€f H[Mk]yé —k, H[Mk}y’/“) (10.37)
k=1 k=1 k=1

The reaction rate constants k; and k, are usually given as functions of temperature using the modified
Arrhenius format (10.10). As in the bi-molecular reaction case, for consistency only one of the two reaction
rate constants are specified, usually the forward rate constant &y and the reverse reaction rate constant can
be computed using the equilibrium constant, k, = k¢/K.. The equilibrium constant for concentrations will
depend on pressure because Av # 0 for these cases. for example, for (R14), the equilibrium relation is

K. = ([E{]E);]]) , (10.38)
1 [ PyPo,
- (PH02 )eq , (10.39)
_ Kp(T)
= ;;T (10.40)

Pressure-dependent or fall-off reactions
Ter-molecular reactions such as (R14) transition to uni-molecular reactions with increasing pressure.
H+ Oy — HO, (R22)

At low pressures, the forward reaction rate (R14) the value k, = 6.37x102°T 172 exp —524.8/RT and at
high pressures, the forward reaction rate of (R22) is ko = 4.65x10127%44  see Baulch et al. (2005). The
combined pressure dependent reaction, including the reverse process, is written as

H + Oy (+M) = HO, (+M) (R23)

and the effective forward reaction rate is described by a pressure-dependent rate constant k(T P). The
simplest model (Gardiner, 1984, Laidler, 1987, Kee et al., 2003) is based on the notion that the reaction
proceeds in two steps. First, the creation of an excited species through collisions of the reactants. For our
example reaction, this is

H 4+ Oy, = HOj; forward rate: ky;
Second, the stabilization of the excited species through collisions with the other molecules.
HO3 + M — HO; + M forward rate: kg2

The excitation and de-excitation of the excited intermediate species HO% are assumed to both occur suffi-
ciently rapidly that the concentration of that species is in quasi-steady state.
d[HO3)
dt

=0 (10.41)
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Further approximating the concentration of HO5 as negligible, the algebraic relationship between species
obtained by the quasi-steady state approximation can be solved to compute the concentration of the excited

intermediate state to be

o _ kipkay[H][Oo]
[HOz] = kir + kopM]

Substituting this into the reaction, the reaction progress can be computed to be

diH] _ d[Og] _  d[HOs] _
4 - g = WlOalH — ki [HO,

where k, = kj /K. and K, is the equilibrium constant for the association reaction

H+02<:>H02

and ky is the concentration-dependent forward reaction rate for the association reaction

jo = _Rurkes[M]
T e + koM

This is equivalent to a pressure dependent reaction

P,
“1+ P,

kp=k

using the ideal gas law to define [M] = P/RT and a reduced pressure

P
= 5

18

with a reaction reference pressure of

koRT

P =
ko

The high pressure limit, P, — oo, of the rate constant is
k}f — koo = klf

and the reaction progress equation is

dH] _ d[Os]  d[HO,] _ ks

& " @ @ FelO:llH K. O] .
The low pressure limit, P, — 0, is

kp — ko[M] = Lé”k?f [M] .
1r

and the reaction progress equation is

dH d[O dHO ko

S A0l O o)) - K2 pymo,)

dt dt dt

(10.42)

(10.43)

(10.44)

(10.45)

(10.46)

(10.47)

(10.48)

(10.49)

(10.50)

(10.51)

(10.52)
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A refinement of the reaction rate pressure dependence (10.46) is to introduce an empirical correction factor
F(T, P.) that can be used to better fit experimental data or reaction rate computations. A common model
that is used in combustion reaction networks is the Troe function (Kee et al., 2003, Section 9.4); the parame-
ters used by this function are supplied as part of the Cantera .cti reaction network data files. The reaction
rate is modeled as

P,
ky =keo P ——F(P.,T). (10.53)
and the high and low pressure reaction rate constants k., and k, are functions of temperature using the
modified Arrhenius format (10.10) with distinct parameters for each as determined by a combination of
measurement (primarily for k,) and computation or estimation (primarily for k). The rate constants used
in the Burke et al. (2012) reaction mechanism provided as part of the SDToolbox CTI resources use the Troe
formulation for F.

The fall-off effect for reaction (R23) is shown in Fig. 10.4. The large decrease in reaction rate constants
with decreasing or falling pressure is what give rises to the terminology fall-off effect. Three features
standout and are common to all reactions of this type: first, the falloff effect is much more pronounced at
low temperatures than high temperatures; second, the reverse reaction also has a fall-off effect; third, in
order for the high-pressure limit to be reached, the pressure must be quite high (100 to 1000 atm) compared
to typical gas-phase combustion conditions.

For consistency with the low-pressure limit of three-body reactions (R21) and the computation of reaction
progress (10.37), the collision efficiency is included in computing the effective molar concentration of the third
body [M] and the parameter P,.

K K
ko P
P.=— E ak koo P RT 3:1 Oék[Xk]

X k=1
where X is the mole fraction of species k. The effective value of the reference pressure is
o ko RT
o Tl el X

For (R23), the reference pressure is 5.67x107 Pa at 600 K and 3.69x10? Pa at 2500 K. These pressures
are quite high compared to conditions encountered in most combustion applications but may be relevant
behind sufficiently strong shock waves in high-pressure situations like internal-combustion engines or some
deflagration-to-detonation transition scenarios.

Another reaction that plays an important role in high-pressure and low-temperature combustion is the
decomposition of hydrogen peroxide

Hy05 (+M) z— OH + OH (+M) . (R24)
The reaction progress equation based on the reaction rate ks incorporating the fall-off factor is

d[H205] 1 d[OH] ky 9
———— =+4-———=k¢H - —[H . 10.54
The reaction rates as a function of temperature and pressure are shown in Figure 10.5. The fall-off effect
is qualitatively similar to (R23) and the magnitudes of the reference pressures: 3.11x107 Pa at 600 K and
1.25%x10? pa at 2500 K are comparable.


http://shepherd.caltech.edu/EDL/PublicResources/sdt/cti_mech.html
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Figure 10.4: Evaluation of rate constants for (R23) as a function of pressure for two temperatures using the
Burke et al. (2012) rate constant parameters and an atmosphere consisting of stoichiometric hydrogen-air
combustion products in equilibrium at the specified temperatures and pressures.
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Figure 10.5: Evaluation of rate constants for (R24) as a function of pressure for two temperatures using the
Burke et al. (2012) rate constant parameters and an atmosphere consisting of stoichiometric hydrogen-air
combustion products in equilibrium at the specified temperatures and pressures.



176 CHAPTER 10. REACTIONS AND REACTION RATES

10.4 Reaction Networks

Reaction mechanisms for even the simplest fuel-oxidizer systems like Hy-O5 consist of a network of reactions
that serve to transform the reactants into products through series and parallel reactions involving a numerous
intermediate species. Each of these reactions j = 1, 2, ... J has associated reaction rate constants ky; and
k,;, and stoichiometric coefficients V,;/j, V];j that define the rate of progress q; for reaction j given the
composition, pressure and temperature of the mixture. The net molar rate of production per unit volume
of species k due to creation and destruction by all the reactions is

Wi = Z Vkidi Vi = Vl,c/j - Vl,cj (10.55)

The net rate of mass of species k generated per unit volume is Wywy. In a a reacting flow without diffusive
transport, the mass balance equation for each species is (9.21)

0 .

8t(ka> + V- (puYy) = Wiwy (k=1,...,K), (10.56)

and further simplification leads to the most convenient expression for further use in formulating the reacting

flow equations

DYy  Whwg
Dt p

(k=1,...,K). (10.57)

The molar concentrations of each species are related to the mass fractions by

Yip
X 10.58
X = 32 (105%)
so that the material derivative of the molar concentration of species X; can be expressed as
D[Xg] . 1Dp
= Xgp|-—= . 10.
TR k]th (10.59)

which provides the interpretation of w as the molar reaction rate at constant mass density.

A species can be created or destroyed by both forward and reverse reactions. To examine the role of
individual reactions and the collective actions of the reaction network, the contributions to the rate of progress
for a reaction are written as the difference between the contributions of forward and reverse reactions.

4j =4qrj — Gryj - (10.60)
For a binary reaction, the rate of progress (10.33) can be used to define these two components

K K
qry =k [[M)% Gy = 1‘[ M5 (10.61)
k=1 k=1

and a similar expression can be derived from the rate of progress (10.37) for ter-molecular reactions. The
net reaction rate of a species i is

J
Wk = Z Vij = Vi) dpg = drg) - (10.62)

J 7
= Z ngqu + Z Vijlrj | — Z Vkidsg + Z Vijdr,j (10.63)
=1 =1

creation destruction

=C) — Dy (10.64)
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The terms C and D are both positive. When these are large and nearly equal, the net rate of change of
species k will be slow in comparison to that of species with much larger magnitudes of w; and the species k
is said to be in quasi-steady-state, wy =~ 0. This defines a set of algebraic relationships between the species
concentrations in the relevant reactions. These relationships can be used to make analytic approximations
which sometimes lead to simplifications in the reaction network representation.

The creation and destruction rates for a species can also be defined for a single reaction

Cij = Vijdf,g T Vijdr.j » (10.65)

Dyj = vi41,5 + Vijdr,j - (10.66)

10.5 Molecular Collisions and Reaction Rates

Collisions between pairs of individual molecules are the essential mechanism underlying the chemical (Hous-
ton, 2001, Laidler, 1987) and physical (Vincenti and Kruger, 1965, Boyd and Schwartzentruber, 2017) pro-
cesses in high-temperature gas dynamics . The outcome of these collisions depends essentially on the speed
with which molecules approach each other (relative speed or energy in the center of mass) and the distance
of closest approach during the collision. In a high-temperature gas, the statistical distribution of individ-
ual molecular velocities and trajectories results in a corresponding statistical distribution of relative speeds
and closest approach distances. The collective behavior of a gas is a consequence of averaging over these
parameters to determine the average outcomes of the enormous numbers of collisions occurring per second
in a volume of gas. The description of these collisions and the averaging process is the topic of gas kinetics
research which started in the 19th century with Maxwell and Boltzmann.

Collisions conserve energy and momentum and at low energies or large distances, the identities of the
molecules, but result in the transfer of energy, momentum and molecules from one region of a flow to
another. Although this seems paradoxical, it is the essence of the process of diffusive transport and results
from colliding molecules originating from different locations in the flow. If the flow has gradients in properties
that are significant at the molecular level, as occurs in boundary or shear layers, flames and shock waves,
then the colliding molecules will come from regions with significantly different mean properties and collisions
effectively transport those mean properties across those gradients.

Collisions that take place with high relative speeds and close approach distances, will also result in
transfer of internal energy (vibration and rotation) and in extreme cases, the transfer between or separation
of atoms within the colliding molecules, i.e., chemical reactions. At the highest collision speeds, dissociation
of molecules into atoms or separation into ions and electrons (ionization) can take place. The evaluation
of energy exchange rates between molecules or chemical reaction rates requires not only averaging over the
collision parameters but considering the dynamics of the atomic and electronic motion that control the
bonding between the atoms and the electronic

Relative Motion of Molecules

The motion of the molecules of a gas in thermal equilibrium can be described statistically by the Maxwell-
Boltzmann distribution of velocities (McQuarrie, 1976, Boyd and Schwartzentruber, 2017). For a molecule
of mass m, each velocity component has a probability distribution function

1/2 2
m muv;
Plv.) = _ 2 ) = . 10.

(Ul) (27TkBT> eXP( 2]€BT> ’ ’ 0y 2 ( 067)

The molecular speed v = |v| =, /v2Z + v2 + v distribution is

3/2 2
m muv
= - 4mv? 10.
P(v) (27rkBT> exp ( ZkBT) e (10.68)




178 CHAPTER 10. REACTIONS AND REACTION RATES

The likelihood of chemical reaction or energy transder during a collision depends on the kinetic energy with
which molecules A and B collide. This can be characterized by relative speed v, =|v4 — vp| of approach to
the collision event and the masses of the molecules. The probability distribution of the mean relative speeds
of two molecules A and B is of the same form as the speed v4 = |v4| for an individual molecule but using
a reduced reduced molecular mass

mamp

my, = —————— . (10.69)
ma +mp

The mean relative speed is

(v,) = < 8kBT> v (10.70)

™,

where (-) indicate the average over the equilibrium distribution of speeds. For nitrogen at room temperature,
v, = 660 m-s~ L.

Collision Cross Section Consider two molecules, A and B, approaching each other. If we consider the
molecules as “hard spheres” of diameter dsand dp, they will only collide if centers of the molecules approach
closer than a distance dap = 1/2(da + dp). This is equivalent to a collision taking place if the projected
trajectory of molecule A passes through an area equal to md% 5 centered on molecule B. For that reason, this
area is known as the collision cross-section o ap. A more realistic model, discussed at the end of this section,
is that the molecules are not hard spheres and the collision cross section is not a constant but depends on
the relative velocity or energy of the two molecules. First, we will give the results for the hard sphere model.
The effective hard sphere diameter of nitrogen molecules is about 0.36 nm and o = 4 x107!° m~2 at room
temperature.

Mean Free Path Consider a single molecule A in a gas of B molecules in thermal equilibrium. Each
collision? of A with a B molecule will result in a change in velocity and direction of A and a compensating
change in B in order to conserve energy and momentum. For ideal gases, the collisions are sufficiently rare
and of such short duration, that after N collsions the path of A appears as a series of straight segments of
variable length £1, (s, ..., /; and assuming the molecule moves with speed v, on each of these flights. The
average length of these flights, ¢ is known as the mean free path. If there are ng molecules per unit volume,
then our A molecule will encounter exactly N B molecules within the total volume Vj of the cylinders of
radius d4p surrounding each of the flight paths

N
N =ng (Z &-UAB> ) (10.71)
=1

VN
Defining the average flight distance as
N
(= lim 2_; l; (10.72)
we obtain the average mean free path
1
{= (10.73)
NBOAB

2For the purpose of this initial discussion we only consider non-reactive elastic collisions.
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This expression is approximate as it does not account for the fact that the molecules have a distribution of
velocities, may have unequal masses, and short flights are more likely than longer flights. A more accurate
model requires considering the dynamics of the collisions and the Maxwell-Boltzmann velocity distributions
for both molecules (Vincenti and Kruger, 1965). The exact result for a hard sphere model of a a gas composed
of only one type of molecule is

/- 1
 V2no

This simple model is frequently used for gas mixtures with average values of ¢ and the total density n. For
example, in air at sea level, n = 2.55 x10?° molecules-m 3 and using the cross section for Ny, the mean free
path is predicted to be £ =69 nm, within 4% of the more accurate mixture computation of 66 nm.

(10.74)

Collision Frequency Using the simple approach for mean free path, the average time between collisions
can be estimated as

<t.>= (10.75)

L
(vr)
In air at sea level, the average time between collisions is 0.148 ns, which is > 10 times longer than the
duration d/(v,) = 0.55 ps of the average collision. The relatively long time (and distance) between collision
provides the justification for the ideal gas assumptions of neglecting the molecular size and interactions
except during the actual collisions. The average number of collisions of a single A molecule with the B
molecules taking place per unit time is the collision frequency z and is equal to the reciprocal of the average
time between collisions

p= =L, (10.76)

Substituting the simple expression for ¢, we obtain
z=np{v.)oaB . (10.77)

for the rate at which a single A molecule collides with B molecules per unit volume and unit time. The total
number of collisions Z 4 g between all A and B molecules per unit volume and time is obtained by multiplying
the rate for a single molecule by the number of A molecules per unit volume

ZAB =NAnp(Ur)0AB . (10.78)

If the molecules are identical then this expression over-counts the collision rate by a factor of two becuase
each collision terminate two flights of a molecule A

1
Zaa = §n2A<U7->O'AB . (10.79)
For identical molecules, m, = m/2 and (v,) = v/2(v).

Gas Mixtures For a mixture of K species, the net rate at which molecule A collides with all other species
1 in the mixture requires summing over the collision rates with all the species

K
8kpT 1 1
_ . oA — + — 10.80
’ g ;” . ma * m; ( )

The mean free path of molecule A in the mixture is

1
(= (10.81)

K ma
YoinqMioaiy 1+

%

For a binary mixture with m4 = mp, we recover the result given previously.
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Realistic Cross Sections A more realistic molecular collision model is that the collision cross-section is
a function of the relative speed between the collision partners o(v,.). The cross-section for a non-reactive or

. C . . . . C —2/5
elastic collision increases with decreasing relative velocity, for a Lennard-Jones potential, lim,, o 0 ~ v, /

due to the attractive portion of the potential and for high speed, lim,, 00 0 ~ v, 21 Que to the repulsive
portion of the potential (Levine and Bernstein, 1987, p. 84).
Considering a gas in thermodynamic equilibrium and averaging over the distribution relative speed, the

collision rate is

z=np(v0AB) .

where in general we must include the dependence of g 4p on v,, the orientation, and impact parameters of
the colliding molecules when carrying out the averaging process. The total number of collisions Z 45 between
all A and B molecules per unit volume and time is obtained by multiplying the rate for a single molecule by
the number of A molecules per unit volume

Zap =nanp(vr0aB) .

We can express with in terms of an effective average collision cross-section o(T') that is temperature depen-
dent. The usual way in which this is taken into account for elastic collisions is through a nondimensional
collision function 2* which is a function of the molecular potential parameters such as the Lennard-Jones
potential.

(voap) = (v )7d% pQ* (kBT> , (10.82)
€AB

where dap = 1/2(pa + 05) where p4 and pp are the potential zero location. €4 and ep are the potential

well depths and eqp = (/eaep. Curve fits to the collision function are given in Neufeld et al. (1972), QL=

is the appropriate choice for computing collision frequency. At high reduced temperatures, T* = kgT/e >

1, the reduced collision integral can be approximated as a constant, Q(11D* — 0.5, as shown in Fig. 10.6.

The final result for the elastic collision rate in terms of the collision integral is

Zap = ngny (v, )md4 Q. (10.83)
This result provides an upper bound on the rate of reaction or energy exchange in a gas (Chen et al., 2017).

This also motivates the further development of reaction rate models through more sophisticated treatments
of the cross section.

2.5

QU.*

05

Figure 10.6: Reduced collision integral as a function of reduced temperature for Lennard-Jones potential .
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Reaction Rates

Consider a bimolecular collision between species A and B
A + B — Products (R25)

The number of reactive collisions of A and B molecules per unit volumes and time is the product of the
collision rate Z4p and the probability Pap of reaction per collision. The rate of reaction of species A and
B are

dn g dnp
= (10.84)
= ZaBPaB . (10.85)
8ksT\'* ., .
- < — > 7d% 5V (T)Papnans . (10.86)

In terms of the molar concentrations that are usually employed in chemical kinetics computations, this can
be written

d[A] dB] _ (SkBT

Ty

1/2
) 7d4 gV NaPap|A][B] (10.87)

Comparing this with the usual bi-molecular rate expression

al4) __ais) _
e ] (1088)

we observe that the rate constant can be expressed as

L
k:(8’€3> 7d% 5V (T)NAPAE . (10.89)

™M,

The largest value for P4p = 1, which means every pair of A-B collisions is reactive. This is the collision
limit for the reaction rate and sets an upper bound on the rate constant k& < k.,; where

8kpT\ /*
keol = ( mir ) rd? 5 (T)N, . (10.90)
See the discussion in Chen et al. (2017) for examples of how this can be used to check the values of rate
constants for physical reasonableness. Elementary gas-phase bimolecular reactions can only occur if a col-
lision occurs. When reaction rates are modeled with empirical expressions using parameters determined
by optimizing the mechanism against sets of experimental data for properties like flame speed, shock tube
or rapid compression machine induction times, the resulting rate constants may exceed the collision limit
in some temperature ranges because the constraint k(7T) < ke (T) is not enforced during optimization or
checked when reaction rates are estimated with empirical methods. This can lead to unphysical results.

Activation Energy For exothermic reactions with a high probability of reaction taking place during a
collision, the rate constant can be approximated using the collision-limit value of k£ discussed above. However,
many reactions only take place with the relative collision velocities or equivalently, energy, exceed a critical
or activation value. The empirical observation is that the reaction rate constant has the form pioneered by
Arrhenius:

E
k= Aexp (—R;> (10.91)



182 CHAPTER 10. REACTIONS AND REACTION RATES

using the standard chemical kinetics notation of a pre-exponential factor A and activation energy E4 (in
molar units). In general, the pre-exponential factor is also a function of temperature which is modeled in
the modified Arrhenius form prevalent in many chemical kinetics reaction rate mechanisms by including an
additional term

E
k= AT exp (—R;> (10.92)

where ( is an empirical constant. A simple approach to modeling the effect of an activation energy at the
molecular level is to incorporate a threshold energy €4 in the cross section.

c=0fore<ey,ando >0fore>ey. (10.93)

A standard functional relationship that reproduces empirical Arrhenius dependence on temperature and
approaches the collision limit at high energies is the line of centers model (Houston, 2001, Laidler, 1987)

0 e<€q
o={ (1_5;4) e >ea (10.94)
€

Using the distribution function for relative velocity and averaging, the resulting reaction rate constant in
molar units is

8kpT E
k= Nordip\/——exp | —5= |, 10.95
s [T ey (- ) (10.95)
where E, = Nye4. To go further in modeling reaction rates requires considering the electonic structure of
the molecules, the resulting potential energy surfaces describing the interactions, the theory of the activated
complexes formed during collision, and the statistical treatment of the atomic and molecular motions during
the collision process, see the introductory discussions in Levine and Bernstein (1987), Houston (2001), Laidler
(1987).

10.6 One-step Reactions

An empirical approach to treating reaction rates is to treat the reaction as occur through a single progress
variable. This is known as a one-step or global reaction model (Westbrook and Dryer, 1981) and although
not a reliable approach for quantitative prediction, has been widely used in numerical and analytical studies
of the interaction of fluid dynamics and chemical reaction.

The basic notion is that the reaction between fuel F and oxidizer O or decomposition of a molecular
explosive, form products P. Schematically this can be represented for fuel-oxidizer mixtures as a global
reaction

nyF + 1,0 — n,P (R26)

with a single rate of progress variable and reaction rate. In conventional terms, the rate of generation of
products is expressed as

% = Wp, (10.96)

where the molar production rate is based on an empirical correlation motivated by the modified Arrhenius
model of elementary reaction rates

wp = [F]*[O)PAT™ exp(—Eq/RT), (10.97)
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where the coefficients a, b, A, m, F, are obtained by fitting experimental data such as flame speed or shock
tube induction time. Values derived from flame speed measurements for a variety of fuel-oxidizer systems
are given in Westbrook and Dryer (1981). Although this form of the reaction rate is superficially similar
to that of elementary molecular reaction rates, the parameters cannot be interpreted in terms of molecular
processes and in particular, a and b are not the same as or even related to the stoichiometric coefficients in
global reaction R26. The conservation of mass places the following constraint on the reaction rates of each
species.

K
0=> Wiay. (10.98)
k=1
For R26, this becomes
0=Wowo +Wiswr + Wywp . (10.99)

A further constraint is the conservation of each atomic species making up the reactants and products.
The reaction R26 must be balanced which constrains the net rates of destruction of the reactants and the
production of the products (the reaction is assumed to be irreversible). From the previous discussion on
reaction detailed balancing (10.33), we obtain the additional constraint

1 1 d[O 1 d[F
Ldpp__1do] 1 diA] (10.100)
n, dt ne dt ny dt
which can be used to define all reaction rates in terms of a single rate of progress ¢
1 1 1
—Wp=——wWop=——Wr =4 . (10.101)
Ny No ny

One limitation of this approach is that the molar mass and stoichiometric coefficients are constants, so that
the composition of the products is fixed. This means that only fixed proportions of the major species can
be considered in the products and the dissociation of the products to form minor species is not allowed; the
thermodynamics of the products can only be represented very approximately by these models. For example,
the stoichiometric reaction of pentane and air would be described by the following global reaction

CsHi2 + 802 + 30.08Ng — 5CO2 + 6H20 + 30.08N, (R27)

while at typical combustion product temperatures, the major products will actually be a mix of CO, COa,
H50, and Hs and smaller but still significant amounts of species H, O, and OH will be present. An example
of the distribution of the actual equilibrium product species for R27 at 1 atm as a function of temperature
is shown in Fig. 10.7.

In terms of the one-step formalism, the products are just the mixture of the CO2 and Hs. Referring
to Fig. 10.7, this is a reasonable approximation for constant-pressure combustion which has an equilibrium
product temperature of 2276 K. At higher temperatures that occur for constant-volume (7' = 2650, P =
0.96 MPa) or Chapman-Jouguet detonation equilibrium states (T' = 2847 K, P = 1.9 MPa), minor species
are much more important and the major species approximation with only two major product species is
increasingly inaccurate. The effect of increased temperature is partially mitigated by the dependence of
equilibrium temperature on increased pressure as discussed below.

The nitrogen in the air in considered as a nonreactive diluent that has to be accounted for in computing
heat capacity and mass fractions of fuel, oxidizer and products. For a reactive system without diffusive
transport of species, the conservation of mass for each species can be written in terms of the single rate of
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Figure 10.7: Equilibrium product species distribution for R27 as a function of temperature at a pressure of
1 atm.
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The species M and the associated mass fraction Y,, represent any nonreactive species like Ny. Consider
an initial value situation where we start with known values of fuel and oxidizer which react over time to
form products which are initially not present. We integrate the species equations to obtain the following

constraints for the mass fractions

M
Y§(0) = Yy + =LY,
p

M,
M,
Yo = Yo —Y ;
(0) + Mp p
Y =Y,,(0),

where M}, = n;Wj. The conservation of species Y Y = 1 provides an additional constraint

1-Y, =Y;+Y,+Y, = constant

(10.106)

(10.107)

(10.108)

(10.109)
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To proceed further, we consider an irreversible reaction which results in the complete consumption of reac-
tants as ¢ — oo

Yi(oo) =0, (10.110)
Y,(00) =0, (10.111)
Yy(00) =1 —Yy,. (10.112)

The mass fractions of fuel and oxidizer can now be expressed in terms of the mass fractions of the product
and nonreactive species

Yy = ﬁ: (Yp(o0) = Yp) , (10.113)

Yy=(1- Ym)% (1=, (10.114)
f

Yo=(1- an)%p (=X, (10.115)

A=Y,/Y, (). (10.116)

The variable 0 < A < 1 is the reaction coordinate or progress variable describing the extent of reaction;
A = 0 is all reactants, A = 1 is all products. The composition and empricial reaction rate expression can
be completely specified in terms of A and the initial state of the mixture using the concentration-mixture
fraction relationships

(0] = pt-- (10.117)
[F] = p:;};. (10.118)

Substituting into (10.97), we obtain the final equation for the rate of progress of the model one-step reaction

DA

a b
o = (- Y, )ettt (M”> (M”) P (1 = NP AT™ exp(—E,/RT) . (10.119)

My M,
The quantity a + b is referred as the reaction order. True bi-molecular reactions are second order and uni-
molecular reactions are first order; the reaction orders for empirical rates of the form (10.97) have orders of
approximately 1.75 for most hydrocarbon fuels in air when the metric is flame speed and flammability limit.
Typical activation energies are on the order of 30 kcal-mol~!.

Approximate treatments of reaction, particulary in detonation modeling (Fickett and Davis, 1979, Lee,
2008) often simplify the one-step reaction model rate expression to be

DA .
Ty = k(=N exp(~E./RT). (10.120)

Values of n = 1 are common although high-explosives researchers often choose n = 1/2 and use a pressure
rather than temperature-dependent expression.

The thermodynamics of the product state must be approximated in order to use a one-step model in
conjunction with either steady or unsteady simulations of fluid motion. The product state is a function of
the composition, temperature and pressure. For a fixed pressure, we can evaluate the product state for an
equilibrium composition as a function of temperature. The equilibrium product and frozen reactant enthalpy
for R27 are shown at three representative pressures in Fig. 10.8. The dissociation of the major species shown
in Fig.10.7 results in the nonlinear dependence of product enthalpy on temperatures at sufficiently high
temperatures. As discussed previously, the dependence of equilibrium composition on pressure shifts the
onset of significant nonlinearity to higher temperatures at higher pressures. The approximate linearity of
the enthalpy-temperature relation at sufficiently low temperatures is the motivation of the approximate
models discussed next.
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Figure 10.8: Equilibrium product enthalpy for R27 as a function of temperature at pressures of 1, 10 and
100 atm.

The simplest sort of thermodynamic model is a constant-y, constant molar-mass, fixed-energy release
function for the specific internal energy

P/p
=——- 10.121
€ -1 q, (10.121)
or equivalently, enthalpy
LT (10.122)
v—1

Values of v and ¢ are selected to mimic the properties of a particular chemical system. A slightly more
realistic model is to assume that the specific heats for reactants and products take on different values as in
the two-y model described in Section A.5. The mixture specific enthalpy can be approximated as

h= (1= Y) [(1 = Nho(T) + Mp(T)] + Vb (T) | (10.123)

for fixed composition in each constituent. This can be reorganized to separate the contributions of the
reaction to the change in enthalpy

h=1-MN[1-Yn)h (T)+ Y hon(T)] + A Yo (T) + (1 — Yy ) R (T')] - (10.124)
In the notation of Section A.5, the correspondence to the one-step enthalpies is
hi(T) = Yihy(T) + (1 — Yo )b (T) (10.125)
and

ha(T) = Vi hun (T) + (1 — Yy )1 (T) . (10.126)
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The final reduction to the two-y model form requires further simplification by taking the specific heat to be
a constant for each constituent group and approximating the enthalpy as

h=cyT + ho. (10.127)
The energy release parameter is

q=ho1—hoz, (10.128)
or in terms of the actual reactant and product properties

q = (1=Yn) [ (0) = hp(0)] . (10.129)

The values of the specific heat ¢, and constant kg for the two-y model approximation have to be determined
by fitting the actual thermodynamic data over the range of (T, P) of interest. The effective values of the
specific heat ratios are:

Cp,1 Cp,2
Y1 ot — R1 y Y2 Cpa — R2 . (10130)
For the example of R27, the linear model (10.127) for reactant and product enthalpy can be implemented
by using the least-squares method to obtain the slope and intercept of lines fit to evaluation of mixture
enthalpy. The fit is limited to temperature values less than the maximum that results in significant departure
from linearity. For the a pressure of 1 atm, this is a temperature of approximately 2300 K. The resulting
fits obtained by demo_eq_one_step.m are shown in Fig. 10.9. The values for the thermodynamic coefficients
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Figure 10.9: Linear fits to reactant (a) and equilibrium product (b) enthalpy for R27 as a function of
temperature at a pressure of 1 atm.

obtains from the fits in Fig. 10.9 are given in Table 10.1 as the “low-temperature” set of parameters. An
alternative procedure is to use the CJ state to create a thermodynamic model as described in Section 6.7 and
A.3. These values of the product specific heat, v and the value of enthalpy intercept hg for CJ state products
are substantially different than the low temperature fit values due to higher temperature resulting in more
dissociation in the products and also the choice of equilibrium values rather than frozen for the specific heat
with corresponding value of «y). The product specific heat was obtained by fitting the product isentrope
originating at the CJ state, which approximates typical expanded states encountered in compressible flow
simulations of detonation wave dynamics. Fig. 10.9.

The value of hge was computed using the effective value of ¢ = that matches Mcy = 5.3814 and the value
of hp; determined from the reactant fit at low temperature. The program demo_ClJstate_isentrope.m was


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_eq_one_step.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_CJstate_isentrope.m
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Figure 10.10: Comparison of stoichiometric pentane-air h(7T') for reactants and products (CJ isentrope) as
well as low and high-temperature linear fits to equilibrium product enthalpy.

used together with a minimal set of major and minor species (nCsHi2, No, Oo, H,O, CO4, CO, Hy, H, O, OH)
in pentane_thermo.cti in order to reduce computation time yet still get accurate results for the equilibrium
products. A comparison between the reactant and product h(7T) relationships for realistic thermodynamics
as well as the low and high-temperature linear fits was computed with demo_eq_one_step.m and is shown in

Fig. 10.10.
Table 10.1: Themodynamic parameters for one-step model of R27.
Cp ho w v
(Jkeg VK=Y (Jkg™!)  (kgkmol )
Low-temperature, 7' < 2300 K.

reactants 1351.5 -6.069x10° 29.96 1.2584
products 1361.3 -3.415x106 28.50 1.2727

High-temperature, CJ isentrope

products 1718.0 -4.035%x10° 27.83 1.2105

Using the NASA-7 format of the thermodynamic data for the Cantera .cti file as described in Section 5.1,
the linear fit coefficients will be of the form

thermo = (NASA([200, 1000], [¢,/R, 0, 0, 0, 0, ho/R, so/R)),
NASA([1000, 6000], [c,/R, 0, 0, 0, 0, ho/R, so/R])) "
Because we are using a constant and equal specific heat for both the first and second segment of the fit,

the values for the minimum, midpoint and maximum temperature are arbitrary so we have used nominal
values. Unless we are considering a specific family of solutions with reversibility between reactants and


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/pentane_thermo.cti
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_eq_one_step.m
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products (Kao, 2008), the values of sy/R can be chosen to be zero for reactants and sufficiently large (so/R
= 10) for the products to create an effectively irreversible reaction. A drawback to this approach is that the
molar mass of reactants and products must be equal because Cantera requires conservation of elements and
mass in the reactions and in the equilibrium algorithm.

Two .cti files with the thermodynamic model and several one-step reaction models are provided in pen-
tane_two_gamma.cti (low-temperature fit) and pentane_two_gamma_CJ.cti. The effect of choice of reaction
order using the two-vy, one-step model is shown in Fig. 10.11. The values of A have been adjusted for each
order so that the induction time based on the maximum temperature time derivative is 5.5x107% s, the same
as predicted by the detailed reaction mechanism simulation.
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Figure 10.11: Example constant-pressure combustion simulation with two-y, one-step reaction model k& =
A(1 = XN)"exp(—E/RT), E, = 30 keal - mol~t. a) n = 1/2, A = 5.15x10°. b) n = 1, A = 3.6x10%. ¢) n =
2, A = 1.7x10'2. The initial conditions are Py = 3.49 MPa; Ty = 1549 K, the vN state for a stoichiometric
pentane-air CJ detonation .

We can create a slightly better one-step model for Cantera with more realistic thermodynamics and
different molar masses for reactants and products by using a mixture of the actual reactant species and
major products. This will properly simulate the change in the number of moles or equivalently average
molar mass between reactants and products as well as the dependence of the enthalpy of those species on
temperature. This will also enable the use of empirical reaction rate expressions of the form (10.97). The
pentane_one_step.cti file takes this approach.

In the .cti file, the empirical reaction is balanced as in R27 but empirical reaction orders are specified
as shown in (10.97) instead of using the stoichiometric coefficients from the balanced reaction. However, the
thermodynamic state of the products will still not be quite correct as the effect of dissociation is not taken
into account because only No,COs and H2O are used as product species. A polynomial curve could be fit to
the equilibrium enthalpy to take account of the nonlinearity in enthalpy vs temperature, however the change
in molar mass of the products will not be accounted for unless those species and the associated reactions
are included. If more realistic results are needed for equilibrium or chemical reaction rate computations, a
realistic set of species has to be used.

One-step reactions may be directly specified as an overall reaction rate k of the form (10.97), e.g, West-
brook and Dryer (1981) and the reaction progress computed from

% =r, (10.131)
dlF] _
5 =k (10.132)

For example, Westbrook and Dryer gives the following reaction rate as being appropriate for low-pressure
flame simulations for pentane-air combustion

k= 6.4 x 10" exp(—30000/RT)[nC5H15]%25[04) "5 (10.133)


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/pentane_two_gamma.cti
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/pentane_two_gamma.cti
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/pentane_two_gamma_CJ.cti
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/pentane_one_step.cti
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Alternatively, rates can be inferred from induction times determined from shock tube measurements of
ignition delay time 7. For pentane data, see Burcat and Dvinyaninov (1995), Burcat et al. (1971) and the
more recent work of Bugler et al. (2016), A simple way to interpret induction time ¢;,4 is as the characteristic
decay time 7 for fuel concentration

a[F] .
% =WF, (10.134)
f’
=_=. 10.1
- (10.135)

Given an empirical expression for t;,4 as a function of temperature and reactant concentrations, the equiv-
alent reaction rate is

71

k= .
tind

(10.136)

For example, Burcat and Dvinyaninov give the following correlation for induction time in pentane-oxygen
mixtures diluted with Ar

ting = 107128 exp(434610/RT) nCsH;2)%22[05] 11 [Ar]O13 | (10.137)
and the effective reaction rate is

k= 6.3 x 10" exp(—34610/RT)[nCsH15]" " [O5] 1 [Ar] 7013 . (10.138)

Both the expressions of Westbrook and Dryer and Burcat and Dvinyaninov for the reaction rate are provided
in pentane_one_step.cti and

Shock tube induction time data is most appropriate for validating reaction mechanisms for detonations.
However, care is needed because induction time is measured in a variety of ways including pressure rise,
heat flux, emission of electronically excited species or absorption using specific wavelengths or wavelength
modulation. Different ways of measuring induction time must be accounted for in combining data sets and
validating reaction models. There are also significant facility effects such as pressure changes during the
induction time that need to be considered. A compendium of data (as of 2000) for hydrogen, ethylene and
propane and discussion of instrumental and facility issues is given in Schultz and Shepherd (2000).% Shock
tube induction time data are often the foundation (particularly at high temperature) in the development
and validation of detailed chemical reaction models such as Bugler et al. (2016). Although common in
past studies, these find limited use in calibrating one-step models, which are primarily used in analytical
and computational studies that seek insights into the interaction between fluid mechanics and chemical
reactions in multi-dimensional transient flows for which detailed reaction mechanisms are not practical for
doing extensive parametric studies. More realistic than one-step reactions are multi-step models Liang et al.
(2007) which have some of the features that mimic aspects of detailed models without the computational
overhead.

In Fig. 10.12, the computed temperature histories are shown for a detailed reaction model of pentane-
combustion and compared to two one-step models. The predictions of the detailed model are substantially
different than either one-step model. The detailed model predicts that the initial temperature drops due
to endothermic reactions associated with the breakdown of the fuel to smaller hydrocarbons and there is
a very sharp temperature rise at the end of the induction period. In contrast, the one-step models are
entirely exothermic, do not have a clearly defined induction period or a distinct energy release transient.
The one-step models also predict a much faster reaction rate than the detailed model. In part, this is due
to the very different regimes of pressure and concentration as well as the types of combustion data used for
validation in the case of Westbrook and Dryer (1981). Experiments in air at pressures up to 2 MPa are
reported in Bugler et al. (2016) but the induction times are given in terms of OH* emission peaks rather
than pressure rise so careful interpretation with a detailed reaction mechanism (including OH* production
and destruction) is required in order to use this data for validation.

3The validation results presented in this report are for older reaction mechanisms without proper models for excited species.
However, the tabulation of experimental data obtained by digitizing plots is still quite useful.


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/pentane_one_step.cti
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Chapter 11

Applications

The formulation of the reaction zone equations and applications to steady and unsteady
flows, was introduced in Ch. 10. In this chapter, reaction zones behind propagating and
stationary shock or detonation waves are considered for a variety of applications. This
includes the standard ZND model for detonations, zero-dimensional models with prescribed
pressure and volume changes, propagating waves with curvature, steady and moving waves
in ducts with friction and heat interactions, the shock change equation, stagnation point
flows and the effects of vibrational-translational nonequilibrium behind shock waves.

11.1 Steady shock waves followed by reaction zones

The reaction zone behind a planar shock moving with a constant speed can for many purposes be analyzed
in a shock-fixed reference frame as an inviscid, adiabatic flow. Under these conditions the flow properties
will satisfy the conservation relations for steady one-dimensional compressible flow at each point.

PW = p1wy (11.1)
P+ pw? = P, + p1w? (11.2)
1 1
h+-w? = hy + ~wi (11.3)
2 2
and evolves due to the change in chemical composition with distance downstream from the shock.
dY; ‘
Wk Wk (11.4)
dz p

Following a parcel of gas downstream from the shock the distance traveled and time elapsed are related by
integrating in time to find distance x along the stream line
dz
dt
The formulation given above is equivalent to the steady flow reaction model developed previously in Ch. 9.6
which can be expressed in terms of spatial derivatives as

w . (11.5)

w% _ _p% ’ (11.6)
wi—f = —pr% , (11.7)
wi—: = w% , (11.8)
w%:%Wkwkzﬂk (k=1,...,K) . (11.9)
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The solution to these equations for both shock and detonation waves is implemented in the ZND solvers
discussed below.

Considering the reaction zone structure computation downstream of a shock as an initial value problem,
state 1 is the condition immediately behind the shock wave (t = 0 or z = 0) as determined by the solution to
the (frozen) shock jump conditions. The equations are valid for both endothermic and exothermic reaction
zones.

Endothermic Reactions

Endothermic reaction zones occur behind shock waves in high-speed atmospheric flight and planetary reentry
as well as laboratory testing in shocks or related high-speed flow facilities. These endothermic processes may
include exchange of energy between translation, rotation and vibration can also be included in a steady flow
framework but require extensions of the thermodynamic model and reaction mechanisms that we defer to
later discussion.

For endothermic flows there is no limitation on the shock speed unlike the case of exothermic flows
(detonations) that is discussed next. Solutions for the reaction behind a strong shock in air are shown in
Fig. 11.1.
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Figure 11.1: Reaction zone structure behind a strong shock wave (U = 6000 m/s) in a mixture of N3/COq
(4/96) initially at 13.3 Pa and 300 K.
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11.2 ZND Detonation Model

The ZND detonation model is a one-dimensional steady model, which can be expressed by an algebraic-
differential system of equations or a purely differential system of equations. First we will discuss physical
and graphical interpretations of this model.

Physical Model

A detonation is a supersonic combustion wave in which a shock wave and a reaction zone are coupled. The
leading shock raises the temperature and pressure of a mixture of fuel and oxidizer initiating a coupled
thermal branching-chain explosion. After an induction time, exothermic recombination reactions create
product species whose expansion acts as a piston propelling the shock wave forward. The interaction between
the leading shock and consequent reaction zone is a defining characteristic of self-sustained detonations.

The simplest detonation model, the ZND model, was developed in the 1940s independently by Zel’dovich
(1940), von Neumann (1942), and Doering (1943). In this model, shown in the wave-fixed frame in Fig. 11.2,
a frozen shock is followed by a finite reaction zone. State 1 is a cold mixture of reactants, state 2 is a shocked
(hot) mixture of the same reactants, and state 3 is the equilibrium state of the reactive mixture. This model
assumes that the composition does not change between states 1 and 2. Within the reaction zone, there are
two main length scales: A;, the induction length, and A., the energy release pulse width. These two scales
will be discussed further in relation to the mathematical model. The equations presented in the steady-state
model approximate the path between states 2 and 3.

A, > f— A, —

reactants products
1|2
U, 8
o
radicals
\ J \ )
Y Y
induction energy release

Figure 11.2: Schematic of the ZND detonation model. (a) States 1, 2, and 3 (b) Reaction zone structure.

Figure 11.3 illustrates how we can visualize this model in the P-v plane with the Rayleigh line (Eq. B.4)
and Hugoniot curve (Eq. B.5). A frozen shock wave connects states 1 and 2. We see that in this figure,
the Rayleigh line is tangent to the product Hugoniot which indicates that this is the CJ case. State 2, the
frozen post-shock state, for the CJ case is often called the von Neumann (vN) point. For an overdriven
detonation, state 2 is simply the frozen post-shock state. State 3 lies on the same Rayleigh line, but on the
equilibrium Hugoniot rather than the frozen Hugoniot. We see that in the ZND model, both the pressure
and the specific volume vary through the reaction zone. In reactive systems, there are many Hugoniot curves
for each amount of partial reaction ranging from frozen to total equilibrium. Although only the frozen and
equilibrium Hugoniots are shown in Fig. 11.3 each point along the red line connecting states 2 and 3 lies on
a partial equilibrium Hugoniot.

ZND Software

The ZND model and variations are implemented in the SDToolBox. Simple examples of how to use these
functions are given in the following demonstration programs.
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Figure 11.3: Path (red) between frozen Hugoniot (solid) and equilibrium Hugoniot (dashed) for a ZND
detonation traveling at the Chapman-Jouget detonation velocity.

e demo_ZNDCJ.py demo_ZNDCJ.m Solves ODEs for ZND model of detonation structure. Generate plots
and output files for a for a shock front traveling at the CJ speed.

e demo_ZND.m Solves ODEs for ZND model of detonation structure. Generate plots and output files for
a for a shock front traveling at the CJ speed. Provide reaction characteristics in terms of thermicity
peak and half-width time and distance.

e demo_ZNDshk.py demo_ZNDshk.m Solves ODEs for ZND model of detonation structure. Generate
plots and output files for a for a shock front traveling at a user specified speed U.

e The MATLAB programs implement the ordinary differential equation set in the functions zndsolve.m
and zndsys.m.

e The Python programs implement the ordinary differential equation set in the class ZNDsys and module
zndsolve.py.

An example of the ZND reaction zone structure for two examples are given in Figs. 11.4 and 11.5. A
CJ detonation stoichiometric CHy-air mixture at atmospheric pressure is shown in Fig. 11.4 and a highly-
diluted stoichiometric Ho-O9-Ar mixture at low pressure is shown in Fig. 11.5. These two mixtures represent
extremes in structure for atmospheric pressure hydrocarbon-air and low-pressure highly-diluted mixtures
typical of laboratory experiments as discussed further below.

Thermicity in ZND models

As discussed in Section 9.3, the coupling between the flow and the chemistry is represented by the thermicity
(9.32), for an ideal gas a convenient form is

K
o W i\ DYi
U_Z(Wk c,,T> Dt

The variation of the thermicity within the flow reflects the net effect and history of all chemical reactions
taking place: bimolecular exchanges, recombination and dissociation. The magnitude and sign of & depends
on the rate at which each process is occuring, the net amount of energy released or absorbed, and the net
creation or destruction of molecules.

The first term in (9.32) is the effective energy release associated with changing the total number of moles
of species per unit mass of the reacting mixture. The second term in (9.32) is the normalized energy release
associated with chemical bond breaking and formation. Normally, the second term completely dominates the


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_ZNDCJ.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_ZNDCJ.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_ZND.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_ZNDshk.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_ZNDshk.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/ZND/zndsolve.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/ZND/zndsys.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/znd.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/znd.py
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Figure 11.4: Reaction zone spatial profiles for the ZND model of a steady CJ detonation in a stoichiometric
CHjy-air mixture with initial conditions of 25°C and 1 atm.

first. In those cases, if the dominant processes are endothermic reactions, & < 0; if the dominant processes
are exothermic reactions, ¢ > 0.

In general, thermicity is a dynamic property and evaluation can only be carried as part of simulation of
a reacting flow. Thermicity in the steady ZND reaction zone behind a CJ detonation wave is often used to
define the characteristic length and time scales. Examples of the thermicity spatial profiles in given in for
two examples shown Fig. 11.4 and 11.5.

There are two key features of detonation reaction zones illustrated in these examples: a) there is dwell
or induction time ¢; (or induction distance A;) during which very little energy is released or absorbed; b)
there is an energy release event that occurs over a characteristic time ¢, (or distance A.). The relevance
of these time scales is in comparison to the time scale of other flow processes such as flow pressure and
temperature variation due to wave diffraction or area change, acoustic wave propagation time and instability
period. The simplest notion used in analyzing detonations is that the induction time (or length) provides
the fundamental scale that determines the other critical time (or length) scales in the problem. While only
approximately true, this provides one of the key links between the chemical processes and the macroscopic
wave behavior. The ratio t;/t. (or A;/A.) is highly correlated with the experimentally observed in stability
characteristics of propagating detonations Ng et al. (2005) as is the effective activation energy Austin et al.
(2005).

Various definitions of the induction and energy release times have been used by different researchers. Some
researchers do not distinguish between these measures and simply report a “reaction zone” length A. While
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Figure 11.5: Reaction zone spatial profiles for the ZND model of a steady CJ detonation in a stoichiometric
Hs-O2-Ar mixture (70% Ar dilution) with initial conditions of 25°Cand 0.1 atm.

useful as a notion when carrying out order-of-magnitude computations or scaling terms in mathematical
analyses, this is problematic when attempting to quantify reaction structure or determine the relationship
to other detonation properties such as detonation cell width, critical tube or channel widths or initiation
energy. Numerical solutions of the ZND model with a range of fuel-oxidizer-diluent mixtures reveal that
there is a continuum of reaction zone structures ranging from systems without a distinct induction zone
where A; =~ A, to those with a very distinct and long induction zone in comparison with the energy release
zone A; > A, (see the discussion in Shepherd, 2009). In the example of Fig. 11.4, the thermicity peak can
be used to define an induction length A; = 16 mm that is two orders of magnitude larger than the energy
release length A, = 0.25 mm. On the other hand, in the example of Fig. 11.5, the thermicity peak A; =
0.96 mm an order of magnitude smaller than the energy release length A, = 8.7 mm.

The meaning of induction time is particular to the situation being described and may be various de-
fined by spectroscopic emission or absorption peaks of certain species, arbitrary concentration, presssure or
temperature rises. The concept of induction time or distance is often quantified by defining the induction
time or distance in terms of the location where a certain property like temperature, pressure, or species
concentrations increases by a small amount over the initial post-shock value, see the discussion in Akbar
et al. (1997), Schultz and Shepherd (2000). A less arbitrary method that works well for systems with distinct
induction periods and short energy release period is to define the end of the induction period by the location
of the maximum rate of temperature or pressure rise.

A maximum temperature gradient or rate of change definition is convenient particularly for constant
pressure or volume models of reaction processes, which have been used by some researchers as an approxi-
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Figure 11.6: ZNd model results for (a) thermicity and (b) Mach number spatial profiles for the stoichiometric
CHy-air case shown in Fig. 11.4.

0.75

0.7

0.65

0.6

M

0.55

0.5

1 . . . . 0.45 . . . .
0 5 10 15 20 25 0 5 10 15 20 25

z (mm) z (mm)
(a) (b)

Figure 11.7:  ZND model results for (a) thermicity and (b) Mach number spatial profiles for a steady CJ
detonation for the stoichiometric Ho-Oo-Ar case shown in Fig. 11.5.

mation to the ZND model. For example, these models are often used to make estimates of ZND induction
time and length by using the maximum temperature rate of change with time to define an induction time ¢;.
The induction zone length is then approximated by assuming a constant postshock velocity ws (evaluated at
the vN point) and setting A; = wat;. Often, only a estimate of the reaction zone size is needed and such an
approximate model of the reaction zone suffices. However, if the ZND model structure of the reaction zone
is desired, particularly the details of the energy release zone, then it is necessary to compute the reaction
progress along the Rayleigh line, which is equivalent to the numerical solution of (11.6 - 11.9).

Various methods have been proposed for characterizing reaction zone length scales, some preliminary
efforts are discussed in Shepherd (1986). The most useful and unambiguous way to define the induction time
(distance) for ZND simulations of detonations is by location of the thermicity maximum

ti = t(dmam) 5 A1 = x(dmaz) )
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shown in Fig. 11.8. Time and distance are measured in the shock-fixed reference frame with the zero datum
at the location of the shock front. The energy release time (distance) for detonations can be characterized
by the width of the thermicity pulse. The width can be measured in various ways, one way is to find the
duration (or distance) between the locations of an arbitrary fraction a of &4, on the rising and falling
portions of the thermicity.

do do
= ~ = 3 = . —_— —_ 3 = j _— 11.1
te =ts, =t (0‘ maz; 37 < O) t (0‘ AGmaz; 37 > 0) , ( 0)
or length
do do
Ac=0s. =2 (6= abmans 2 <0) =z (&= admes, — >0) . (11.11)
« dzx dz

Lengths defined by fractions o = 0.5 and 0.1 are defined in Fig. 11.8 and the value of 0.5 is reported by
default in the programs demo_ZND.m and demo_ZNDshk.py.
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Figure 11.8: Definitions of induction and energy length based on thermicity profile for case shown in Fig. 11.4.

The CHy-air detonation shown in Figs. 11.4 and 11.6 has a value of Ay, /As;,, = 59 whereas the
stoichiometric Ho-Ogmixture diluted with 70% Ar shown in Figs.11.5 and 11.7 has value of Ay, . /As,, =
1.7. The CHy-air detonation is observed to have highly irregular cellular structure whereas the Ar-diluted
Hs-Osmixture displays the classical regular cellular pattern (Austin et al., 2005).

Ng et al. (2005) defined the induction zone length based on the thermicity peak Ay = A, but used
an alternative definition of energy release zone length Ag = wy/Fma.. With these definitions, they propose
a stability parameter

where O is the reduced effective activation energy E,/RTyn computed on the basis of constant volume
explosion computations. The length Ay is similar to the length A, defined by the width of the thermicity
function but not identical.

An unambiguous way to define the width or duration of the thermicity pulse is to define length or time
scales using the integral of the ¢ temporal profile. One possibility is to define a characteristic pulse duration
as

1 >
ty, = /O (t)dt. (11.12)

Uma:r:



http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_ZND.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_ZNDshk.py
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The integral can be estimated with the aid of the reaction zone structure equation (9.83)

oo w3 ?7
/ c';dt:/ < qw. (11.13)
0 wa w

Inspection of the integrand on the righthand side indicates that it will be on the order of 9yq. In(ws/ws).
Using typical values of the velocities and sonic parameters, we find that this can be approximated as a con-
stant C' which has a value betweeen 0.4 and 0.7. We conclude that the pulse width can be well approximated
as

C 1
lg, = = x -
Uma:z: Umaz

(11.14)

In order to estimate the spatial extent of the pulse we have to transform to spatial coordinates and define a
pulse width as

A, = (g)max /OOO d(x)) dz. (11.15)

g

The integral is identical to what we have previously computed

/000 o) 4, = /OOO s(t)dt = C (11.16)

w(z)

and we obtain the estimate

A, = Comaz (11.17)
Um(lil)
The relationship to Agr defined by Ng et al. can be obtained by approximating the velocity W, = ws to
obtain

w2

Ap = ~ A, . (11.18)

Umaw

Values of the various reaction zone lengths are given in Table 11.1 for the CHy-air and the Ho-O2-Ar example.

A different measure of reaction zone length is used in analytical studies with idealized reaction models.

A widely-used model is the one-step irreversible reaction A — B with constant ratio of specific heats

and specified energy release. A standard method of characterizing the reaction zone is to normalize the

length and time scales by the values at the point where one-half of the reactants A have been consumed,

Ayjp = 2(Ya4 = 0.5). The length or time scales Ay/y or t1/5 can be related to thermicity measures Ag, .

and ts, . but are not identical. For example, numerical simulation of the case AS = 0 from Kao (2008)

yields Ay = 0.94A;, .. and ty,5 = 0.97¢ See Section 10.6 and Ch.2 of Kao (2008) for examples of
reaction zone structure with one-step models.

Omazx*

Sonic Singularity in Exothermic Flows

Another feature of the reaction zone that can be observed in Figs. 11.6 and 11.7 is the difference in the
behavior of the Mach number as the end of the reaction zone is approached. In the case of CHy-air, singular
behavior is observed as the end of the reaction zone is approached. The rate of change of T', P, p and M
= wy/ay all increase without bound as M — 1. This is a common feature of ZND simulations as the CJ
condition computed based on the equilibrium sound speed at the end of the reaction zone is inconsistent
with the Mach number based on the frozen sound approaching one as the end of the reaction zone is reached.
As a consequence the quantity n defined by (9.85) may become zero before ¢ vanishes, resulting in singular
behaviour with the righthand side of (9.81), (9.82), and (9.83) becoming infinite at n — 0.

This singular feature is not present in all steady reaction zones computations behind shock waves. In
particular, this does occur in reaction zones behind overdriven detonations, U > Ucj; reaction zones with
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Table 11.1: Characteristic reaction zone length and time scales for two examples of ZND detonation structure.

HQ—OQ—AI‘ CH4—air

distance

9.637x10~*  1.572x1072

Aé'nlaz m
Ay, 8834x107*  2.579x107* m
A 8.753x107%  1.506x1073 m
Ag, 3.026x107%  7.832x107* m
Agr 6.098x107%  5.2547x10* m
time
ts, 2.422x1076  5110x107° s
tios 2.065x107%  4.633x1077 s
too 1.680x107°  2.915x107% s
ty 7.360x107%  1.330 x107% s
1/maz  1.54x107°  1.780x107¢ s

endothermic reactions (e.g, dissociation), i.e., strong shock waves in atmospheres of planets; and detonations
in many reactive mixtures with a high extent of dilution (Fig. 11.5 and 11.7). Overdriven detonations and
shock waves with purely endothermic reaction zones have values of 7 < 1 throughout the reaction zone, i.e.,
the flow is always subsonic relative to the shock.

If singularities due occur when the classical CJ velocity is used for the shock speed, these usually occur
near the end of the reaction zone, after the main energy release has taken place, and do not impact the
computation of the characteristic length scales that are often the main objective of simulation.

One case in which the singularity appears to play an essential role is when there is a significant delayed
endothermic reaction followings the main exothermic reactions. In such a case, the thermicity changes sign
within the reaction zone. The classical CJ solution for the detonation speed will result in the frozen sonic
point occurring within the reaction at a location where the thermicity does not vanish, resulting in singularity
in the solution at that location.

In general, sonic point singularities can be resolved by considering the detonation velocity to be a free
parameter U # Ugy and treating the reaction zone solution as a two-point boundary-value problem. The
left-hand boundary condition is determined by the postshock (frozen) state defined by U and the right-hand
boundary is the sonic point at the location x* of the frozen sonic point n = 0, where we require that

g—=0asn=1-M?—=0, (11.19)
such that

. O .

lim — is finite . (11.20)

n—0 n

The value of U that results in the solution integrating through the point n = 0 without the solution divering
is known as the eigenvalue speed U*. Finding U* requires an iterative search such as a shooting method.
Fickett and Davis (1979, Ch. 5B2) refer to this the pathological point, and show that this point is saddle
point for simplified reaction models such as two competing irreversible reactions or one reaction with a mole
decrement.

For the case of a fast exothermic followed by a slower endothermic reaction, the eigenvalue speed will be
higher than the classical CJ speed. Although there are a number of theoretical and numerical studies of this
possibility, the only known example appears to be Hy-Cly detonations Dionne et al. (2000). However, the
concept of an eigenvalue solution and the reaction zone as a two-point boundary value problem arises in a
number of other contexts such as quasi-steady curved detonations or detonations with distributed energy or
momentum loss.
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11.3 Constant volume and pressure explosions

Due the simplicity of the formulations, constant volume and constant pressure models of combustion are
widely used to model a variety of ignition problems. Both models and some variations are implemented in
the SDToolBox. Examples of simulations are given as demonstration programs provided in the SDToolBox.

e demo_cv_comp.py demo_cv_comp.m Generates plots and output files for a constant volume explosion
simulation where the initial conditions are adiabatically-compressed reactants.

e demo_cvClJ.py demo_cvCJ.m Generates plots and output files for a constant volume explosion simu-
lation where the initial conditions are shocked reactants using shock speed given by CJ detonation
simulation.

e demo_cvshk.py demo_cvshk.m Generates plots and output files for a constant volume explosion sim-
ulation where the initial conditions are shocked reactants behind a shock traveling at a user defined
shock speed Ul.

e In MATLARB, the basic functions are cvsolve.m and cvsys.m; cpsolve.m and cpsys.m.
e In Python, the basic functions are c¢p.py and cv.py.

e demo_cv.m Generates plots and output files for constant volume explosion simulation with user specified
initial conditions; uses cv_plot.m to plot temperature, pressure and species. This program estimates the
effective activation energy and reaction order using the methodology described in Bane et al. (2010).

e demo_cp.m Generates plots and output files for constant pressure explosion simulation with user spec-
ified initial conditions; uses cp_plot.m to plot temperature, volume and species.

The methodology of computing effective activation energy that is implemented in these programs is
described by Bane et al. (2010). Theoretical and numerical analyses have demonstrated recognized that
the effective activation energy is a key parameter that is correlated with macroscopic properties such as
the regularity of detonation cellular structure Austin et al. (2005). The effective activation energy can
significantly vary as a function of the fuel type and mixture composition Shepherd (1986), Browne et al.
(2005a).

Constant volume and constant pressure simulations are shown in Fig. 11.9 for the initial conditions
(postshock or von Neumann state) of P = 3.11 MPa and T' = 1525 K.
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Figure 11.9: Reaction zone temporal profiles for: a) constant pressure simulation and, b) constant volume
simulation with postshock conditions for CJ a detonation in a stoichiometric CHy-air mixture.


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_cv_comp.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_cv_comp.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_cvCJ.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_cvCJ.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_cvshk.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_cvshk.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/CV/cvsolve.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/CV/cvsys.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/CP/cpsolve.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/CP/cpsys.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/cp.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/cv.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_cv.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Utilities/cv_plot.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_cp.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Utilities/cp_plot.m
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Constant-volume simulations have been used by Westbrook and co-workers Westbrook (1982b,a)to es-
timate the induction time t; based on maximum temperature rate of change and reaction zone length A;
= wot;, where wo is evaluated at the von Neumann state. A comparison between the ZND model values
of As, . and A; is discussed by Shepherd (1986). Both the ZND and CV models have been extensively
used to predict the effect of fuel type, concentration, dilution and initial temperature effects on detonation
parameters through empirical correlations of reaction zone length with cell width, critical tube diameter
and initiation energy. Less commonly, constant-pressure simulations are also used for this purpose. The
predicted reaction zone lengths by these three models are within 10-15% (Table 11.2) and for the purposes
of empirical detonation parameter correlations Westbrook and Urtiew (1982), Tieszen et al. (1991), any of
the three simulations will suffice.

Model ti Al
(ps)  (mm)
ZND (thermicity peak) 50.4  15.4
CV (dT/dt s 492 133
CP (dT /dtmas) 452 145

Table 11.2: Comparison of three methods of computing reaction zone induction time and length for a
stoichiometic stoichiometric CHy-air mixture.

Constant pressure or volume computations are often used in modeling ignition delay times in shock
tube experiments. An example of how the maximum rate of change of temperature with time can be used
to define induction time is shown in Fig. 11.10. The temperature increase is quite modest for this highly
diluted mixture but the location of the maximum in the temperature rate of change unambiguously defines
the induction time.
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Figure 11.10: (a) Constant-volume explosion simulation of reaction behind a reflected shock wave for 0.1Hs
+ 0.0505 + 99.85Ar at P; = 64 atm and 77 = 1585 K. The induction time determined from the location of
the peak in dT/dt is ; = 48 ps, (Fig. 54 Schultz and Shepherd, 2000)

11.4 Unsteady Control Volume Models

The constant-pressure and constant-volume limits can be generalized to treat control volumes with heat
transfer and external work by using the conservation of energy and mass. For a fixed amount of mass M,
only the energy conservation equation need be considered in the form

dE .. .
C_Ww+0. 11.21
dt +Q ( )
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If the only component of energy is the internal thermodynamic energy, we can express the left-hand side for
an ideal gas as

dE dT dy;,
E_MchjLMZek—, (11.22)

and the species mass fractions can be computed from the reation mechanisms and rates as

dY; Wi
Lk _ TV (11.23)
dt P
For a fluid system, the external work per unit mass is
1474 dv \%
Y __ptl - 11.24
M a’ T M (11.24)
and we define the heat transfer per unit mass as
. Q
_ 11.25
Q=7 (11.25)

The final form of the energy equation can be written

ZEk— —P , (11.26)

where we have converted the specific energy for each species to molar units
Ek = Wkek B (1127)

In addition to computing the species evolution, the pressure has to be computed from the gas law, P =
RT /v, as the temperature and volume evolve. If instead of considering the volume as a function of time, the
pressure is more convenient, the energy equation equation can be more conveniently written in terms of the
enthalpy H = E + PV, rather than the internal energy

P
E Hk—+v—+q (11.28)
P

where we have converted the specific enthalpy for each species to molar units

Hy, = Wihi (11.29)

for this form of the energy conservation equation, the volume will need to be evaluated as a function of
pressure, temperature and mass fractions using the gas law v = RT/P.

These equations and extensions have found widespread use in developing engineering models of thermal
ignition (Boettcher et al., 2012, Melguizo-Gavilanes et al., 2019), ignition in rapid compression machines
(Goldsborough et al., 2017), reactions in the end gas of shock tubes used in chemical physics experiments
(Tang and Brezinsky, 2006, Pang et al., 2009, Chaos and Dryer, 2010) and simplified models of ignition of
gas bubbles and segments within piping with pressure transients (Shepherd, 2020, Coronel et al., 2020).

The critical decay concept postulates that ignition can only occur when the rate of change of the ther-
modynamic state is less than a critical value. The magnitude of the critical decay rate is function of the
pathway to ignition and the manner in which the thermodynamic state varies during the ignition process.
Demonstration programs for adiabatic compression with specified volume or pressure changes were developed
for the study described in Shepherd (2020).
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e demo_cdr.m Generates plots and output files for a constant volume explosion simulation with critical
decay rate model using exponential increase in volume following instantaneous isentropic compression.

e demo_cdr_exp_critical.m Generates plots and output files for for a constant volume explosion simulation
with critical decay rate model using exponential increase in volume following instantaneous isentropic
compression. Computes critical decay rate by successive approximation.

e demo_pulse_cdr.m Computes adiabatic compression and explosion with a specified volume as a function
of time. Set up for Gaussian pulse model with two parameters:C' R - compression ratio (Vmax/Vmin); 7
- pulse width parameter in Gaussian function. Requires two functions: f_volume.m - defines normalized
volume and derivative as a function of time; cvsys_v.m to carry out the integration of energy and species
equations. Integrates the equations twice, once for nonreactive, once for reactive case. Computes a
single case with specified parameters. Optionally plots output for thermodynamic quantities and
species.

e demo_pulse_tau_critical.m Extension of the program demo_pulse_cdr.m to multiple values of compres-
sion ratio and determines the critical value of 7 for each.

e demo_TransientCompression.m Explosion computation simulating adiabatic compression ignition by a
piston with prescribed mass and applied pressure. Requires adiasys.m function for ODE solver.

11.5 Reaction zones with stream tube area change

If the flow can be considered quasi-one dimensional and the stream tube cross section area A(x) variation
with distance is known, as in flow constrained by rigid nozzle, the mass conservation relationship is changed
to

The energy conservation and species evolution equations are unchanged, however the momentum equation
cannot in general be integrated exactly and A(z) may be unknown and have to be determined as part of the
flow solution. For this reason, the DAE form of the equations cannot be used for computation in the general
case. Instead we take the same approach as with the detonation reaction zone and compute the structure
as a solution to the equivalent set of ordinary differential equations that govern the flow behind the shock
front. The differential form of the equations that can be extended to nozzles, stagnation point flow or curved
shock waves is derived next.

The flow will be modeled as adiabatic, inviscid, quasi-one-dimensional and reacting. The stream tube
area A has be specified as a function of distance or computed as part of solution process as discussed in
the next section. Differentiating the algebraic conservation equations we obtain the conventional quasi-one-
dimensional flow relations.

%(pvv) = —pW%% (11.31)
pW%V _ _% (11.32)
%(HW;) =0 (11.33)
% = W’;w’“ (k=1,...,K) (11.34)

11.6 Streamtube Area

There are three cases that we will consider: a) quasi-steady curved shock or detonation waves; b) stagnation
point flow between a curved shock and blunt body; ¢) rigid nozzle flows.


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_cdr_exp.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_cdr_exp_critical.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_pulse_cdr.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_pulse_tau_critical.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_TransientCompression.m
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Curved waves

Consider a portion of a curved shock or detonation wave with a local radius of curvature R, speed U and
a characteristic thickness A. In a reference frame attached to the shock wave moving with velocity U(t) =
dR/dt into stationary reactants, the transformed distance and velocity variables are

x=Rs(t)—r (11.35)
w=U(t)—u (11.36)

The stream tube area change dA/dx for slightly curved waves can be approximated (see Section 11.10 below)
as
1dA D
Y e | 11.37
a=——-=r -1 (11.37)
where k is the curvature of the wave front
2/Rs spherical waves
K= (11.38)
1/Rs cylindrical waves

This approach is valid as long as the reaction zone is thin, Rs; > A and the characteristic time scale for
the change in the shock speed is much longer than the passage time of fluid elements through the reaction
zone, T = A/w < U/(dU/dt). For positive curvature, the stream tube area A(x) increases with downstream
distance behind the shock front.

Stagnation point flow

For hypersonic stagnation point flow over a blunt body, numerical simulations of the complete flow field Wen
and Hornung (1995), Hornung (1972), Stulov (1969) show that to a good approximation the mass flux pw
decreases linearly between the shock front and body

ow =RWo (1 - %) (11.39)

along the stagnation streamline, where A is the shock standoff distance. Treating the flow as quasi-one-
dimensional on the streamtube enclosing the stagnation streamline the conservation of mass can be expressed
as

Apw = A,pow, = constant . (11.40)

From this expression and the approximate behavior of mass flux on the stagnation streamline, we compute
that the logarithmic area derivative to be

1

T Adr
1

=5 (11.42)

a (11.41)

Although « is singular at the body, as shown below, « always enters the reaction zone equations as the
product wa which is non-singular

wa = %%" (11.43)

Nozzles

For rigid nozzles, the area change A(x) will be a specified function of distance

o) = - 44@) (11.44)
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The quasi-one-dimensional approach with specified A(z) is widely used for estimates of nozzle performance
as it is computationally inexpensive and reasonably reliable for mean flow properties. If knowledge of the
flow uniformity is important or the nozzle is being used off-design, a more sophisticated approach will be
necessary. Applications to facility design and performance usually require simulations that include viscous
effects and multidimensional flow considerations.

11.7 Formulation using thermicity

A more convenient form of the reaction zone equations for numerical computation is to use elapsed time as
the independent variable and to use the adiabatic change equation to eliminate the energy equation.

% _ pwz(dnwo‘) (11.45)
% _ p(ffV;MzO‘) (11.46)
%‘;’ _ W("’—n‘m) (11.47)
% _ W,;wk k=1,....K) (11.48)

These equations are the logical extension of the standard reaction zone model for planar waves, which is
termed the ZND model in the context of detonations. The thermicity parameter ¢ and the sonic parameter
7 are as defined in Section. 9.6.

A key issue is the boundary conditions for these equations. The flow properties at the beginning of the
reaction zone are those computed from the shock jump conditions evaluated at fixed composition.

PIW1 = PoWo (11.49)
P+ plw% =P + powg (11.50)
1 1
hi + iwf =ho + §w§ (11.51)

In these equations, states o are the reactant conditions upstream of the shock. For a propagating shock,
wo = U - u,, where U is the shock speed and u, is the flow speed upstream of the shock in the laboratory
reference frame. For a stationary (bow) shock in the stagnation point flow situation, w, is freestream flow
velocity U in the body-fixed reference frame. State 1 is just downstream of the shock at the beginning of
the reaction zone; for a detonation, this is known as the von Neumann (vN) state. In general, the jump
conditions must be numerically solved for state 1.

The downstream boundary condition on the flow depends on geometry. In the case of an expanding
streamtube and endothermic reactions, as in stagnation point flow, the flow will be subsonic 1 > 0 throughout
the reaction zone and the solutions are nonsingular as long as wa is nonsingular. The situation is more
complex for exothermic reactions, particularly detonations. For Chapman-Jouguet (CJ) waves, the flow
approaches and potentially reaches the frozen sonic point, resulting in a singularity at the rear at of the
reaction zone.

If the detonation is overdriven, U > Ucgy, and « is sufficiently small, the flow will remain subsonic
throughout the reaction zone and the solutions are nonsingular for all values of U. For cases where U <
Ugy, and « is sufficiently large, there is the potential for the flow to become supersonic,, which will result in
7 = 0 within the reaction zone.

In those cases where the sonic parameter 7 passes through zero within the reaction zone, the solution
will be singular unless the numerator ¢ — aw vanishes at the same time as n vanishes, i.e., at the sonic point
M = 1. This is particularly important for the cases of curved quasi-steady detonation waves. Nonsingular
solutions will occur only for particular values' of the detonation velocity D for each value of the curvature
k. The appearance of a sonic point in this flow can be attributed to the competing effects of chemical energy

1D is conventionally used for detonation speed U in this context
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release ¢ and area change —wa creating an effective throat or converging-diverging nozzle in the flow. The
area function is actually monotonically increasing, dA/dx > 0, and tends to decelerate the initially subsonic
flow behind the shock, driving it away from the sonic point. The thermicity ¢ > 0 is positive in the main
energy release region of the reaction zone and tends to accelerate the flow, driving it toward the sonic point.
The appearance of a sonic point at other than a physical area minimum and the eigenvalue nature of the
flow is well-known in the context of the ideal dissociating gas through a nozzle.

As a consequence of these considerations, for quasi-steady curved detonations the flow equations are
a two-point boundary value problem with a regularity condition at one endpoint that will determine an
eigenvalue solution D(k). For general reaction mechanisms and realistic thermodynamics, this problem will
have to be solved numerically as a two-point boundary value problem using a method such as a shooting
procedure. It is possible to obtain an analytical solution for a perfect gas with a one-step irreversible reaction
described by a first-order Arrhenius rate law with a large activation energy.

The case of a converging or converging-diverging rigid nozzle also requires finding initial conditions so
that the solutions are non-singular at the sonic point, n = 0. In the case of converging-diverging nozzles, the
solution will be singular at an interior point and in general the location of the singularity is unknown. This
requires an iterative procedure to find the physical solution that passes through the sonic point. This is an
extension of the usual idea of critical mass flow rate or choking in ideal non-reacting gas dynamics.

11.8 Flows with Friction and Thermal Interactions

Reacting steady flows in ducts with friction and heat transfer can be treated using the quasi-one-dimensional
formulation with empirical sources terms in the momentum and energy equations. For a steady flow in the
z-direction with mean velocity u, the governing equations are most conveniently formulated in terms of the
spatial derivatives.

%(puA) = (11.52)
P“% _ _% _: (11.53)

pu%(h + u;) =g (11.54)
u% = W‘;”’“ (k=1,...,K) (11.55)

The friction force (per unit length and area of the duct) 7 is proportional to the local wall shear stress 7,

4
=57 (11.56)

where D = 4 x area/perimeter is the hydraulic diameter of the duct. A common engineering approach is to
define the shear stress by a skin friction coefficient cy

1
Tw = ipuch , (11.57)

or the Darcy friction factor A = 4cy given by an engineering correlation with flow Reynolds number and

duct roughness.

The thermal interaction ¢ (per unit mass of fluid and length of the duct) can be related to the wall heat flux
qw (> 0 for transfer into the flow from the duct) and the mass flow rate

4=quwp > (11.58)

S~
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The heat flux can be computed from a nondimensional heat transfer coefficient ¢y,

qu = Chpucp(Tw - T) ) (1159)

which is usually specified by an engineering correlation with the skin friction coefficient, Reynolds and
Prandt] numbers, and wall/flow temperature ratio. Note that for high-temperature flows and cold walls, the
heat transfer will be from the flow into the duct walls, ¢, and ¢ < 0.

Combining equations (11.53) and (11.54) with the fundamental relation of thermodynamics, an expression
for the entropy gradient is obtained

ds qg T dYy
T — R Ml 11.60
dz  pu + P gg dz ( )

The adiabatic change equation (9.30) can be used to relate gradients in pressure, density, entropy and species.

dpP 2 dp q . - 2 dY;
— =a5— = — . 11.61
dx afdx+g<u+T +pafzk:akdw (11.61)

Defining a modified thermicity function

. dYy
N 11.62
o d Tk 1y ( )

we can use (11.52) and (11.53) to solve for the gradient in density

i M?dA
o9 {q+(g+1)f} -2
dp_ pay L8 ’ (11.63)
a7 1— M2 ’ '
pressure
i 1 1dA
4P o [q“g*MzV] Ads
i S (11.64)
dx ou 1— M2 ’ '
and velocity
i 1dA
o2 {q+(g+1)f] -2
du _ Py L8 ! (11.65)
dz " 1- M2 ' '

Flow in nozzles

A common and important example of a flow through a variable area duct is the case of converging-diverging
nozzle used to accelerate flow from subsonic to supersonic conditions. If we neglect heat transfer and friction,
the equations simplify to:

M

%’ = —p# , (11.66)

w_ i

P ey oo (11.67)
—u (11.68)

dz 1— M2
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For an ideal gas, these can be used to compute the temperature gradient

., 1 M?dA K
ar _r T )TE_ZK% (11.69)
dx 1— M2 Pt W dx ’
The species mass fractions gradients are
dYr, Wiwy
o = o (11.70)

Propagating waves with friction and heat transfer

Equations (11.63) - (11.65) have been formulated in the reference frame of a stationary duct or nozzle and
do not apply to the flow behind a propagating detonation or shock wave. In order to formulate the equations
correctly for a propagating wave moving with a constant speed U, it is necessary to use a control volume
formulation of the integral conservation laws when deriving the differential form of the relationship in a
shock-fixed frame; taking into account the effective forces acting on the control volume moving relative to
the duct surface. The correlations for friction and convective heat transfer need to evaluated using the
appropriate relative velocity Au between the flow and duct surface.

The key observation is that in a shock-fixed frame of reference, the duct walls are moving relative the
wave with speed U. This situation is also encountered when modeling boundary layers behind shock or
detonation waves. The conservation of mass and momentum are identical to the stationary frame equations
with the substitution v — w = U - u. The energy equation contains a work term that corresponds to the
work (per unit area) U, done on the fluid by the moving walls of the duct due to the friction forces at the
wall 7,,, moving with speed U. This treatment is necessarily highly approximate as observations of flows
behind propagating shocks and detonations demonstrate that immediately behind and for some distance
downstream, the flow is highly multidimensional with-the effects of friction and heat transfer confined to
the relatively thin boundary layers adjacent to the wall. The quasi-one-dimensional flow approximation only
makes sense for fully developed flows some distance downstream of the wave. Despite this limitation, this
approach has been used to develop correlations for detonation speed as a function of duct size by applying
a generalized CJ condition to determine the detonation speed (See Ch. 2 Zhang, 2012).

The equations in the shock-fixed reference frame (flow from left to right) for a constant area duct are:

%(pw) =0 (11.71)

pwc(%v _ _% _: (11.72)
pwd%c(h—k W?Q) =q¢+UT (11.73)
w% - % (k=1,...,K) (11.74)

The entropy gradient is

d G+UT T dY;
k

dx pw dr

Inserting this entropy gradient into the adiabatic change equation results in the further transformation of
the steady flow equations (11.63) - (11.65) with ¢/u — (§+ UT)/w.

11.9 Stagnation Point and Shock Tube Flows

Stagnation point and shock tube flows can both be used to create reaction zones behind shock waves. In the
case of the stagnation stream line, the constraint of the body causes this to occur in a specified and short
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spatial domain 0 < z < A while behind a propagating shock wave, there is no constraint and the reaction
zone will extend over a much larger distance behind the shock. An ideal reaction zone behind a propagating
shock wave is governed by the reaction zone structure equations with constant stream tube area A = Ao,
ie., a=0.

The relationship between distance and time in both cases is determined by integrating the flow velocity

dz
— =w 11.76
i (11.76)
to relate distance x traveled by the gas particles to time ¢ elapsed when using the time evolution form of
the reaction zone equations. This relationship will in general have to be solved simultaneously with the
flow variables. In the case of stagnation point flow, the approximate model of linearly decreasing mass flux
simplifies the solution of this relationship. The quasi-one-dimensional mass conservation relation can be
written

A(z)dx 1

N, — o o~ /N 1 N
A v o0 (11.77)

which can be integrated to obtain the following implict relationship for z(t)

.LA(:E/) , /t dt/
dz’ = oWo—7 - 11.78
[ 5= [ v (H7%)

Substituting the A(z) relation in (11.42) and carrying out the integration on the left-hand side, we obtain

T wo [* podt’
K =1- exp <—A‘/O p('ﬁ)) . (1179)

This demonstrates that although the stagnation point is located a finite distance A from the shock front, the
flow takes an infinitely long time to travel along the stagnation streamline from the shock to the stagnation
point. If we suppose that the variation with time of the properties P,p, w and Y is identical for the
stagnation point and propagating shock reaction zones, we can further simplify the relationship between the
two situations. The distance x5 behind a propagating shock is given by integrating the flow speed w relative
to the shock

dx,
=W, 11.
7 =V (11.80)

Flow area is constant in the ideal shock tube case, so that

Ws = Wopo/p(t) (11.81)
or
dt
dzs = poWwo—— . 11.82
0 (1:52)

Substituting in (11.79), we obtain the following relationship between the distance z between the shock and
body in a stagnation point flow and postshock distance zs in a shock tube flow

% —1—exp (—%) (11.83)
An example of the results of comparing the reaction zone structure behind a planar shock wave and a
stagnation point flow is shown in Fig. 11.11 for a typical case studied in the EAST facility at NASA Ames.
The shock or freestream flow speed is 6000 m/s and the initial conditions are a gas composition of 0.96 CO4
and 0.04 Ny (mole fractions), pressure of 133 Pa (1 Torr) and temperature of 300 K. The reaction mechanism
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discussed in Johnston and Brandis (2014) is used to perform the computation although V-T nonequilibrium
was not included in this simulation. The comparison for temperature, density and species (only COs is
shown but the other species were comparable) is excellent but as we might expect, the pressure at the end
of the reaction zone is higher in the stagnation case than the shock tube. The pressure variation throughout
the reaction zone is very modest for both the shock and stagnation case so this small (3%) deviation does
not affect the overall quality of the comparison. We conclude that transformation (11.83) provides a very
useful means to make quantitative comparisons between shock tube and stagnation point flows.
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Figure 11.11: Comparison of flow properties evaluated with planar shock and stagnation point models using
the transformation methodology of (11.83).
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11.10 Curvature-Area Relation

A simple explanation of the curvature-area relationship for propagating waves can be motivated by examining
the conservation of mass relationship for the flow behind the wave

%+V-(pu) =0. (11.84)

Modeling the wave front as a spherical or cylindrical surface of radius Ry moving with a speed U = dR/dt,
the conservation equations can be written in terms of a radial coordinate r

-+ +=pu=0, (11.85)
T r

where j = 1 for cylindrical waves and j = 2 for spherical waves. Transform to wave-fixed coordinates using
the relations

x=Rs(t)—r (11.86)
w=U(t)—u (11.87)

to obtain
9 9w T _w)=o0. (11.88)

ot Or  R(t)—=

The quasi-steady, slightly-curved approximate form of this equation can be deduced with the aid of the
following order of magnitude estimates

0 OR, w
T~A; tglow ~ p/a—i and RS/W 3 Tast ~ N (11.89)

Estimating the size of each term in Eqn. (11.84), we find that in order to obtain the quasi-steady form of
the equations we must have
tslow >> ttast (11.90)

so that the evolution of the wave speed is slow compared to the transit time of fluid elements through the
reaction zone. In the limit as te.st/tsiow — 0, the partial derivative with respect to time in (11.88) can
be neglected and we can approximate R, as a constant. Physically we are making the assumption that the
reaction takes place much faster than the wave speed is changing so that in the wave-fixed frame the reaction
zone structure is steady to a first approximation.

To further simplify the mass conservation equation, we need to suppose that the reaction zone length is
small

R, >> A (11.91)

so that the last term in (11.88) can be expanded to yield the approximate expression

dpw  j x
— 4+ =—p(U — 1+—+...)=0 11.92
5 T Rsp( w)(1 4+ rt ) ( )
which as z/Rs; — 0, yields
dpw i U
—1) = 11.
o erWRS(W )=0 (11.93)

Comparing this with the quasi-one-dimensional steady mass conservation equation, we can identify the
logarithmic area derivative as
1dA j U
a=——==2(=—-1)
A dt Ry 'w
This is the result used for the simplest version of the quasi-one-dimensional, quasi-steady reaction zone
structure model of curved detonation waves. The history of this model is given in Bdzil and Stewart (2007),

(11.94)
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who provide a rigorous derivation with extensions to multidimensional flow and illustrations of applications

to high explosives.

The effect of wave curvature on stream tube expansion at first glance appears contradictory. There are
two ways to explain this. The first is that radial flow u induced by the shock wave is in the direction of
the shock motion U, for expanding waves this means that the flow moves in the +r direction into increasing
stream tube area. For converging waves, the flow moves in the —r direction into decreasing stream tube
area. The second explanation, is to consider the motion relative to curved shock front propagating into an
uniform region at rest. Considering the flow in a small region (the red box outlined in Fig. 11.12 surrounding
the central un-deflected streamline, the deflection of the adjacent streamlines creates divergence due to the

obliquity of the shock at locations on the surface away from the central streamline. This deflection is
a consequence of the oblique shock jump conditions and the decomposition of the velocity in normal and
transverse components. For unsteady flow, the approximate mass balance equation in shock fixed coordinates

+0
Figure 11.12: Explanation of relationship between wave curvature and stream tube expansion for a decaying

blast wave.
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11.11 Shock Change Relations - Planar Waves

(11.95)

The growth or decay of shock waves in a reactive flow can be analyzed by focusing on the processes just
behind the wave front to obtain an evolution equation for the wave strength, known as the shock change

equation.

of researchers over the past century as discussed by Becker (1972) and Chen and Gurtin (1971). The results
have been used to analyze the growth and decay of shock waves in inhomogeneous (Nunziato and Walsh,

1972, 1973) and chemically reacting flows (Nunziato, 1973, Kennedy and Nunziato, 1976). Fickett and Davis

(1979, p. 101) discuss the application to detonations and the implications for steady flow in the reaction

zone. Recently, Radulescu (2020) derived expressions for shock propagation in quasi-one dimensional flows,
gave explicit expressions for nonreactive perfect gases and discussed the relationship to the shock dynamics
approximation of Whitham. Extension to fully three-dimensional shock fronts was given by Rabie and
Wackerle (1978) defining the local shock shape with principle radii of curvature. Emanuel (2013) discusses

Versions of the shock change or acceleration wave formalism has been derived independently by a number
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in great detail the computation of computing spatial derivatives at curved shock in a perfect gas, there is brief
mention of unsteadiness but no consideration of reaction processes. Hornung (1972), ? has derived and used
the steady version of the curved shock relationships with reaction and a general equation of state to explain
(Hornung, 2010) features in the relaxation region behind shock waves on blunt bodies in hypervelocity flows.
Hornung’s approach has been applied to combusting flows to analyze the reaction zone behind steady oblique
detonation waves (Kaneshige, 1999, Hung and Shepherd, 2005) and unsteady one- (Eckett et al., 2000) and
two-dimensional detonation waves (Arienti and Shepherd, 2005).

These derivations usually consider the upstream conditions to be uniform, with the exception of (Nunziato
and Walsh, 1972), and the flow to be at rest. In order to treat the interaction of a shock waves with an
expansion wave, as occurs when a detonation wave reflects from a contact surface or end wall, it is necessary to
consider how both the upstream unsteadiness and spatial nonuniformity enter into the relationship between
wave acceleration and flow gradients downstream of the shock.

Assumptions

The fundamental idea of the shock change relation is to compute the time rate of change of the properties on
each side of the shock from both the shock jump conditions and the governing partial differential equations
of fluid motion. Requiring these independent computations to be compatible results in a system of equations
that we solve to determine the rate of change of shock speed and through the jump conditions any other
post-shock property in terms of the gradients in the flow.

We make some restrictive assumptions in deriving and solving these equations.

1. The shock wave is an ideal surface of discontinuity in the flow, so that the ideal shock jump conditions
are applicable and relate fluid properties upstream (state 1) and downstream (state 2) of the shock in
an unsteady flow with spatial gradients.

2. The flow upstream and downstream of the shock is consider as inviscid, i.e., the effects of molecular
transport are neglected, but can be reacting through chemical or physical mechanisms like energy
transfer between the various degrees of freedom.

3. The flow is considered to be adiabatic and one-dimensional. The extension to multi-dimensional flows
with unsteadiness is significantly more involved (Emanuel, 2013) than the one-dimensional treatment.
For simplicity, we have intentionally kept the focus of the present work on the effect of gradients and
unsteadiness in the upstream flow for planar flows.

Shock Motion

The shock velocity can be expressed in terms of the time derivative of the location X (¢) of the surface of
discontinuity representing the ideal shock

dX

U=—. 11.96

& (11.96)

Flow properties f(z,t) adjacent to the shock can be expressed as limits approaching the surface of disconti-

nuity

fr= lim f(z,t) = I f(X(8) = e.1) = A(X(), 1), (11.97)
fo= lim flzt)=lim f(X(t) + 1) = f(X(2),2) (11.98)

The time rate of change of the properties adjacent to the shock must be computed in a reference frame
moving with the shock. From (11.97) and (11.96), we have

af\y _or  of
(dt)s =T, (11.99)
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Consistent with the limiting proceses used in (11.97) we define the partial derivatives at the shock front by
limiting process, computing the derivatives in the bulk fluid away from the shock and finding the limiting
value as the the shock front is approached from either the upstream or downstream side

dfi . of . of ofi ofi
—— =1 —= U 1 — | =—=+U=. 11.100
( d )S Xt <8t YR\ T TV (11.100)
The equations of fluid motion can be written in terms of the convective or substantial derivative
Df _of of
- == - 11.101
Di ot "ox (11.10)

From (11.99), the relationship of convective and shock frame time derivatives at the shock front can be
expressed as

dfi Dfi ofi
=)= U — ) =+ 11.102
<dt>$ pe T Woug, (11.102)
In terms of the convective derivatives, the equations of motion are
Dp ou
- _, = 11.1
Dt Pox ( 03)
Du oP
—_— = 11.104
"Dy oz ( )
DP _ ,Dp .
DY, .
— =0 k=1,....K 11.106
Dt k ’ ) ( )
The frozen sound speed is defined as
OP
o= (#) (11.107)
ap s, Y
and the thermicity is defined as
K
) DY}
a_zakﬁ (11.108)
k=1
DY
-0 — 11.1
% o (11.109)

The variables Y}, represent the internal state variables such as mass fraction that are associated with reaction
or relaxation processes that evolve according to reaction rates {2;. The thermicity coefficients oy, are response
functions associated with isentropic changes in the internal state variables

1 8P>
oy = —5 | = 11.110
pa? (aYk $,0,Yisk ( )

Compatibility Conditions at Shock Front

Eliminating density from (11.105) using (11.103) and transform to shock coordinates, we obtain a pair of
relationships coupling the time rate of change of properties at the shock to spatial gradients and reaction.

dpP oP 5 0u 3.
— — — — — = 11.111
@J;@ U) 97 4 pa S~ pat =0, (11.111)

du ou OP
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Eliminating 0P/dz from (11.111) and (11.112) we obtain

dpP du 9 (. ou
= =) — —p— ] = 11.11
(5). oo (@) o (o o) =0 1115

where we have made the subsitution w = U — u and defined the sonic parameter
n=1-(w/as)* . (11.114)

The compatibility conditions apply equally upstream and downstream of the shock. In what follows, we will
assume the upstream state is specified and evaluate all terms in (11.113) at the state downstream of the
shock.

The upstream states enter in through the jump conditions, in the laboratory reference frame these are:

[p] = [pul/U (11.115)
[P] = [p(U — u)] (11.116)
[h] = [(U - u)*]/2 (11.117)

where [f] is the change or jump fo — f1 of any property across the wave. Because we are assuming an
ideal shock wave, the jump conditions have a unique solution for a given upstream state (uy, P1, p1, Y1) and
wave speed U. The shock speed and upstream flow velocity do not enter into the jump conditions (11.115)
independently but through the combination w; = U — u;. For a given upstream state and shock speed, a
unique solution exists to the downstream state.

Py = Py(wy, Py, p1, Y1) (11.118)
wy = wa(w1, Pr,p1, Y1) (11.119)
p2 = p2(wi, P, p1, Y1) (11.120)

For frozen (nonreactive) shock waves, the composition does not change across the wave
Yo=Y;. (11.121)
For reactive shock waves that result in equilibrium downstream states

Y2 = Y5/ (P, p2; Y1) (11.122)

Changes in downstream state can be related to small changes in the upstream state through differentiation
of the jump conditions:

K
P. P. P P.
dp, = ((‘92) dw; + (82> dP, + (82) dp: + § (82> dYi g
O, P1,p1,Y1 oP wi,p1,Y 1 8,01 w1,P1, Y k=1 aYI’k w1,P1,Y1 izk

(11.123)
K
0 0 0 0
du, = (w) dun + (W) aP; + (w) ap+ Y ( v ) aYi
awl P1,p1,Y1 8P1 w1,p1,Y1 3/)1 w1,P1,Y1 k=1 ayl’k w1,P1,Y1 i2k
(11.124)
The changes in the velocities w; and ws depend both on the lab frame velocity and shock speed
dw1 =dU — du1 y (11125)
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Using these results, the two unsteady terms in (11.113) can be computed

Ay _ (o dU_(dw ) |, (0D an
dt 57 Owy Pr1,p1,Y3 d dt ) s 7! wi,p1,Y1 dt /s

k (11.127)
) () ) (o)
8/)1 wi,P1,Y1 de S k=1 aYl’k w1,P1,Y1 ik dt § 7
) [()  ), (-) (
dt S 8w1 P1,p1,Y1 dt awl P1,p1,Y1 de S 8P1 w11, Y1 a s (11128)

() ()26 ()
apl wl,Pl,Yl dt S k=1 aYl,k wl,Pl,Y17i¢k dt S

Derivatives and Hugoniot Thermodynamics

For unsteady and/or spatially nonuniform upstream flows it is necessary to compute the six partial deriva-
tives. For a perfect gas model of the equation of state, the derivatives can be computed analytically from
the explicit solutions for the jump conditions. For more complex equations of state, it may be necessary to
use numerical methods in the Shock and Detonation Toolbox (?) or analysis based on differentiating the
jump conditions and solving the resulting system of equations Kao (2008). These derivatives depend only
on the instantaneous upstream state and solutions to the jump condition so they are properties of the fluid
state and thermodynamic properties. An additional complication is that for spatially nonuniform flows, the
partial derivatives will vary from point to point in the flow and even if analytical solutions are available,
these must be evaluated at each point in the flow.

For spatially uniform upstream flow, only two of the derivatives are required and for steady, spatially
uniform upstream flow, only one derivative is needed because the solutions to the jump conditions can
be parameterized by a single variable. This is the conventional approach used (Fickett and Davis, 1979,
Radulescu, 2020) to derive the shock change equation.

Perfect gas The perfect gas model of a shock wave has explicit solutions for nondimensional property
ratios in terms of the upstream Mach number M; = w;/a; and specific heat ratio . Pressure derivatives
can be evaluated from the pressure jump equation solution in the form

2 v—1
Py = w? — P 11.129
2 P 11 1’y 1 ( )
The derivatives of pressure can be expressed as
OP:. P 4
(2) RN VS (11.130)
8w1 P11 ai vy + 1
P -1
(82) __ -1 (11.131)
8P1 w1,p1 v + 1
P 2a?
<32) _ 200 g (11.132)
Im wy, Py v+1
(11.133)

where M; = wi/a; and we have suppressed the dependence on Y which we assume to be constant. The
velocity jump solution can be expressed as
v—1 P 2y 1

wy — I S 11.134
2 I B ( )
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and the derivatives are

Qws v—1 2 1
_ N 11.135
<8w1)P1,p1 v+l y+1M? ( )
Ows 2y ap 1
—_— = 11.136
<8P1)w o1 ’y—|—1PlM1 ( )
0 2 1
(“’2) . S (11.137)
Op1 )y, p, Y H1p1 M

(11.138)

Real fluids Analytic expressions for the derivatives in terms of thermodynamic properties can be obtained
by using the technique described in (Kao, 2008, p. 157) of differentiating the jump conditions with appro-
priate constraints and solving a set of linear equations. The results can be simplified by using the following
thermodynamic definitions. The Griineisen parameter is defined as

G- % (%f)p (11.139)
and is related to the derivative of enthalpy w.r.t. pressure by
(g}@)p _ %% (11.140)
An alternative definition of sound speed is
(3)
2o X%P)p (11.141)

Sl (oh
p 8Pp

The derivative of enthalpy w.r.t. density can be expressed as

oh a’1
amy v 11.142
<<—9p)p p 9 ( )

Spatially uniform, steady flows

The solutions to the jump conditions can be parameterized by a single upstream variable such as shock
velocity U = w; or shock Mach number M; = U/ay; parameterizing in terms of a downstream variable such
ws is often used in simple wave analysis in the form of a P5(us) relation to aid in graphical pressure-velocity
solutions.

The derivative relations for this case simplify to

B\ (0P, du (11.143)
dt S 8w1 P1,p1,Y1 dt ’ '

(dW) —[1- (6“’2> v (11.144)
dt S 3w1 Pyi.p1, Y1 dt
Taking the ratio of these terms
(du2> 1- (8w2>
dUQ dt S aU)l Pi.p1, Y
— | = = L 11.145
(%), (1149
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The subscript H indicates that the derivative is a relationship obtained by constraining the variables to the
Hugoniot or shock adiabat, i.e., the solution to the jump conditions. Graphically, the interpretation of this
derivative is the co-slope of the Hugoniot solution in P —u coordinates. Substituting into (11.113) we obtain

T
% — poad ) ! ‘?f (11.146)
+ p2w2 (dP) N
In terms of shock velocity, this relationship is
o
du 2 " o (11.147)

de TP daR T (e
av ), | T \an, ),

where the notation ( ) indicates derivatives on the ordinary shock adiabat or Hugoniot with u; = 0, and
constant values of (Py, p1,Y1)) in the spatially uniform upstream state.

For a perfect gas, the terms can be expressed in terms of the shock Mach number using the results of the
previous section. For example

(ur)
(%) _\Owi/p
Py,p1

= 11.14
oP, (8P2) (11.148)
dwy Py,p1
1 M2+1
= 11.149
2,01a1 Ml?’ ( )
and the denominator of (11.146) is
8uQ 3 1
1 — =—4+—= 11.1
M (6P2>P L2t (11.150)

Note that the denominator is bounded between 2 and 1.5 for 1 < M; < co. The parameter 7 can be expressed
in terms of the shock Mach number

1 M2-1
77:17M22:72+ 1 —
v M12_7
2y

(11.151)

and 0 <7 < (y+1)/2y for 1 < M; < co. A case of special interest is the nonreacting, & = 0 shock. The
shock change equation can be written in nonndimensional form as

Oup
L APy padh " ou (11.152)
pra? dt p1ra? L+ oo duy )
P2W2 4P, N
For a perfect gas, simplifies to
Ouy
/b P " 0x (11.153)

i~
dt P1 d’u,g
1 =

+ paw2 (dP2 ) N
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Another useful representation of the shock change equation is to express the velocity gradient in terms of
the rate of change of the shock velocity by rearranging (11.147) and formulating dPs/dw; in terms of the
shock Mach number

dP, 4

_ M 11.154
dw1 pra Yy +1 ! ( )

to obtain

ou 4M1 P1 dUQ dMl

— =11 — 11.155

or (v+1L)n P ( + P22 (dP2 ., dt ( )
This relationship can be written in term of a nondimensional function F(M,~)

ou dMl

— =—-F(M,y)— 11.156

e (T (11.156)

Using the perfect gas jump conditions, after some algebraic manipulation the function F' can be expressed
as

2 (BM?+1)

_ 11.157
v+ 1M (M2 1) ( )

See Radulescu (2020) for discussion of applications of this form of the equation to blast decay problems. The
function F'(M) is strongly varying as a function of shock Mach number, as shown Fig. 11.13 The limiting

100.0 ¢
Exact
------ Strong shock
— — = Weak shock

10.0

0.1 1 1 1 1 )

Figure 11.13: Shock change relation function F(M) for a perfect gas, v = 1.4.

behavior for weak and strong shock waves is
lim Fo — — (11.158)

lim Fr~——— (11.159)

Note that the weak shock approximation is useful for a much large range of shock Mach numbers than the
strong shock approximation and has the correct M; dependence at both limits. The weak shock approxima-
tion for F has a maximum relative error of 25% over the range 1 < M; < 5 for v = 1.4.
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Spatially nonuniform, nonsteady flows

Substituting (11.127) and (11.128) into (11.113), the most general form of a shock change relationship is
obtained

. ou
qU P2a§,f [U - 773;} - Z
= s . (11.160)

E dP2 ) dw2
) (i
(dwl Py,p1,Y1 dw, P1,p1,Y1

All of the effects associated with the nonsteady and nonuniform upstream state have been lumped into a

single term
it — powy | —= it
dun P1,p1,Y1 dun P1,p1,Y1 dt S

Z:,

ns

-[(22) s (202 ar;
op ), . 2 \om ),  |\dt )s
1,1, X1 1,1, X1 (11.161)
(5) () ()
+ 5 — p2wW2 | S — -
apl wl,Pl,Yl apl wl,Pl,Yl dt S
K
) (%)) (i)
+ ( — p2w2 :
kzzl aYk w1,P1,Y1 ik aYl’k w1,P1,Y1 ik dt S

Nonuniformity and unsteadiness enters into (11.160) not only through the explicit derivatives of the upstream
state in (11.161) but also through the dependence of downstream states and the derivatives of the shock
jump conditions on the local upstream state. For nonreacting flows, the equations can be further simplified
since ¢ = 0 and the consideration of composition or internal state Y can be dropped from the differentiation
process and upstream state. This approach was successfully applied by Schoeffler and Shepherd (2022, 2023)
to modelling the acceleration of shock waves generated by detonation reflection.

Equilibrium Shock States

In some situations, the reaction proceeds sufficiently rapidly behind the shock front that an equilibrium state
is reached a short distance A behind the shock front. If the thickness of the reaction zone is much smaller
than any other length scale L, i.e., A < L, then the shock wave can be idealized as a surface between an
arbitrary upstream state and a chemically equilibrium downstream state. This case can be idealized as the
composition changing instantaneously to keep the state in chemical equilibrium as the pressure and density
vary. For a specified upstream state, the downstream composition will be determined by simultaneously
solving the chemical equilibrium condition with the jump conditions for mass, momentum and energy. The
equilibrium composition is only a function of the local thermodynamic state, for example (P, p) so that

Yo =Y%(P,p; Y1) (11.162)
The dependence on the upstream composition can be supressed if the elemental composition of the upstream
state does not vary with space or time. This will be the case in reacting flows with initially uniform

composition as long as species diffusion does not create significant variations in elemental composition. For
this case

Yo =Y, p2) (11.163)

The composition Yo will shift as (P, p) vary downstream of the shock and the time rate of change of
composition will be

DY _ oY DP oY Dp
D (ap )th + ( p )Pm (11.164)
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Subsituting into the adiabatic change relationship (11.105) we obtain

DP  ,Dp ,  [dY*\ DP  , [dY\ Dp
— =a22F () = : £ 11.1
pe Yo TP \Tap ) o TP\ e, ), D (11.165)

Simplifying, we obtain the equilibrium form of the adiabatic change equation

DP , Dp
DE _ 2 Dp 11.166
Dt YeaDy ( )

where the equilibrium sound speed is defined as

(%)
1+ po -
2 2 9 ) p

CLeq = af ) gy
p

An alternative expression for the equilibrium sound speed is simply

oP
aZ, = <> : 11.168
=\ ) v ( )

With these changes implemented and repeating the derivation, the shock change relation (11.160) for
equilibrium shocks is transformed to

(11.167)

ou
AU ey~ 2
- s . (11.169)

E dpg ) dw2
2. )
(dwl P1,p1,Y1 dws P1,p1,Y

where all downstream (post-shock) states and derivatives are computed using the assumption of complete
chemical equilibrium. In particular, the sonic parameter will be based on the equilibrium rather than frozen
sound speed, n = 1 — w3 /a%yeq. If the elemental composition is varying upstream of the shock, there will
be an additional term in the adiabatic change equation the shock change equation will have corresponding
modifications.

Although the thermicity no longer explicitly appears in the shock change relation for an equilibrium shock,
this result is not equivalent to setting the thermicity or species time derivatives to zero. The components oy,
of the thermicity and the rate of change of the species do not vanish in an equilibrium, spatially and time-
dependent flow. They key is the evolution of the composition is assumed to always occur sufficiently rapidly
that the rate of change of the composition precisely keeps step with the changes in the thermodynamic
state. This situation is more general and can apply throughout a flow as long as the chemical reactions are
sufficiently rapid compared to the rate of change of the thermodynamic state. This is often the case in the
expansion wave immediately following a detonation although the applicability of this approximation depends
both on the specific mixture as well as the location within flow. A detailed examination of these chemical
nonequilibrium issues for the Taylor-Zeldovich model of detonation propagation was made by Cooper (see
Ch. 6 of Cooper, 2004) and the implications for modeling the impulse of detonation waves are discussed by
Wintenberger (see Ch. 4 and App. B of Wintenberger, 2004).

Application to Detonation and the CJ Condition

The shock change equation illustrates how shock waves are affected by chemical reaction and flow divergence.
Exothermic chemical reactions ¢ > 0, and favorable velocity gradients du/0x < o will cause the shock
pressure to increase, i.e., the shock strengthens. Endothermic chemical reactions ¢ < 0, or unfavorable
velocity gradients du/0x > o will cause the shock pressure to decrease, i.e., the shock weakens.
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If the flow is to be steady, then the energy exchange processes must be exactly balanced by the spatial
gradients in the flow

d—n% =0 (11.170)

This is the basis of computing steady detonation wave structure for the ZND model.

The hydrodynamic model of a detonation considers the reaction zone to sufficiently thin that we can
consider the detonation wave to behave as a reactive shock wave that can be treated as a jump from
reactants to equilibrium products. The postshock state then refers to properties in the completely reacted
equilibrium products hence the thermicity term vanishes, ¢ = 0. The appropriate shock adiabat is the
equilibrium detonation adiabat H with a corresponding velocity-pressure relation uy(P). The adiabatic
change relation between pressure and density for an equilibrium flow is

DP 2 Dp

— =qg?== 11.171

Df = %Dy’ (11.171)
and using the equations of motion as above, this is

DP 5 0u

— = —pa— 11.172

D = Pep, ( )

where a. is the equilibrium sound speed. The derivative of the pressure just behind the detonation wave D
is

dpP
dt

pa? ou

- Ne 7
d 0
D

(11.173)

where (du/dP)p, is computed using the equilibrium detonation products. The sonic parameter is now based
on the equilibrium sound speed

(U —w)?

2
ag

Ne=1- (11.174)

The unsteady evolution of an overdriven detonation towards the CJ state can be explained using (11.173).

Since the flow is subsonic behind an overdriven detonation wave or shock, 7 > 0 and the wave will decay,

%—f)b < 0 if it is followed by an expansion wave with du/dz > 0. As the wave approaches the CJ condition,

7 — 0 and the influence of gradients behind the wave diminish. Therefore, the wave will tend to a steady

wave %—f) — 0 with U —u — a, at large times as long as the wave remains sufficiently thin and the
D

reaction zone is relatively insensitive to the unsteadiness in thermodynamic state behind the shock front.
This provides an alternative justification for the CJ condition to the conventional explanation of the CJ
condition as the minimum wave speed consistent with the steady flow jump conditions.
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11.12 Shock Change Relations - Curved Waves

Shock change relations can be extended to curved shock waves in two or three dimensions. The approach
is extend the previous treatment using the same considerations as developed for the quasi-steady model of
reaction zone structure behind curved propagating waves, Section 11.10. We will first consider blast waves
with unifrom surface curvature independent of position on the wave and then consider the extension to a
more general case of nonuniform curvature.

Uniform Curvature

Modeling the flow as one-dimensional in a planar (j = 0), cylindrical (j = 1), or spherical (j = 2) coordinate
system, the conservation of mass equation can be written as in terms of a radial coordinate r
1Dp  du

— =—— = 11.1
p Dt ar o ( 75)

For a shock wave of radius R; moving with a speed U = dR/dt, the methodology used for the planar shock
change equation can be extended to a curved wave. For the case of a unifrom, stationary upstream the
followin versions of the shock change relation can be derived

du dpP 2 Ju . ju

- =) = —p— — i 11.1
wo(5), ()= (5 %) T

du dP o 1Dp . w?ju

kel ) = e A 11.1
pw(dt>s+(dt>s pa <7]th+0' 2 L. (11.177)

du dP 9 1 DP  w?, w?ju

ke ) = - Y, TR 11.1
pw(dt>s+(dt>s pa (n,oa2 Dt +a20 a? Ry (11.178)

Using the thermodynamic transformations and shock jump conditions, the left-hand side can be written in
terms of the derivatives on the Hugoniot and the shock acceleration

du dP du dP dU
dt / ¢ dt /4 dP ), \dU /,, dt

The coefficient mutiplying shock acceleration can written in terms of a nondimensional function f

= Pllal { [1 o (éi;)?j (31;)%} ’ (11.180)

and the left-hand side of (11.178) can be written as

du dP dU
— — | = —. 11.181
P1U<dt>s+ (dt>5 prarf 1 (11.181)

For a perfect gas, the function f can be given analytically in terms of shock Mach number My = U/a4

4 T3 1
e {2Ms o } (11.182)

Expressing the unsteady contributions in terms of shock acceleration, the the substantial derivative of pres-
sure at the shock front can be expressed as

DP - U
N—— = — pw?s +pw2—u] +prarf— . (11.183)
Dt Ry dt
—— N—— —
chemical curvature unsteady

(11.184)
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The chemical term represents the exchange of energy between molecular process and the flow. This contribu-
tion is identical to that obtained in the previous analyses of reaction zones behind steady shock waves. The
curvature term is more properly described as a transverse divergence contribution and can be generalized
as discussed below. The unsteady terms are all proportional to the shock acceleration dU/d¢. The sign and
magnitude of each term depends on the specific details of chemistry and shock wave configuration. The main
distinctions are between exothermic 6 < 0 and endothermic & > 0 reactions at the shock front, diverging
(Rs > 0) and converging (Rs; < 0) shock waves, accelerating (dU/d¢ > 0) and decelerating (dU/dt < 0)
shocks.

The interpretation of the curvature term is facilitated by referring to the quasi-steady flow discussion of
Section 11.10, which gave the relationship of stream tube area A change immediately behind the front to
the shock radius R,. In the shock-fixed coordinate system, this correspondence is

ju 1dA
Vi (11.185)
In an unsteady flow, there are no well-defined stream tubes so it is more appropriate to refer to the curvature
term as being associaed with the transverse component of flow divergence. The kinematics of fluid motions
links the flow divergence to the density or volume rate of change through the continuity equation
1Dp 1 Dv
Dt = oD V-u (11.186)
The divergence can be divided into components parallel and transverse to the path line. In cartesian
coordinates, the divergence is

ou o, o
or oy 0z
=~

———
parallel to path  transverse to path

(11.187)

In radially symmetric coordinates attached to the shock front (see Sec. 11.10), the transverse component is

__Ju
V-u 5. (11.188)

transverse to path

Nonuniform Curvature

Rabie and Wackerle (1978) derived a generalization of the one-dimensional model (11.178) to (almost)
arbitrary shock shapes by considering the differential geometry of the front and generalizing the curvature
term at the shock front to be

J
s K, 11.189
R, " ( )

where £ is twice the mean curvature of the shock front, which can be defined in terms of the surface shape
fe V.h (11.190)

where n is the unit normal to the shock surface in the oriented in the direction of shock propagation. An
alternative representation is in terms of the principal radii of curvature of the surface, R, and R; 2

1 n 1
Rs,l RS,Q.

This generalization (Eq. 35 of Rabie and Wackerle, 1978)

K= (11.191)

dj + dj j— %—F 2 2
PO\t ) at )¢~ "o TPYO PR
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only makes sense when streamlines are not significantly curved within the reaction zone. When the stream-
lines behind the shock are significantly curved, a different approach is needed with transformation to shock
conformal coordinates and the recognition that curvature of the shock may generate significant vorticity in
the downstream flow even for uniform upstream flows. For example, in a steady, planar flow, the vorticity
immediately downstream of the shock is

2
qu:Uncosﬁ(l—pl> P2
P2 P1

where 3 is the shock angle. For a straight but oblique detonation wave in a steady, uniform flow, V x u =
0, and the reaction zone equations are equivalent (Shepherd, 1994) to the usual steady flow ZND equations.
Approximate extensions of the reaction zone models to curved detonation waves and applications to initiation
of detonation waves by projectiles are given by Kaneshige (1999) and Hung and Shepherd (2005), Hung
(2003). The general case of a two- and three-dimensional steady flow following a curved shock is treated
exactly by ? (See also Hornung and Kaneshige, 1998) who provides detailed derivations and explores in
depth the steady-flow analog of the shock-change equations with extensive applications to hypersonic flow
(Hornung, 2010) over blunted shapes.

11.13 Unsteady Reaction Zone Models

The analyses of Eckett et al. (2000) and Arienti and Shepherd (2005) of reaction zones behind decaying
blast waves in one and two dimensions examined the dominate balance along streams in the reaction zone
and divided contributions into terms representing the effects of chemical reaction (effective heat release),
stream tube divergence (curvature), and unsteadiness. The balance equations along a streamline behind a
propagating shock appear identical in form to the shock change relations but the terms apply throughout
flow, not just at the shock front. For example, (2.6¢) of Eckett et al. (2000) describes the evolution of the
pressure along a particle path with downstream distance from the shock measured by z = R4(t) — r and
with relative velocity w = U(t) —u(r,t), U = dRs/dt. The equations of motion in the (z,¢) coordinates are:

DP g. j 9 dU ow OP
- =— U-— — e pw— 4 — . 11.192
nDt pwU+Rsfxpw( w)+pwdt pw8t+8t ( )
The corresponding density equation is
Dp ) 1 J 9 dU ow 0P
—_— =- — U - — —pw——+ = 11.193
1o =5+ o | g =)+ g -G O (11.193)
and the velocity equation is
Dw J w\2dU Ow w OP
Y we - U- —(—) e 11.194
o T R, — xw( w) a/ dt + ot pa? Ot ( )
The species evolution equation transforms without any addition terms
DY}
—Q, 11.195
Dt b ( )
In this coordinate system, the substantial derivative is
D(- (- a(-
o _20 %0 (11.196)

Dt ot ox

At the shock front, = 0, (11.192) identical with (11.178) and this is also the case for the p and w evolution
equations. Downstream of the front, these equations are an exact transformation of the unsteady, one-
dimensional reactive flow equations. However, this system of equations is not closed for a given streamline
even if we are given a prescription for the blast wave trajectory Rs(t). The partial derivatives with respect
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to time of P and w depend on the time variation on adjacent streamlines at a fixed x location, information
that can only be reliably found by direct simulation of the entire flow field using the reactive Euler equations.
However, this formulation is useful for analyzing direct simulations and serves as motivation for approximate
models based estimating the time derivatives.

Analyzing several cases of direct numerical simulation of decaying, reactive blast waves with a simple
chemical reaction models, Eckett et al. (2000) proposed an approximate model of the reaction zone based
on examining the magnitude of the terms in (11.192 - 11.195) for path lines leaving the shock near the
time when the reaction was quenched due to the decay of the blast wave. For sufficiently large shock wave
radii, the dominant balance was found to be between unsteadiness and chemical energy release with lateral
(stream tube) expansion playing a minor role. An approximate model was developed using a constant value
of the unsteadiness contribution and neglecting the curvature contribution. An asymptotic analysis of this
approximate model revealed that there existed a critical magnitude of the unsteadiness that determined when
the reaction was quenched. This critial decay rate model was applied to the problem of direct initiation of
detonations by point energy sources to estimate the magnitude of minimum energy required to establish
a self-sustaining detonation. The idea of competition between unsteadiness and chemical energy release
has subsequently been applied to other situations such ignition by transient compression events (Shepherd,
2020).

Approximate reaction zone structure equations can be formulated by recognizing that the right-hand side
of (11.178) represents the quasi-steady, thin reaction zone model terms and the left-hand side as contribution
of the unsteadiness of the shock wave. If approximations for the unsteady and curvature terms can be found,
then these reaction zone equations can be integrated to determine the effect of contributions on the reaction
zone structure along a particular particle path line downstream of an unsteady shock wave. Consider the
pressure (11.192) and density (11.193) equations. These each involve the combination of terms
ow 0P

dU
2U_ -~ s el
P w)+pwdt pw6t+8t'

J
R, —x

(11.197)

At the shock front, these terms are identical to corresponding terms in the shock change equation. The
magnitude of the curvature term at the shock front is therefore
RprQ(U—w) = KspPoWally atz=0and t =tg, (11.198)
—x
where t, is the instant of time when the fluid element passes through the shock and the subscript 2 indicates
the postshock value. The magnitude of the sum of the unsteady terms is

LU ow 0P
L T T
We seek models of each of these terms - models that only depend on time or location on a path line in order

to integrate (11.192) along the path. The location on a path line is implicitly given by integration of the
relative velocity

dM;
:pla%fsw atz=0andt=tp. (11.199)

U(t) — w(t;to) = u(t; t) (11.200)
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to obtain path lines labeled by the time tg when the fluid element crosses the shock front

t

t
x(t;to):/ w(t';tg)dt’  and r(t;to):/ u(t';to) dt’ + Rs(to) . (11.201)

to to

Computing density and flow speed on a path line can be accomplished using relationship developed from

the exact path line equations

Dp 1 DP

— =p|——=—0 11.202
Dt ” L)a2 Dt a} ’ ( )
Dw 1 {DP QP] dU

= - = — 11.2
Dt ot dt’ ( 03)

Dt pw
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and an approximation for either the substantial derivative of density

Dp 1 ou OP
_ e Il 11.204
nDt po + pw un+pw8t+at ( 0)
or pressure
DP P
My = TPuro ot pwtus pw% - 887 (11.205)

The effects of transverse divergence can be approximated by an emprical effective curvature function x(t).
For a one-dimensional blast wave and a thin reaction zone

J J
- — =K. 11.206
R, —x R, ( )

The unsteady terms are more challenging to estimate. One approach, motivated by the shock change
relations, is to consider these terms as due to effective shock decay rate and equal to the values at the shock
front

Ju OP daU

Wil o paf (11.207)

A similar approximation can be proposed for the unsteady pressure term in the w equation

1 oP dU 1 oP dU
——t+ — 1+ — 1 = — 11.2
pw Ot TE { * pU <8U> } dt’ (11.208)
using the nondimensional function
1 oP
=14+ — = . 11.2
g [ Y <6U>H] (11:209)

For perfect gases, this function is independent of shock speed and depends only on the ratio of specific heats

Y+5
= — 3>¢9g>25 for 1<y<5/3. 11.210
o >g> <y <5/ ( )
Critical evaluation of the approximations (11.206) and (11.207) requires analyzing direct numerical simula~
tions. This is the approach taken by Eckett et al. (2000), Arienti and Shepherd (2005).

Temperature Model The path line energy balance equation can be used to develop an equation for
temperature that is more convenient for further simplifications. One version of the balance equation is

Dh 1DP
— = 11.211
Dt p Dt ( )
Expanding the mixture enthalpy and distributiong the differentiation, we obtain
DYk 1DP
11.212
Cp Dt Z "Dt " pDt’ ( )

To complete the model, we need an estimate of the substantial derivative of pressure. The exact value is
given by (11.192) but as pointed out previously, absent a detailed simulation of the flow field, it is necessary
to estimate the unknown terms. A possible approach is to use (11.206) and (11.207) and assume these terms
are constant through the reaction zone.

DP DP 1 du dpP 9

—x —| =- — — 11.213

Dt Dt |5 n[pw(dt>s+<dt>s+pw u/@}s ( )
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where the contribution of thermicity ¢ is neglected at the shock front. An equivalent approach is to use the
energy equation in the form

De PDp
—_— == 11.214
Dt p2Dt’ ( )
DT DY, 1Dp
— = — E —_— T——, 11.21
“Di keth+R » Dt (11.215)
and the shock change relations to estimate the substantial derivative of density
1D 1D 1 d dP
el S pw )4 (=) + pwuK (11.216)
pDt p Dt|s pa3n dt /4 dt ) ¢ s
or in terms of shock acceleration
1Dp 1 [pra; ,dU = w?
iy S — 4+ = 11.217
p Dt n[pandt+a2uﬁs ( )

Note that for decaying shock waves with x > 0, the contribution of transverse divergence due to wave curva-
ture is positive and that of unsteadiness is negative. The approximate evoluation equation for temperature
is

DT 1 DYy, RT [pia; ,dU  w?
- _ _ - —_—c 4 — 4+ — . 11.218
D¢ cvzk:eth+cvn[pa2fdt+a2uH$ ( )

A more convenient form for comparing the relative size of the terms constributing to temperature change is

1 DT 1 DY, 1 R p1ay ,dU 1 R w?

- =— —_— -— — -—— 11.219

T Dt T < ““ Dt 1, pa? / dt N ey a? e ( )
chemical unsteady curvature

Models that compute temperature along pathlines are incomplete as we need to specify how to compute
density and pressure and along the pathlines. One possibility is to simultaneously integrate the density
and/or pressure using the shock change equation estimate of the time derivative and assuming the influence
of the shock decay is constant through out the reaction zone. If both pressure and density are computed
as a function of time, then temperature has to be determined from the equation of state T(P, p,Y). Other
possibilities are to fix the pressure or else fix the density and use the equation of state in the form p(P,T,Y)
or P(p,T,Y). All of these approaches are ad hoc and inconsistent for an unsteady flow field. In general, an
unsteady computation using the equations of reactive fluid motion (Eckett et al., 2000) is required to test
the range of validity of these approximations.






Part IV

Toolbox Software

The basic functions of the toolbox software, input and output variables are described for each program.
The demonstration programs are listed together a brief description.
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Chapter 12

Functions

A summary is provided of the major functions of the toolbox. The basic
syntax, input, and output are provided for MATLAB and Python. For each
function, links are given to both the MATLAB and Python implementations.
See the website to download and install the complete software package.
There are a number of auxiliary files that are required but are not described
here.

Core Functions

The core functions for MATLAB are in subdirectories in the SDToolbox subdirectory of the MATLAB toolbox
directory, for Python the functions are contained within Python scripts in the sdtoolbox subdirectory of
the Python site-packages directory. Each function contains a header that describes the input and output
variables as well as optional parameters.

PostShock CJ speed, frozen and equilibrium state following shock waves

CJSpeed Calculates CJ detonation velocity for a given pressure, temperature, and composition and
gas object.

CJSpeed.m

FUNCTION SYNTAX:
If only CJ speed required:
U_cj = CJspeed(P1,T1,q,mech)
If full output required:
[U_cj, curve, goodness, dnew, plot_data] = CJspeed(P1,T1,q,mech)

INPUT:
P1 = Initial Pressure (Pa)
Tl = Initial Temperature (K)

q = string of reactant species mole fractions
mech = cti file containing mechanism data (i.e. ’gri30.cti’)

OUTPUT:
cj_speed = CJ detonation speed (m/s)
curve = cfit object of LSQ fit
goodness = goodness of fit statistics for curve
dnew = CJ density ratio
plot_data = structure containing additional parameters to use

CJSpeed in postshock.py
235


http://shepherd.caltech.edu/EDL/PublicResources/sdt
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/PostShock/CJspeed.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/postshock.py
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FUNCTION SYNTAX:
If only CJ speed required:
cj_speed = CJspeed(P1,T1,q,mech)
If full output required:
[cj_speed,R2,plot_data] = CJspeed(P1,T1,q,mech,full0utput=True)

INPUT:
P1 = initial pressure (Pa)
Tl = initial temperature (K)
q = reactant species mole fractions in one of Cantera’s recognized formats
mech = cti file containing mechanism data (e.g. ’gri30.cti’)

OPTIONAL INPUT:
fullOutput = set True for R-squared value and pre-formatted plot data
(the latter for use with sdtoolbox.utilities.CJspeed_plot)

OUTPUT
cj_speed = CJ detonation speed (m/s)
R2 = R-squared value of LSQ curve fit (optional)
plot_data = tuple (rr,wl,dnew,a,b,c)
rr = density ratio
wl = speed
dnew = minimum density
a,b,c = quadratic fit coefficients

PostShock_eq Calculates equilibrium post-shock state for a specified shock velocity, pressure, tem-
perature, and composition and gas object.
PostShock_eq.m

FUNCTION SYNTAX:
[gas] = PostShock_eq(U1,P1,T1,q,mech)

INPUT:
Ul = shock speed (m/s)
P1 = initial pressure (Pa)
Tl = initial temperature (K)

q = reactant species mole fractions in one of Cantera’s recognized formats
mech = cti file containing mechanism data (e.g. ’gri30.cti’)

OUTPUT:
gas = gas object at equilibrium post-shock state
PostShock_eq in postshock.py

FUNCTION SYNTAX:
gas = PostShock_eq(U1,P1,T1,q,mech)

INPUT:
Ul = shock speed (m/s)
P1 = initial pressure (Pa)
Tl = initial temperature (K)

q = reactant species mole fractions in one of Cantera’s recognized formats
mech = cti file containing mechanism data (e.g. ’gri30.cti’)

OUTPUT:


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/PostShock/PostShock_eq.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/postshock.py
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gas = gas object at equilibrium post-shock state
PostShock_fr Calculates frozen post-shock state for a specified shock velocity, pressure, temperature,
and composition and gas object.
PostShock_fr.m

FUNCTION SYNTAX:
[gas] = PostShock_fr(U1,P1,T1,q,mech)

INPUT:
Ul = shock speed (m/s)
P1 = initial pressure (Pa)
T1 = initial temperature (K)

q = reactant species mole fractions in one of Cantera’s recognized formats
mech = cti file containing mechanism data (e.g. ’gri30.cti’)

OUTPUT:
gas = gas object at frozen post-shock state

PostShock_fr in postshock.py

FUNCTION SYNTAX:
[gas] = PostShock_fr(U1,P1,T1,q,mech)

INPUT:
Ul = shock speed (m/s)
P1 = initial pressure (Pa)

T1 = initial temperature (K)
q = reactant species mole fractions in one of Cantera’s recognized formats
mech = cti file containing mechanism data (e.g. ’gri30.cti’)

OUTPUT:
gas = gas object at frozen post-shock state

Reflections Calculated state behind a shock or detonation after reflection from a rigid surface.

reflected_eq Calculates equilibrium post-reflected-shock state.

reflected_eq.m

FUNCTION SYNTAX:
[p3,UR,gas3] = reflected_eq(gasl,gas2,gas3,UI)

INPUT:
gasl = gas object at initial state
gas2 = gas object at post-incident-shock state (already computed)
gas3 = working gas object
UI = incident shock speed (m/s)

OUTPUT:
p3 = post-reflected-shock pressure (Pa)
UR = reflected shock speed (m/s)
gas3 = gas object at equilibrium post-reflected-shock state

reflected_eq in reflections.py


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/PostShock/PostShock_fr.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/postshock.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Reflections/reflected_eq.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/reflections.py
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FUNCTION SYNTAX:
[p3,UR,gas3] = reflected_eq(gasl,gas2,gas3,UI)

INPUT:
gasl = gas object at initial state
gas2 = gas object at post-incident-shock state (already computed)
gas3 = working gas object
UI = incident shock speed (m/s)

OUTPUT:
p3 = post-reflected-shock pressure (Pa)
UR = reflected shock speed (m/s)
gas3 = gas object at equilibrium post-reflected-shock state

reflected_fr Calculates frozen post-reflected-shock state.

reflected_fr.m

FUNCTION SYNTAX:
[p3,UR,gas3] = reflected_fr(gasl,gas2,gas3,UI)

INPUT:
gasl = gas object at initial state
gas2 = gas object at post-incident-shock state (already computed)
gas3 = working gas object
UI = incident shock speed (m/s)

OUTPUT:
p3 = post-reflected-shock pressure (Pa)
UR = reflected shock speed (m/s)
gas3 = gas object at frozen post-reflected-shock state

reflected_fr in reflections.py

FUNCTION SYNTAX:
[p3,UR,gas3] = reflected_fr(gasl,gas2,gas3,UI)

INPUT:
gasl = gas object at initial state
gas2 = gas object at post-incident-shock state (already computed)
gas3 = working gas object
UI = incident shock speed (m/s)

OUTPUT:
p3 = post-reflected-shock pressure (Pa)
UR = reflected shock speed (m/s)
gas3 = gas object at frozen post-reflected-shock state

ZND Model Detonation Structure Computation

zndsolve.m

FUNCTION SYNTAX:
[output] = zndsolve(gas,gasl,Ul)

INPUT:
gas = Cantera gas object - postshock state


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Reflections/reflected_fr.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/reflections.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/ZND/zndsolve.m

gasl

Ul =

OPTIONAL INPUT (name-value pairs):

= Cantera gas object - initial state

Shock Velocity

t_end = end time for integration, in sec

rel_tol = relative tolerance
abs_tol = absolute tolerance
advanced_output = calculates
such as induction lengths

max_step = maximum step size

OUTPUT:
output = a dictionary containing the following results:

znds

time = time array
distance = distance array

T = temperature array
P = pressure array
rho = density array
U = velocity array

optional extra parameters

(in time) that solver is allowed to take

thermicity = thermicity array
species = species mass fraction array

M = Mach number array

af = frozen sound speed array

g = gamma (cp/cv) array

wt = mean molecular weight array
sonic = sonic parameter (c"2-U"2) array

tfinal
xfinal

final target integration time
final distance reached

gasl = a copy of the input initial state

Ul = shock velocity

and, if advanced_output=True:
ind_time_ZND = time to maximum thermicity gradient
ind_len_ZND = distance to maximum thermicity gradient

exo_time_ZND = pulse width (in secs) of thermicity
ind_time_ZND = pulse width (in meters) of thermicity (using 1/2 max)
max_thermicity_width_ZND =

olve in znd.py

according to Ng et al definition

This function is included as a module in the toolbox script znd.py .

FUNCTION SYNTAX:

output = zndsolve(gas,gas1,Ul,

INPUT

*x*kwargs)

gas = Cantera gas object - postshock state
gasl = Cantera gas object - initial state

Ul = shock velocity (m/s)

OPTIONAL INPUT:

(using 1/2 max)
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http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/znd.py
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t_end = end time for integration, in sec
max_step = maximum time step for integration, in sec
t_eval = array of time values to evaluate the solution at.
If left as ’None’, solver will select values.
Sometimes these may be too sparse for good-looking plots.
relTol = relative tolerance
absTol = absolute tolerance
advanced_output = calculates optional extra parameters such as induction lengths
Method = method of integration, ’LSODA’ is default.

OUTPUT:
output = a dictionary containing the following results:
time = time array
distance = distance array

T = temperature array

P = pressure array

rho = density array

U = velocity array

thermicity = thermicity array

species = species mass fraction array

M = Mach number array

af = frozen sound speed array

g = gamma (cp/cv) array

wt = mean molecular weight array

sonic = sonic parameter (c~2-U"2) array

tfinal = final target integration time
xfinal

final distance reached

gasl = a copy of the input initial state
Ul = shock velocity

and, if advanced_output=True:

ind_time_ZND = time to maximum thermicity gradient

ind_len_ZND = distance to maximum thermicity gradient

exo_time_ZND = pulse width (in secs) of thermicity (using 1/2 max)
ind_time_ZND = pulse width (in meters) of thermicity (using 1/2 max)
max_thermicity_width_ZND = according to Ng et al definition

CV Model Explosion Computation

cvsolve.m

FUNCTION SYNTAX:
output = cvsolve(gas,varargin)

INPUT:
gas = working gas object

OPTIONAL INPUT (name-value pairs):
t_end = end time for integration, in sec. If not included
as an input, set to 107-3 by default.
rel_tol = relative tolerance


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/CV/cvsolve.m

abs_tol = absolute tolerance

max_step = maximum step size (in time) that solver is allowed to take

OUTPUT:

output = a structure containing the following results:

time = time array

T = temperature profile array

P = pressure profile array

speciesY = species mass fraction array
speciesX = species mole fraction array

gas = working gas object

exo_time = pulse width (in secs) of temperature gradient (using 1/2 max)

ind_time = time to maximum temperature gradient
ind_time_1

0
ind_time_90

cvsolve in cv.py

This function is included as a module in the toolbox script cv.py.

FUNCTION SYNTAX:

output = cvsolve(gas,**kwargs)

INPUT:

gas = working gas object

OPTIONAL INPUT:

0UTP

t_end = end time for integration, in sec

max_step = maximum time step for integration, in sec
t_eval = array of time values to evaluate the solution at.
If left as ’None’, solver will select values.
Sometimes these may be too sparse for good-looking plots.

relTol relative tolerance
absTol = absolute tolerances

UT:

output = a dictionary containing the following results:

time = time array

T = temperature profile array

P = pressure profile array

speciesY = species mass fraction array
speciesX = species mole fraction array

gas = working gas object

= time to 10% of maximum temperature gradient
= time to 90% of maximum temperature gradient
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exo_time = pulse width (in secs) of temperature gradient (using 1/2 max)

ind_time
ind_time_1
ind_time_9

0
0

time to maximum temperature gradient
= time to 10% of maximum temperature gradient
= time to 90% of maximum temperature gradient

CP Model Explosion Computation

cpsolve.m


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/cv.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/CP/cpsolve.m
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FUNCTION SYNTAX:
output = cpsolve(gas,varargin)

INPUT:
gas = working gas object

OPTIONAL INPUT (name-value pairs):
t_end = end time for integration, in sec. If not included
as an input, set to 107-3 by default.%
rel_tol = relative tolerance
abs_tol = absolute tolerance
max_step = maximum step size (in time) that solver is allowed to take

OUTPUT:
output = a structure containing the following results:
time = time array
T = temperature profile array
P = pressure profile array
speciesY = species mass fraction array
speciesX = species mole fraction array

gas = working gas object

exo_time = pulse width (in secs) of temperature gradient (using 1/2 max)
ind_time = time to maximum temperature gradient

ind_time_10 = time to 10% of maximum temperature gradient
ind_time_90 = time to 90% of maximum temperature gradient
cpsolve in cp.py

FUNCTION SYNTAX:
output = cpsolve(gas,**kwargs)

INPUT:
gas = working gas object

OPTIONAL INPUT:
t_end = end time for integration, in sec
max_step = maximum time step for integration, in sec
t_eval = array of time values to evaluate the solution at.
If left as ’None’, solver will select values.
Sometimes these may be too sparse for good-looking plots.
relTol relative tolerance
absTol = absolute tolerances
Method method of integration, ’LSODA’ is default.

OUTPUT:
output = a dictionary containing the following results:
time = time array
T = temperature profile array
D = density profile array
speciesY = species mass fraction array
speciesX = species mole fraction array


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/cp.py
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gas = working gas object

exo_time = pulse width (in secs) of temperature gradient (using 1/2 max)
ind_time = time to maximum temperature gradient

ind_time_10 = time to 10% of maximum temperature gradient

ind_time_90 = time to 90% of maximum temperature gradient

Stagnation Reaction zone structure computation for blunt body flow using the approximation of linear
gradient in mass flux (pw)

stgsolve.m

SYNTAX
[output] = stgsolve(gas,gasl,Ul,Delta)

INPUT

gas = Cantera gas object - postshock state
gasl = Cantera gas object - initial state
Ul = Shock Velocity

Delta = shock standoff distance

OPTIONAL INPUT (positional argument):
t_end = end time for integration, in sec. If not included
as an input, set to 107-3 by default.

OUTPUT

Structure
output.time = time array
output.distance = distance array

output.T temperature array
output.P pressure array

output.rho = density array

output.U = velocity array
output.thermicity = thermicity array

output.M = Mach number array

output.af = frozen sound speed array

output.g = gamma (cp/cv) array

output.wt = mean molecular weight array
output.sonic = sonic parameter (c"2-U"2) array

stgsolve in stagnation.py

This function is included as a module in the toolbox script stagnation.py .

FUNCTION SYNTAX:
output = stgsolve(gas,gasl,Ul,Delta,**kwargs)

INPUT
gas = Cantera gas object - postshock state
gasl = Cantera gas object - initial state
Ul = shock velocity (m/s)
Delta = shock standoff distance (m)

OPTIONAL INPUT:


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Stagnation/stgsolve.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/stagnation.py
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t_end = end time for integration, in sec
max_step = maximum time step for integration, in sec
t_eval = array of time values to evaluate the solution at.
If left as ’None’, solver will select values.
Sometimes these may be too sparse for good-looking plots.

relTol = relative tolerance
absTol = absolute tolerance
OUTPUT:

output = a dictionary containing the following results:
time = time array
distance = distance array

T = temperature array

P = pressure array

rho = density array

U = velocity array

thermicity = thermicity array
distance = distance array

species = species mass fraction array

M = Mach number array

af = frozen sound speed array

g = gamma (cp/cv) array

wt = mean molecular weight array

sonic = sonic parameter (c~2-U"2) array

gasl = a copy of the input initial state
Ul = shock velocity
Delta = shock standoff distance

Thermo Computation of sound speed and Griineisen coefficent.

soundspeed_eq Computes the equilibrium sound speed by using a centered finite difference approx-

imation. Directly evaluating pressure at two density/specific volume states along an isentrope
requires use of equilibrate('SV'). However, this may not always converge at high pressure.
Instead, a more robust method using equilibrate('TP') is used that employs thermodynamic
identities detailed further in Appendix G2 of the report.

soundspeed_eq.m
FUNCTION SYNTAX:

aequil = soundspeed_eq(gas)

INPUT:
gas = working gas object (restored to original state at end of function)

OUTPUT:
aequil = equilibrium sound speed = sqrt({d P/d rho)_s, eq) (m/s)
soundspeed_eq in thermo.py

FUNCTION SYNTAX:
ae = soundspeed_eq(gas)


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Thermo/soundspeed_eq.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/thermo.py
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INPUT:
gas = working gas object (restored to original state at end of function)

OUTPUT:
ae = equilibrium sound speed = sqrt({d P/d rho)_s, eq) (m/s)

soundspeed_fr Computes the frozen sound speed by using a centered finite difference approximation
and evaluating frozen composition states on the isentrope passing through the reference (S, V)
state supplied by the gas object passed to the function.

soundspeed_fr.m

FUNCTION SYNTAX:
afrozen = soundspeed_fr(gas)

INPUT:
gas = working gas object (restored to original state at end of function)

OUTPUT:
afrozen = frozen sound speed = sqrt({d P/d rho)_{s,x0})

soundspeed_fr in thermo.py

FUNCTION SYNTAX:
afrz = soundspeed_fr(gas)

INPUT:
gas = working gas object (restored to original state at end of function)

OUTPUT :
afrz = frozen sound speed = sqrt({d P/d rho)_{s,x0})

gruneisen_eq Computes the equilibrium Griineisen coefficient by using a centered finite difference
approximation and evaluating equilibrium states on the isentrope passing through the reference
(S, V) state supplied by the gas object passed to the function.

gruneisen_eq.m

FUNCTION SYNTAX:
G_eq = gruneisen_eq(gas)

INPUT:
gas = working gas object (restored to original state at end of function)

QUTPUT:
G_eq = equilibrium Gruneisen coefficient [-de/dp)_{v,eq} =
-(v/T)dT/dv) _{s,eq} = + (rho/T) (dT/d rho)_{s,eq}]

gruneisen_eq in thermo.py

FUNCTION SYNTAX:
G_eq = gruneisen_eq(gas)

INPUT:
gas = working gas object (restored to original state at end of function)

OUTPUT:
G_eq = equilibrium Gruneisen coefficient [-de/dp)_{v,eq} =
-(v/T)dT/dv) _{s,eq} = + (rho/T) (dT/d rho)_{s,eq}]


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Thermo/soundspeed_fr.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/thermo.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Thermo/gruneisen_eq.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/thermo.py
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gruneisen_fr Computes the frozen Griineisen coeflicient by using a centered finite difference approx-

imation and evaluating frozen states on the isentrope passing through the reference (S, V) state
supplied by the gas object passed to the function.

gruneisen_fr.m
FUNCTION SYNTAX:

G_fr = gruneisen_fr(gas)

INPUT:
gas = working gas object (not modified in function)

OUTPUT:
G_fr = frozen Gruneisen coefficient [-de/dp)_{v,x0} =
-(v/T)dT/dv) _{s,x0} = + (rho/T) (dT/d rho)_{s,x0}]

gruneisen _fr in thermo.py

FUNCTION SYNTAX:
G_fr = gruneisen_fr(gas)

INPUT:
gas = working gas object (not modified in function)

OUTPUT:
G_fr = frozen Gruneisen coefficient [-de/dp)_{v,x0} =
-(v/T)dT/dv) _{s,x0} = + (rho/T) (dT/d rho)_{s,x0}]

Internal Functions called as part of iteration process.

shk_calc Calculates frozen post-shock state using Reynolds iterative method (see Section 8.2).

MATLAB Function - shk_calc.m
Python Function - shk_calc (in postshock.py)

SYNTAX:

[gas] = shk_calc(Ul,gas,gasl,ERRFT,ERRFV)
INPUT:

Ul = shock speed (m/s)

gas = working gas object

gasl = gas object at initial state
ERRFT,ERRFV = error tolerances for iteration
OUTPUT:

gas = gas object at frozen post-shock state

shk_eq_calc Calculates equilibrium post-shock state using Reynolds iterative method (see Section 8.2).

MATLAB Function - shk_eq_calc.m
Python Function - shk_calc (in postshock.py)

SYNTAX: [gas] = shk_eq_calc(Ul,gas,gasl,ERRFT,ERRFV)
INPUT:

Ul = shock speed (m/s)

gas = working gas object

gasl = gas object at initial state

ERRFT,ERRFV = error tolerances for iteration

OUTPUT:

gas = gas object at equilibrium post-shock state


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Thermo/gruneisen_fr.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/thermo.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/PostShock/shk_calc.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/postshock.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/PostShock/shk_eq_calc.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/postshock.py
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FHFP
Uses the momentum and energy conservation equations to calculate error in current pressure and
the enthalpy guesses (see (8.16) & (8.15)). In this case, state 2 is frozen.
MATLAB Function - FHFP.m
Python Function - FHFP (in postshock.py)

SYNTAX:

[FH,FP] = FHFP(U1l,gas,gas1)

INPUT:

Ul = shock speed (m/s)

gas = working gas object

gasl = gas object at initial state
OUTPUT:

FH,FP = error in enthalpy and pressure

FHFP reflected_fr
Uses the momentum and energy conservation equations to calculate error in current pressure and
the enthalpy guesses (see (8.16) & (8.15)). In this case, state 3 is frozen.
MATLAB Function - FHFP _reflected _fr.m
Python Function - FHFP reflected_fr (in reflections.py)

SYNTAX:

[FH,FP] = FHFP_reflected_fr(u2,gas3,gas2)

INPUT:

u2 = current post-incident-shock lab frame particle speed

gas3 = working gas object

gas2 = gas object at post-incident-shock state (already computed)
OUTPUT:

FH,FP = error in enthalpy and pressure

CJ_calc
Calculates the wave speed for the Chapman-Jouguet case using Reynolds’ iterative method (see
Section 8.2).
MATLAB Function - CJ_calc.m
Python Function - CJ_calc (in postshock.py)

SYNTAX:

[gas,wl] = CJ_calc(gas,gasl,ERRFT,ERRFV,x)

INPUT:

gas = working gas object

gasl = gas object at initial state

ERRFT,ERRFV = error tolerances for iteration

x = density ratio

OUTPUT:

gas = gas object at equilibrium state

wl = initial velocity to yield prescribed density ratio

state
Calculates frozen state given T" and p.
MATLAB Function - state.m
Python Function - state (in thermo.py)

SYNTAX:

[P,H] = state(gas,rl,T1)

INPUT:

gas = working gas object

r1,T1 = desired density and temperature
OUTPUT:


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/PostShock/FHFP.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/postshock.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Reflections/FHFP_reflected_fr.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/reflections.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/PostShock/CJ_calc.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/postshock.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Thermo/state.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/thermo.py
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P,H = pressure and enthalpy

eq_state
Calculates equilibrium state given 7" and p.
MATLAB Function - eq_state.m
Python Function - eq_state (in thermo.py)

SYNTAX:

[P,H] = eq_state(gas,rl,T1)

INPUT:

gas = working gas object

r1,T1 = desired density and temperature

OUTPUT:

P,H = equilibrium pressure and enthalpy at constant temperature and specific volume

hug_eq
Algebraic expressions of equilibrium (product) Hugoniot pressure and enthalpy. Passed to root
solver ’fsolve’.
MATLAB Function - hug_eq.m
Python Function - hug_eq (in postshock.py)

SYNTAX:
[x,fval] = fsolve(@hug_eq,Ta,options,gas,array)
INPUT:
Ta = initial guess for equilibrium Hugoniot temperature (K)
options = options string for fsolve
gas = working gas object
array = array with the following values
vb = desired equilibrium Hugoniot specific volume (m~3/kg)
hl = enthalpy at state 1 (J/kg)
P1 = pressure at state 1 (Pa)
vl = specific volume at state 1 (m"3/kg)
OUTPUT:
x = equilibrium Hugoniot temperature corresponding to vb (K)
fval = value of function at x

hug_fr
Algebraic expressions of frozen (reactant) Hugoniot pressure and enthalpy. Passed to root solver
"fsolve’.
MATLAB Function - hug_fr.m
Python Function - hug_fr (in postshock.py)

SYNTAX:
[x,fval] = fsolve(@hug_fr,Ta,options,gas,array)
INPUT:
Ta = initial guess for frozen Hugoniot temperature (K)
options = options string for fsolve
gas = working gas object
array = array with the following values
vb = desired frozen Hugoniot specific volume (m~3/kg)
hl = enthalpy at state 1 (J/kg)
P1 = pressure at state 1 (Pa)
vl = specific volume at state 1 (m~3/kg)
OUTPUT:
x = frozen Hugoniot temperature corresponding to vb (K)
fval = value of function at x


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Thermo/eq_state.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/thermo.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/PostShock/hug_eq.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/postshock.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/PostShock/hug_fr.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/postshock.py
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LSQ_CJspeed
Determines least squares fit of parabolic data.
MATLAB Function - N/A
Python Function - LSQ_CJspeed (in postshock.py)

SYNTAX:

[a,b,c,R2,SSE,SST] = LSQ_CJspeed(x,y)

INPUT:

x = independent data points

y = dependent data points

OUTPUT:

a,b,c = coefficients of quadratic function (ax"2 + bx + ¢ = 0)
R2 = R-squared value

SSE = sum of squares due to error

SST = total sum of squares

PostReflectedShock_eq
Calculates equilibrium post-reflected-shock state for a specified shock velocity.
MATLAB Function - PostReflectedShock _eq.m
Python Function - PostReflectedShock_eq (in reflections.py)

FUNCTION SYNTAX:
[gas3] = PostReflectedShock_eq(u2,gas2,gas3)

INPUT:
u2 = current post-incident-shock lab frame particle speed
gas2 = gas object at post-incident-shock state (already computed)
gas3 = working gas object

OUTPUT:
gas3 = gas object at equilibrium post-reflected-shock state

PostReflectedShock_fr
Calculates frozen post-reflected-shock state for a specified shock velocity.
MATLAB Function - PostReflectedShock _fr.m
Python Function - PostReflectedShock_fr (in reflections.py)

SYNTAX:

[gas3] = PostReflectedShock_fr(u2,gas2,gas3)

INPUT:

u2 = current post-incident-shock lab frame particle speed

gas2 = gas object at post-incident-shock state (already computed)
gas3 = working gas object

OUTPUT:

gas3 = gas object at frozen post-reflected-shock state

Utilities Plotting and output routines

znd_plot Creates four plots from the solution to a ZND detonation: temperature, pressure, Mach
number, and thermicity vs. distance. Optionally, also creates plots of species mass fraction vs.
time, for given lists of major or minor species. If major_species= ’All’, all species will be plotted
together.

znd_fileout Creates 2 formatted text files to store the output of the solution to a ZND detonation.
Includes a timestamp of when the file was created, input conditions, and tab-separated columns
of output data.


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/postshock.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Reflections/PostReflectedShock_eq.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/reflections.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Reflections/PostReflectedShock_fr.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/reflections.py
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cv_plot Creates two subplots from the solution to a CV explosion: temperature vs. time, and pressure
vs. time. Optionally, also creates plots of species mass fraction vs. time, for given lists of major
or minor species. If major_species="All’; all species will be plotted together.

CJspeed_plot Creates two plots of the CJspeed fitting routine: both display density ratio vs. speed.
The first is very ”zoomed in” around the minimum, and shows the quadratic fit plotted through
the calculated points. The second shows the same fit on a wider scale, with the minimum and its
corresponding speed indicated.

Error Control and Limits Setting iteration error and volume limits

Three parameters control the convergence and bounds on the specific volume for the Newton-Raphson
iteration used to solve the jump conditions. These are specified in files located in the SDToolbox
directory:

MATLAB Function - SDTconfig.m
Python Function - config.py

The default values of these parameters are:

ERRFT = le-4;
ERRFV = le-4;
volumeBoundRatio = 5;

The values of the error parameters represent the maximum relative errors allowed for convergence of
shock and detonation jump condition computations, see the discussion in Section 8.1. Iteration ceases
and the solution is returned when the conditions AT/T < ERRFT and Av/v < ERRFV are both met.

The value of volumeBoundRatio is the lower bound on specific volume ratio vi/ve used as a start-
ing point for the iteration. For shock waves in gases with a high specific heat, higher values of
volumeBoundRatio may be required in order to get solutions but care must be taken not to select
volumeBoundRatio larger than the maximum value possible on the Hugoniot. The perfect gas analyt-
ical solution for strong shock is a useful estimate if the ratio of specific heats «y is known.

(%1 >’)’+1

V2, min o Y= 1

(12.1)


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/SDTconfig.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/config.py
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Demonstration Programs

A number of demonstration programs are provided with the Shock and Detonation Toolbox. These show
how Cantera and the SDT routines can be used to carry out a variety of calculations. The programs are
available in the demos subdirectories in the Python and MATLAB branches of the distribution. The links
to the MATLAB versions are in given in the following list. Python version of all demonstration programs
are also available and have identical names except for the extension .py instead of .m.

demo_CJ.py demo_CJ.m Computes CJ speed.

demo_CJ_and shock state.py demo_CJ_and_shock state.m Computes 2 reflection conditions. 1) equilibrium
post-initial-shock state behind a shock traveling at CJ speed (CJ state) followed by equilibrium post-
reflected-shock state 2) frozen post-initial-shock state behind a CJ wave followed by frozen post-
reflected-shock state

demo_CJstate.py demo_CJstate.m Computes CJ speed-and CJ state.

demo_CJstate_isentrope.py demo_CJstate_isentrope.m Computes CJ speed, CJ state, isentropic expansion
in 1-D Taylor wave, plateau state conditions:

demo_cv.m Generates plots for a constant volume explosion simulation with specified initial conditions.
Outputs metrics on induction time, reaction pulse, effective activation energy and reaction order.

demo_cv_comp.py demo_cv_comp.m Generates plots and output files for a constant volume explosion simu-
lation where the initial conditions are adiabaically compressed reactants.

demo_cvCJ.py demo_cvCJ.m Generates plots and output files for a constant volume explosion simulation
where the initial conditions are given by the postshock conditions for a CJ speed shock wave.

demo_cvshk.py demo_cvshk.m Generates plots and output files for a constant volume explosion simulation
where the initial conditions are given by the postshock conditions for shock wave traveling at a user
specified speed.

demo_detonation_pu.py demo_detonation_pu.m Computes the Hugoniot and pressure-velocity (P — U) rela-
tionship for shock waves centered on the CJ state. Generates an output file.

demo_equil.py demo_equil.m Computes the equilibrium state at constant (T, P) over a range of temperature
for a fixed pressure and plots composition.

demo_EquivalenceRatioSeries.py demo_EquivalenceRatioSeries.m - An example of how to vary the equiva-
lence ratio over a specified range and for each resulting composition, compute constant volume explosion
and ZND detonation structure. This example creates a set of plots and an output file.

demo_exp_state.py demo_exp_state.m Calculates mixture properties for explosion states (UV,HP, TP).

demo_ExplosionSeries.py demo_ExplosionSeries.m How to compute basic explosion parameters as a function
of concentration of one component for given mixture. Creates plots and output file.
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http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_CJ.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_CJ.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_CJ_and_shock_state.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_CJ_and_shock_state.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_CJstate.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_CJstate.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_CJstate_isentrope.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_CJstate_isentrope.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_cv.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_cv_comp.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_cv_comp.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_cvCJ.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_cvCJ.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_cvshk.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_cvshk.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_detonation_pu.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_detonation_pu.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_equil.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_equil.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_EquivalenceRatioSeries.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_EquivalenceRatioSeries.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_exp_state.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_exp_state.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_ExplosionSeries.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_ExplosionSeries.m
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demo_g.py demo_g.m Compares methods of computing ratio of specific heats and logarithmic isentrope slope
using several approaches and compares the results graphically.

demo_GasPropAll.py demo_GasPropAll.m Mixture thermodynamic and transport properties of gases at fixed
pressure as a function of temperature. Edit to choose either frozen or equilibrium composition state.
The mechanism file must contain transport parameters for each species and specify the transport model
"Mix’.

demo_oblique.py demo_oblique.m Calculates shock polar using FROZEN post-shock state based the initial
gas properties and the shock speed. Plots shock polar using three different sets of coordinates.

demo_overdriven.py demo_overdriven.m Computes detonation and reflected shock wave pressure for over-
driven waves. Both the post-initial-shock and the post-reflected-shock states are equilibrium states.
Creates output file.

demo_OverdriveSeries.py demo_OverdriveSeries.m This is a demonstration of how to vary the Overdrive
(U/Ucy)) in a loop for constant volume explosions and ZND detonation simulations.

demo_PrandtIMeyer.py demo_PrandtIMeyer.m Calculates Prandtl-Meyer function and polar. Creates plots
of polars.

demo_PrandtIMeyer_CJ.py demo_PrandtlMeyer_CJ.m Calculates Prandtl-Meyer function and polar expanded
from CJ state. Creates plots of polars and fluid element trajectories.

demo_PrandtIMeyerDetn.py demo_PrandtIMeyerDetn.m Calculates Prandtl-Meyer function and polar orig-
inating from CJ state. Calculates oblique shock wave moving into expanded detonation products
or a specified bounding atmosphere. Creates a set of plots, evaluates axial flow model for rotating
detonation engine.

demo_PrandtIlMeyerLayer.py demo_PrandtlMeyerLayer.m Calculates Prandtl-Meyer function and polar orig-
inating from lower layer postshock state. Calculates oblique shock wave moving into expanded deto-
nation products or a specified bounding atmosphere. Two-layer version with arbitrary flow in lower
layer (1), oblique wave in upper layer (2). Upper and lower layers can have various compositions as
set by user.

demo_precompression_detonation.py demo_precompression_detonation.m Computes detonation and reflected
shock wave pressure for overdriven waves. Varies density of initial state and detonation wave speed.
Creates an output file.

demo_PressureSeries.py demo_PressureSeries.m Properties computed as a function of initial pressure for a
constant volume explosions and ZND detonation simulations Creates a set of plots and an output file.

demo_PSeq.py demo_PSeq.m Calculates the equilibrium post shock state based on the initial gas state and
the shock speed.

demo_PSfr.py demo_PSfr.m Calculates the frozen postshock state based on the initial gas state and the shock
speed.

demo_quasild_eq.py demo_quasild_eq.m Computes ideal quasi-one dimensional flow using equilibrium prop-
erties to determine exit conditions for expansion to a specified pressure. Carries out computation for
a range of helium dilutions.

demo_reflected_eq.py demo _reflected_eq.m Calculates post-relected-shock state for a specified shock speed
speed and a specified initial mixture. In this demo, both shocks are reactive, i.e. the computed states
behind both the incident and reflected shocks are equilibrium states.

demo_reflected _fr.py demo_reflected fr.m Calculates post-relected-shock state for a specified shock speed
speed and a specified initial mixture. In this demo, both shocks are frozen, i.e. there is no composition
change across the incident and reflected shocks.


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_g.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_g.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_GasPropAll.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_GasPropAll.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_oblique.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_oblique.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_overdriven.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_overdriven.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_OverdriveSeries.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_OverdriveSeries.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_PrandtlMeyer.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_PrandtlMeyer.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_PrandtlMeyer_CJ.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_PrandtlMeyer_CJ.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_PrandtlMeyerDetn.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_PrandtlMeyerDetn.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_PrandtlMeyerLayer.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_PrandtlMeyerLayer.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_precompression_detonation.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_precompression_detonation.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_PressureSeries.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_PressureSeries.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_PSeq.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_PSeq.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_PSfr.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_PSfr.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_quasi1d_eq.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_quasi1d_eq.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_reflected_eq.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_reflected_eq.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_reflected_fr.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_reflected_fr.m
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demo_RH.py demo_RH.m Creates arrays for Rayleigh Line with specified shock speed, Reactant, and Product
Hugoniot Curves for Ho-air mixture. Options to creates output file and plots.

demo_RH_air.py demo_RH_air.m Creates arrays for Rayleigh Line with specified shock speed and frozen
Hugoniot Curve for a shock wave in air. Options to create output file and plot.

demo_RH_air_eq.py demo_RH_air_eq.m Creates arrays for Rayleigh Line with specified shock speed in air,
frozen and equilibrium Hugoniot curves. Options to create output file and plot.

demo_RH_air_isentropes.py demo_RH_air_isentropes.m Creates arrays for frozen Hugoniot curve for shock
wave in air, Rayleigh Line with specified shock speed, and four representative isentropes. Options to
create plot and output file.

demo_RH_CJ_isentropes.py demo_RH_CJ _isentropes.m Creates plot for equilibrium product Hugoniot curve
near CJ point, Shows Rayleigh Line with slope Uy and four isentropes bracketing CJ point. Creates
plot showing Gruneisen coefficient, denominator in Jouguet’s rule, isentrope slope.

demo_rocket_impulse.py demo_rocket_impulse.m Computes rocket performance using quasi-one dimensional
isentropic flow using both frozen and equilibrium properties for a range of helium dilutions in a
hydrogen-oxygen mixture. Plots impulse as a function of dilution.

demo_RZshock.py demo_RZshock.m Generate plots and output files for a reaction zone behind a shock front
traveling at a user specified speed.

demo_shock_adiabat.py demo_shock_adiabat.m Generates the points on a frozen shock adiabat and creates
an output file.

demo_shock_point.py demo_shock_point.m This is a demonstration of how to compute frozen and equilibrium
postshock conditions for a single shock Mach number. Computes transport properties and thermody-
namic states.

demo_shock_state_isentrope.m Computes frozen post-shock state and isentropic expansion for specified shock
speed. Create plots and output file.

demo_ShockTube.py demo_ShockTube.m Calculates the solution to ideal shock tube problem. Three cases
possible: conventional nonreactive driver (gas), constant volume combustion driver (uv), CJ detonation
(initiate at diaphragm) driver (cj).

demo_STGshk.py demo_STGshk.m Generate plots and output files for a steady reaction zone between a
shock and a blunt body using the model of linear profile of mass flux pw on stagnation streamline.

demo_STG_RZ.py demo_STG_RZ.m Compare propagating shock and stagnation point profiles using trans-
formation methodology of Hornung.

demo_TP.py demo_TP.m Explosion computation simulating constant temperature and pressure reaction.
Reguires function tpsys.m for ODE solver

demo_TransientCompression.py demo_TransientCompression.m Explosion computation simulating adiabatic
compression ignition with control volume approach and effective piston used for compression. Requires
adiasys.m function for ODE solver.

demo_vN_state.py demo_vN_state.m Calculates the frozen shock (vIN = von Neumann) state of the gas behind
the leading shock wave in a CJ detonation.

demo_ZNDCJ.py demo_ZNDCJ.m Solves ODEs for ZND model of detonation structure. Generate plots and
output files for a for a shock front traveling at the CJ speed.

demo_ZNDshk.py demo_ZNDshk.m Solves ODEs for ZND model of detonation structure. Generate plots
and output files for a for a shock front traveling at a user specified speed U.


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_RH.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_RH.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_RH_air.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_RH_air.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_RH_air_eq.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_RH_air_eq.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_RH_air_isentropes.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_RH_air_isentropes.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_RH_CJ_isentropes.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_RH_CJ_isentropes.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_rocket_impulse.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_rocket_impulse.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_RZshock.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_RZshock.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_shock_adiabat.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_shock_adiabat.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_shock_point.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_shock_point.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_shock_state_isentrope.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_ShockTube.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_ShockTube.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_STGshk.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_STGshk.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_STG_RZ.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_STG_RZ.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_TP.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_TP.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_TransientCompression.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_TransientCompression.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_vN_state.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_vN_state.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_ZNDCJ.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_ZNDCJ.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_ZNDshk.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_ZNDshk.m
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demo_ZND_CJ _cell.py demo_ZND_CJ _cell.m Computes ZND and CV models of detonation with the shock
front traveling at the CJ speed. Evaluates various measures of the reaction zone thickness and exother-
mic pulse width, effective activation energy and Ng stability parameter.


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/demo/demo_ZND_CJ_cell.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_ZND_CJ_cell.m

Chapter 14

Utility Programs

Checking and Updating Data

thermo_check.py This Python script scans a Cantera .cti mechanism file to determine the size of jumps
in thermodynamic properties and derivatives. Identifies species with largest Cp/R jump. Provides
routines for finding all jumps and plotting thermodynamic properties of individual species. Only
works for NASA-7 polynomials with the current version of Cantera 2.3 and 2.4

thermo_refit.m Refits thermodynamic data to eliminate jumps in properties at midpoint temperature.
Works with a list of species created by thermo_check.py or individual species specified by user. Creates
a new NASA-7 fit and data structure for polynomial coefficients, writes output files in three formats
(cti, NASA-7 and NASA-9).

thermo_replace.m Reads new thermodynamic data fits generated by thermo_refit.m and batch processes
replaces the data in the NASA format data file using the list generated by check_thermo.py. Currently
only works for NASA-7 polynomials.

thermo_fit.m fit tabular thermodynamic data to generate NASA-7 polynomial fits and writes files in three
formats. An example input file is provided for 2-butenal

Statistical Thermodynamics

partition_rotvib.m. Evaluation of the partition function for heteronuclear diatomic molecules and the result-
ing thermodynamic properties. Creates plots and output files, data files in the form of Cantera cti file,
NASA 7 and NASA 9 formats.

The spectroscopic data needed to compute the energy levels is provided in files for three molecules.
NO_rotvib.m Nitric oxide (NO), first 15 electronic states.
OH_rotvib.m Hydroxyl (OH), first 4 electronic states.

CH_rotvib.m Methylidyne (CH), first 6 electronic states.
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http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/thermo_check.py
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/thermo_refit.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/thermo_replace.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/thermo_fit.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/twobutenal.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/partition_rotvib.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/NO_rotvib.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/OH_rotvib.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/cti/utilities/CH_rotvib.m




Chapter 15

Hints and Tips

The routines provided in the Toolbox are reasonably robust but do not always yield the correct answer or
even result in errors that cause the programs halt with error messages. Usually these issues can be resolved
by adjusting the parameters that control the routine algorithms. In some cases, you may have to investigate
the innards of the toolbox and do some diagnostic work. The routines are not particularly sophisticated and
should be considered “research” grade software which does not attempt to prevent user errors or provide
particularly verbose error messages. On the other hand, these have been used by successfully by many
generations of students and professional researchers. Based on these experiences here are some observations
about possible problems and tips for solutions.

Jump Conditions

For certain cases, the jump conditions will not converge. In those instances, it may be necessary to adjust
the error bounds and convergence parameters.

Three parameters control the convergence and bounds on the specific volume for the Newton-Raphson
iteration used to solve the jump conditions. These are specified in files located in the SDToolbox directory:

MATLAB Function - SDTconfig.m
Python Function - config.py

The default values of these parameters are:

ERRFT = le-4;
ERRFV = le-4;
volumeBoundRatio = 5;

The values of the error parameters represent the maximum relative errors allowed for convergence of
shock and detonation jump condition computations, see the discussion in Section 8.1. Iteration ceases and
the solution is returned when the conditions AT /T < ERRFT and Av/v < ERRFV are both met.

The value of volumeBoundRatio is the lower bound on specific volume ratio v; /vs used as a starting point
for the iteration. For shock waves in gases with a high specific heat, higher values of volumeBoundRatio
may be required in order to get solutions but care must be taken not to select volumeBoundRatio larger
than the maximum value possible on the Hugoniot. The perfect gas analytical solution for strong shock is a
useful estimate if the ratio of specific heats v is known.

vy y+1
U2,min 7*1

(15.1)

In rare instances, Cantera may fail to converge to an equilibrium composition. The equilibrium solvers are
fairly robust but you may find that there are particular combinations of stoichiometry and thermodynamic
state, particularly for exothermic mixtures, that halt with error messages. This can often be solved by
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http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/Python3/sdtoolbox/config.py
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using compositions are slightly displaced from equivalence ratios of precisely unity and for sufficiently rich
mixtures, the stoichiometries that determine the possible oxidation states of H (H2 vs H20) and C (CO2 vs
CO vs C) can be problematic. Displacing the compositions slightly from the precise values that define those
boundaries may be helpful in obtaining convergence.

ODE Solvers

The functions cvsolve, cpsolve, zndsolve as well as other programs that use ordinary differential equa-
tions solvers will require some adjustment of input parameters when used with reaction mechanisms and
compositions other than those selected in the demo programs.

Time trouble

If the t_end parameter is too small, a peak in the reaction zone energy release will not be found. The
solution is simply to increase the value of t_end. However, excessively large values of t_end can result in a
lengthy simulation and a frustrated user. For ZND solutions, if a sonic point is reached within the reaction
zone, the solution will be singular and the ode solver will halt with an error message. This can be avoided
by either reducing t_end or using an events function to halt the ode solver gracefully when the sonic point
is approached. This approach is needed to compute so called “eigenvalue” solutions or models of reaction
zone structure with area change, friction or thermal energy losses.

Convergence issues

If you have trouble getting a converged solution with the ode solver, this is usually associated with large
mechanisms for hydrocarbons. There are often species that are present in very small amounts at the end of
the reaction zone and change (decrease) rapidly in the energy release portion of the reaction zone. Although
these are usually not significant to resolve in the post-energy release zone, if the solver takes too large a time
step, negative species amounts will result in the solver halting with an error message. Cantera will report
an error but the difficulty is fundamentally with the ode solver.

The issue is created by the solver automatically adjusting the time step based on the state of the solution
and derivatives. This is usually not an issue but can be a problem if there is a sudden change in conditions that
the time step algorithm cannot handle properly. This happens within energy release zone for compositions
and conditions with long induction zone and short energy release zone. The time step will be increased within
the induction zone to sufficiently large values so that rapid decreases in minor species at the end of induction
can create problems in the form of negative concentrations, which are an anathema to the thermodynamic
state.

There are three approaches to dealing with these problems.

1. Switch solvers.

a. For python programs, use LSODA or BDF, these are more robust alternatives to the Radau
solver that was used in previous versions of the toolbox. A method parameter has been
added to the calls and the default is LSODA.

b. For MATLAB programs, try ode23tb instead of the ode15s that is the default. However, it
is often necessary to reduce the maximum time step and tolerance parameters.

2. Reduce the tolerance paramters, absTol, relTol

3. Reduce the max_step parameter

Examine the species (particularly the minor species) near the energy release region to determine what
sort of abs_tol and max_step are needed. The values can be surprisingly small in order to avoid oscillations
in species concentrations.
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Underdriven detonations

An underdriven or sub-CJ detonation is shock wave with U < Ugjy. A ZND reaction zone simulation of an
underdriven case will always terminate in a sonic singularity and the solver will halt with an error message.
The solution is valid up to this point but if will be necessary to reduce t_end or add a events function to the
ode solver to enable the solver to halt normally and output the solution. If reaction zone length or time scale
estimates are needed for sub-CJ cases, constant pressure or constant volume simulations should be used.

If the postshock_eq function is called with U < Ugy, a solution may be returned that is not valid.
Always check the CJ speed and only use results from equilibrium postshock computations for U > Ugj.

Weak Shocks

The shock jump conditions only have solutions for U > a where a is the sound speeds. Attempts to solve
the jump conditions with U close to or smaller than a will either fail with an error or result in an invalid
solution. It is good practice to compare the magnitude of the shock speed with the sound speed before
computing shock jump conditions.
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Dave Goodwin (1957-2012), late Professor of Mechanical Engineering and Applied Physics at Caltech,
had the vision to create Cantera and making it an open resource. Dave and his students, particularly
Vaughan Thomas, provided us with substantial assistance in solving problems and extending the capabilities
of Cantera for our purposes. The viability and stability of the Cantera code base is due to the dedicated
volunteer efforts of the Cantera developers who have taken over this project.

Bob Kee, currently Professor at the Colorado School of Mines, led the development effort for CHEMKIN
while he was at Sandia Laboratories. He provided substantial help to JES in creating the first generation
of shock and detonation programs based on the CHEMKIN library. Hai Wang while at USC (currently at
Stanford) helped us understand his method of specific heat extrapolation and provided us with programs that
we initially used for extending some of his reaction mechanisms to higher temperatures. Graduate students
and postdoctoral scholars who worked in the Explosion Dynamics Laboratory at Caltech have contributed to
taking care of the legacy codes and extending the capabilities. In particular, Mike Kaneshige, Eric Schultz,
and Florian Pintgen did substantial work on software development and reaction mechanism validation using
the legacy software.

Two researchers made substantial contributions to this field and we have benefited substantially from
their efforts. Prof. W. C. Reynolds (1933-2004) of Stanford University created STANJAN and shared the
source code with JES, which enabled us to reverse-engineer and modify his algorithms for our purposes.
A specially modified-version of STANJAN was used in our laboratories for many years to compute shock
and detonation problems. Bonnie McBride (d. 2005)of NASA Glenn shared her thermodynamic libraries,
computer codes, and knowledge of chemical equilibrium numerical methods.

Graduate students did a substantial amount of the software development and documentation. Shannon
Kao (née Browne) implemented and carefully tested the fundamental jump solution methods, as well as did
extensive documentation and testing of the scripts for Cantera 1.7 to 2.0. Jack Zeigler developed the initial
Python 2.5 scripts. The scripts were revised by Neal Bitter and Bryan Schmidt for use with Cantera 2.1 and
Python 2.7 in 2015. Conversion to Cantera 2.3, testing and upgrading to Python 3.5 was accomplished in
2017-18 by Joel Lawson, who rewrote the Python toolbox and wrote new demonstration programs. Matei
Radulescu provided his implementation of the Python ZND routine, which was useful in developing the new
toolbox routines. Matt Leibowitz and Nelson Yanes motivated and tested the vibrational relaxation and
Landau-Teller models for shock wave structure; the simplified model for stagnation point flow and mapping
to propagating shock waves originated from Hans Hornung. This is the third version of the SDToolbox and
this document is based on the earlier versions of two reports, Browne et al. (2005b) and Browne et al. (2017).
Shannon Kao contributed substantially to those reports and developed the extensive online documentation
for earlier versions of the toolbox.

How to reference this report (?) with bibtex:

Q@techreport{explosion_dynamics_laboratory_sdtoolbox_2020,
title = "{SDToolbox}: {N}umerical Tools for Shock and Detonation Wave Modeling",
author = "{E}xplosion {D}ynamics {L}aboratory",
year = {2020},
month = jan,
address = {{Pasadena, CA}},
institution = {{California Institute of Technology}l},
number = {FM2018.001},
type = {{GALCIT Report}},
note="Contributors: {Kao, S. T. and Ziegler, J. L. and Bitter, N. P.
and Schmidt, B. E. and Lawson, J. and Shepherd, J. E.}. See the Shock and
Detonation Toolbox Website \url{http://shepherd.caltech.edu/EDL/PublicResources/sdt/}
for related software packages and updates."
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Appendix A

Perfect (Gas Analytical Solutions

The perfect gas has a constant heat capacity and we assume a fixed composition across the shock, so that
for both upstream and downstream states, the equation of state is given by

P = pRT (A.1)
h = CPT (AQ)
The classical studies of gas dynamics use this model extensively since the jump conditions and many other
problems can be solved exactly. A compendium of exact solutions for perfect gases is given in the NACA

1135 report (1953); derivations and discussion can be found in texts and monographs on compressible flow
(e.g., Liepmann and Roshko, 1957, Thompson, 1972).

A.1 Incident Shock Waves

The standard approach in classical gas dynamics'is to express the solutions in terms of nondimensional
variables and parameters. Instead of the specific heat capacity, the gas is characterized by the nondimensional
parameter 7 = cp/c,, the ratio of specific heats. Instead of velocities, the Mach number is used

M=w/a (A.3)
For a perfect gas, because the specific heat is constant, there is a single sound speed.
a=+/yRT (A.4)

The conservation relationships can be analytically solved in terms of the jump or change in properties,

[F]=F—F , (A.5)
across the wave

P2y (1.6

B (ii) (A.9)
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or alternatively
B QV(Mf—Q (A.10)

14 =
P1 ")/+].
_ 2y e ol
y+1T v+
(A.12)

P2 _ y+1
o 2
P1
y=14+—
ME
2
m@+4—7
= (A.13)

2
= ME—1
v—1

(A.11)

M3 =

The ratio of stagnation (total) pressure across the wave is
v
7+l —1
B _ My A4
Pi 1 =1 (A.14)
1+ M?
1)71 2

2 eyl
y+1Th v+l

Using the transformation from wave-fixed to laboratory frame, we have
(A.15)

so that
[u] _ 2 <M1 _ AZ) (A.16)
(A.17)

We can analytically express the shock adiabat or Hugoniot as pressure-volume relationship

1l v
P y-1 v (A.18)

Fli ’7+11}2

or equivalently
P2 Yy +1
(A.19)

(%] P1 ’}/—1

U1

Alternatively, as a pressure-temperature relationship

P [l T (R T
Py v—1 Ty P, T

(A.20)

which has the explicit solutions

Py 1y+1 T\ Tn Jlv+1 T
L= 1- =2 St e A (e A.21
P2 \/|: ( TQ):l +T2 |:2’y—1 T2 ’ ( )

2y—-1
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or equivalently

AR R
5 Pg ’Y—IPQ

= . A.22
Yy-1P
Another useful equation is Prandtl’s relation,
wiwy = a*?, (A.23)

where a* is the sound speed at a sonic point obtained in a fictitious isentropic process in the upstream flow.

* ’Y—l W2
=14/2 h hy =h+ — A.24
a ] ts t + 5 ( )

A.2 Reflected Shock Waves

Several relationships for reflected waves can be derived by based on the fact that fluid adjacent to a stationary
surface must be stationary. Figure 6.8 (Section 6.6) illustrates a possible geometry for wave reflection. The
above condition requires that

u =uz =0. (A.25)
Therefore, the jump in velocity across the reflected wave,
[Ur =uz—ug = —uy (A.26)
is the exact opposite of the jump in velocity across the incident wave,

Up —Up = Ug , (A.27)

=
~
Il

or
[ulr = —[ulr (A.28)
The Rayleigh line equation (6.16) can be expressed in terms of jumps in properties, i.e.
[u]* = ~[P[v] (A.29)
Now we relate the Rayleigh line of each wave
[Plr[v]r = [Pl1[v]r - (A.30)

Pressure Jump

Using the perfect gas Hugoniot relationship (A.18) for both the incident and reflected waves, we can eliminate
the volume jumps and find a relationship between the pressure ratios across the incident and reflected waves.
Using the notation in Section 6.6,

5 _ (A.31)
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The pressure ratio across the reflected shock is always less than across the incident shock and has a limiting
value for large incident shock speeds of

P3 3")/*1 P2
— —= A.32
P2_>7—1 as P1—>oo (A.32)

On the other hand, for small incident shock speeds, the pressure ratio across the reflected and incident shock
waves approaches 1. In this limit, if we expand about the initial state,

P3 P2 ")/71 P2 2 "}/71 2 P2 3
S =2_ 1 - (Z=2_1 —_— —= -1 Al
Py Py 2y (Pl >+ 2y Py T (433

and retain only the first order terms of the series, we obtain the acoustic result, i.e. the pressure rise across
the reflected shock is equal to the rise across the incident shock. In other words, the total pressure rise
(P3 — Py) is twice the pressure rise due to the incident wave (P, — Pp).

Py — P, ~2(P,—P;) for acoustic waves (A.34)

Mach Number

Similarly, we can determine an expression for the reflected shock Mach number. First, we define the incident
and reflected shock Mach numbers.

_U

M; = (A.35)
ai
U
Mp = ZR T2 (A.36)
a2
Then, using the velocity jump relation (A.16) and recalling (A.25), we relate the two Mach numbers
1 ay 1
Mp——=— | M ——) . A.37
R M a9 ( I M]> ( )

The left-hand side is a function « of the incident shock speed

a=2 (M, - 1) . (A.38)

For a specified incident shock Mach number, we can compute « and find the reflected shock Mach number
by solving the resulting quadratic equation

244
MR:%_ (A.39)

From the incident shock jump conditions, a ranges between zero and a maximum value which is only a
function of . Taking the limit as M; — oo, we find that

1
Qe = —I 2 (A.40)

27(y—1)

which means that the reflected shock Mach number ranges betweem one and a maximum value of

Mpmas = 1| -2 (A.41)
Vi
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Enthalpy

For strong incident shock waves, we can derive from the reflected shock relationships (6.46)-(6.48), the
approximate results

1
hy ~ hy + 5UI2 (A.42)
1
hs ~ hs + §U12 (A.43)
so that the enthalpy behind a strong reflected shock wave is

hs ~ hy + U? (A.44)

which is very useful in estimations of the reservoir enthalpy in the reflected shock tunnels.
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A.3 Detonation Waves in Perfect Gases

The jump conditions given in Section 6.1 are

P1LW1 = P2W2 (A45)

2 2
hi + % = ho + % (A.47)
S92 Z S1 (A48)

Perfect-Gas, 2-y Model

For a detonation, we assume two perfect gases, reactant (1) and product (2), with different specific heats
and molecular weights. In this case, there will be two gas constants. We also assume an energy release, ¢,
due to exothermic chemistry. Now our thermodynamic relations are

hi =cp1T + hO,l (A49)
ho = cp2T + ho 2 (A.50)
q="ho1—hoz (A.51)
Pl = p1R1T1 (A52)
Py = pa Ro'Th (A.53)
Nk
C = A.54
= 20 (454
Y2 Ro
Cpo = A.55
=2 (4.55)
We substitute these into the jump conditions to yield:
Py 14~y M?
== A.56
P1 1+ ’Y2M22 ( )
v pMF1+ynM? (A7)
U1 71M12 1 + ’)/QM22 '
1 1 q
—— 4+ M+
T _mBim—-1 27" af (A.58)
T1 7R 1 i EMQ .
-1 2772
Additionally, the entropy variation along adiabat is
1
ds = Q—T(vl —v)?d(pw)? (A.59)

A.4 Chapman-Jouguet Conditions

At the CJ point, the isentrope, and Hugoniot and Rayleigh line are all tangent.
Pcy— P, oP oP
o =P _ () _ () (A.60)
vog — U1 v )y ov /

which implies that the product velocity is sonic relative to the wave

WQVCJ = a2 (AG].)
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Jouguet’s Rule

# = {1—g(vl —v)}

> (A.62)

oP AP
ov ) g, g Av
where G is the Gruniesen parameter.
The flow downstream of a detonation is subsonic relative to the wave for points above the CJ state and
supersonic for states below.

A.5 Two-y CJ Conditions

Using the CJ conditions and the perfect-gas, 2-y model, and the Mach number for the upper CJ (detonation)
point

_ (1 +72)(2-1) (vo — ) (72 + 1)
Her= \/H ’ 271(m — 1) + \/H + 27171 — 1) (A.63)

where the parameter H is the nondimensional energy release

(2=1D(a+l)g B —-1gq
= = = A.64
H 2’71R1T1 2 a% ’ ( )

q = ho1 — ho2 . (A.65)

The inverse relationship is

2 2
nRTi 2\m) (B-1)ME; m-1 2
Other quantities of interest include
e CJ pressure
Poy _ L+mMe, (A.67)
Py Yo +1 ’
e CJ density
pcs _ e + 1) Mg, (A.68)
p1 - Y21+ 7 MEy)
e CJ temperature
Tos _ Poy p1 B (A.69)
Ty PopcyRe ’
e CJ sound speed
acy _ 72 1+ Mg, (A.70)

a1 m (1+72)Mcy

Effective energy release parameter

1 2 1 M2
% _ 2t (aCJ> _ ( + CJ) (A.71)
a7 2(we—1)\ a1 v —1 2
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A.6 One-y CJ Conditions

A common approximation used in analytical and some numerical studies is to assume that ratio of specific
heats v has a common value and is constant in both reactants and products; usually, the additional assump-
tions are made that the molar masses in reactants and products are equal. The analytical expressions for
the CJ state are particularly simple for this case:

Y+1 g 7+1 ¢
Mcy = | —= 1 A A.72
c3 > o T \/ 2 C,T, (A.72)
PCJ 'YM(%J +1
—_ = A.73
Py v+1 ( )
P1 1+ ’YM(ZJJ
2
Toy _ (vM&, +1) (A.75)

T MEy(y+1)?

A useful alternative relationship between energy release and CJ Mach number is

1 [29(v* — 1)
Mgy — = A.
T My YRTy (A.76)

which yields the following relation for the effective energy release parameter

2 2
¢ _r-1 _ b
L ) am
A.7 Strong detonation approximation

A useful limit for approximate analysis is Mgy > 1. This simplifies the expressions for the CJ properties
(A.67)-(A.69).

Ucy ~1/2(73 — 1)gq (A.78)
pcy = 7271_ 1,01 (A.79)
Pey =~ ﬁplU(%J (A.80)
acy = % (A.81)
ucy ~ WU:JLJI (A.82)

A.8 Reflection of Detonation

A detonation wave incident on a rigid surface will reflect as a shock wave which propagates into the detonation
products. The computation of the properties behind the reflected wave proceed in the same fashion as with
the previous discussion for shock waves (Appendix A.2). When we compare the reflection of a detonation
wave (traveling at CJ velocity) with a nonreactive shock wave of the same speed, we find that the pressure
behind the resulting reflected shock wave is much higher in the case of the incident shock than the detonation.
This is because the momentum flux behind the shock wave is higher than that behind the detonation. The
chemical energy release in the detonation increases the equilibrium post-incident-wave temperature and
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lowers the post-incident-wave pressure, density, and particle velocity compared to a shock wave of the same

speed.

demo_CJ_and_shock state.m demonstrates how to compute the following four states.
e CJ state: equilibrium behind a CJ detonation

e Frozen post-reflected-shock state resulting from reflection of a CJ detonation

e Frozen post-incident-shock state behind a shock traveling at the CJ speed

e Frozen post-reflected-shock state resulting from reflection of a frozen shock wave

for stoichiometric hydrogen-air mixtures.

CJ state

CJ speed 1968. (m/s)

CJ pressure 1.54 (MPa)

CJ temperature 2940. (K)

CJ density 1.511 (kg/m3)

w2 (wave frame) 1092. (m/s)

u2 (lab frame) 875.7 (m/s)

a2 (frozen) 1127. (m/s)

a2 (equilibrium) 1091. (m/s)
gamma?2 (frozen) 1.242 (m/s)
gamma?2 (equilibrium) 1.163 (m/s)

Reflected shock (equilibrium) from CJ detonation

Reflected wave speed 782.9 (m/s)
Reflected shock pressure 3.74 (MPa)
Reflected shock temperature 3297. (K)

Reflected

shock density 3.200 (kg/m3)

Incident Shock (frozen) at CJ speed

shock speed 1968. (m/s)
shock pressure 2.74 (MPa)
shock temperature 1530. (K)

shock density 4.506 (kg/m3)
w2 (wave frame) 366.1 (m/s)
u2 (lab frame) 1602. (m/s)
a2 (frozen) 895.8 (m/s)

gamma2 (frozen) 1.319 (m/s)

Reflected shock (frozen)

Shock speed 1968. (m/s)

Reflected
Reflected
Reflected
Reflected

wave speed 599.4 (m/s)

shock pressure 18.63 (MPa)
shock temperature 2832. (K)
shock density 16.55 (kg/m3)

In this example, the pressure behind the reflection of a frozen shock wave is 18.6 MPa as compared with
3.74 MPa behind the reflection of the detonation. The ratio of reflected to incident post-wave pressure is
6.97 for the frozen incident shock wave and only 2.46 for the detonation case. The ratio computed for the


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_CJ_and_shock_state.m
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detonation is found to be very insensitive to the mixture composition with both computed and measured
values being close to 2.5 (see Shepherd et al., 1991).

Following the derivation of Stanyucovich and Zel’dovich (Stanyukovich, 1960, p. 372-372), the ratio of
post-reflected to post-incident pressure can be approximately computed for detonations using ideas similar
to those for incident shock waves together with the strong detonation approximation (Appendix A.7). Using
the notation of Section 6.6, the Rayleigh line for the detonation can be written:

uz = (P, — Py) (01 — v2) (A.83)
and applying the strong detonation approximation (A.82), this is

o P
UQN
v+1

(A.84)

where we have dropped the subscripts on v and assumed it has the same value for state 2 and 3. For the
reflected shock wave, the Rayleigh line is

uz = (Ps — P) (va —v3) (A.85)
We can eliminate vz by using the following form of the Hugoniot relation

vs _ (vt DR+ (y-1)P

= ) A.86
ve (Y-DP+(v+1)P (4.86)

The volumes vy and v; can be eliminated by using the strong detonation relation (A.79)
v A L (A.87)

T+l

which results in a quadratic for the pressure ratio P3/P,. The solution to the quadratic is

Py Sy+1+/IT2+2y+1
s _ oyttt (A.88)

1
P2 o 4")/

For values of v between 1 and 5/3 (realistic for gases), this approximate formula give values of the pressure
ratio between 2.4 and 2.5. Despite the very rough nature of the strong detonation approximation, the
resulting values are in reasonable agreement with detailed computations and experimental data as discussed
in Shepherd et al. (1991).
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A.9 Oblique Shocks in Perfect Gases

The jump conditions for oblique shocks in perfect gases can be expressed analytically in terms of the wave
angle 8 and upstream flow state by applying the transformation from laboratory coordinates to wave-fixed
coordinates and applying the usual shock jump conditions with a normal shock Mach number My, specified
as

My, = M sin 8 (A.89)

where the freestream Mach number M; = uy/a;. From Appendix A.1 the ratios of properties across the
shock are found to be

Py 2yMPsin®f—(y—1)

—= A.90
Py y+1 (A.90)
p2 _ (Y +1)Misin®pB (A91)
pr (v —1)M?sin? 5+ 2
w_ cos 3 (A.92)
u1
i_(’y—l)Mfsin2ﬁ+2 (A.93)
up  (y+1)MEsinp '
The flow deflection angle is given by
2249
tanf — 2 cot B(M7 sin® 5 — 1) (A.94)

(y+1)M? — 2(M}sin® 3 — 1)

Prandtl’s relationship is a tidy way to express the relationship between upstream and downstream normal
velocities in terms of a reference sonic state a2

9o 7Y—1 5,
= _— A.95
W1 Wo a; poare 11} ( )
2 —1
a? = ——al+ 7 u? (A.96)

v+1 y+1
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A.10 Prandtl-Meyer Expansion in Perfect Gas

The definition of the Prandtl-Meyer function is

dw = M2—1d—u

(A.97)
The key idea for further developments is that along a streamline in steady, supersonic flow is that for
isentropic flow, the variation in all properties can be related to the stagnation state and the local flow
velocity or Mach number. In the case of a perfect gas, these can be expressed as analytic relationships. In
the adiabatic flow of a perfect gas, the conservation of energy can be expressed as

2
he=h+ o (A.98)

where (), is the stagnation state. This can be rewritten using the perfect gas relationship h = C,T with C,
= v/(y—1) where v = Cp/C, is constant for a perfect gas.

L y—1. 9
T —l—ki2 M (A.99)

Using the perfect gas entropy relationships, the gas thermodynamic state can be obtained analytically

Y
= v—1 2\7—1
S (1+ 22 A.100
= (1e )t (A100)
1

—1 _
pf:(1+72M2)V b (A.101)
P

(A.102)
To simplify the Prandtl-Meyer function we start with the perfect gas expression for sound speed a =
V7YRT as a function of Mach number

2

ai vy—1 5

— =1+ ——M". A.103
B =1t ( )

Defining v = aM, this leads to the expression for velocity changes as

du da dM
—=— 4+ — A.104
U a + M’ ( )
subsitute and simplifying, we find that
d 1 dM
u 1 + LMQ
2
and the Prandtl-Meyer function is defined by
M?Zz—-1 dM
1 + %MQ

The integration is tedious but can be performed analytically (the convention is to set w(M = 1) = 0) to
yield

1 —1
w(M) = 4/ ‘3? e hw 2-1) —tan~' VM2~ 1 (A.107)
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The use of this relationship is discussed in detail in books on compressible flow Liepmann and Roshko
(1957), Thompson (1972). The key result is that the Mach numbers upstream M; and downstream My of
an expansion wave that turns the flow through an angle Af# are determined implicitly by the relation

w(My) = w(M) + | A6 (A.108)

where the choice of sign depends on the direction of the turn and we always have My > M; > 1.
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A.11 Shock Tubes

The perfect gas shock jump conditions can be combined to obtain the following relationship between the

absolute change in velocity across the shock Au = [[u]| and the jump in pressure across the shock AP =
[Pl
AP Au [ v+1Au v+ 1Au 2
— = == S o= 1 A.109
P1 v ay 4 aq + \/( 4 ay > + ’ ( )

or equivalently

1P

Au_ 4P (A.110)

a TAP
L [ 1t1AP
2y P
The relationship between pressure and velocity change across an expansion wave can be computed from the
Riemann invariants and the perfect gas isentropic relationships

1. (A.111)

The maximum value of the velocity change is achieved with expansion to P = 0

2
v~<1

AUpax = a . (A.112)

These relationships can be used together to match pressure and velocity at states 2 and 3 to obtain the
following relationship between driver (state 4) and driven section (state 1) conditions and the shock Mach
number M, = Us/ay.

—274

2m

P4 al’Y4_1< 1):|FY41|: :
R P M, — — 14 M2-1 A113
P { ag v+1 M, 71+1( ) ( )
The limiting shock Mach number for Py/P; — oo is
1
M, Nt (A.114)
ayya—1

These formulas are useful guides for shock tube performance at modest pressures and shock Mach numbers
but have to be used cautiously at high pressures and for strong shocks, see Section 7.11 for a discussion of
some of these issues.



Appendix B

Differentials on the Hugoniot

In the numerical solution of the jump conditions for CJ velocity described in Chapter 8, we take advantage
of some special properties of solutions near the CJ point. The key result is that the deviation in detonation
speed dw = wy — Wy is a quadratic function of the deviation of downstream specific volume dv = vy — v¢y.
This appendix derives this result for a generic equation of state, expresses the results for ideal gases in terms
of standard thermodynamic derivatives and verifies the results using the perfect gas analytical expressions.

B.1 Differential Relationships on the Hugoniot

We will use the following notation for partial derivatives evaluated at a specific state.

ory

(5:), 70 By
0% f o

(@) ) - fl,:r:r: (B2)

where f is a function of x and 1 is the state where we evaluate the derivative. Also if we are holding y
constant, where f is also a function of y, we will express that as

(5) =t (B.3)

ox /),
Recall
e Rayleigh Line
2
PP1—<W1> (v—1) (B.4)
U1
e Hugoniot
h—hy :(P—Pl)(v—zvl) (B.5)
Now we find the Taylor expansion of P about P, along the Hugoniot.
1
P = Py + Pay 60 + 5JDQa,L,M,((SqJ)2 + ... (B.6)
We want an equation of the form
dwy = C(ov)" (B.7)
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that explains how the curve wi(vs/v1) behaves near the post-shock state, so we perturb the system from
this state, state 2, where wj is the specific value of w; that produces the chosen state 2.

v = vy + v (B.8)
w1 = W] + 0wy (B.9)

The equation of the Rayleigh line (B.4) becomes
1
P-P = —?(W1+5W1)2((v2+5v)—v1) (B.10)
1
and combined with the Hugoniot pressure expansion (B.6)

1
(P2 — Pl) + P2H,’U5v+§P2H,’U’U(6U)2 + ...

1 (B.11)
= —?(w”{2 +2widwy + (6w1)?) (v + 6v — v1)
1
Now we can group terms in powers of dv
e Zero Order
wi?
(PQ—Pl) = —1}72(’02—1]1) (B12)
1
Because this is (B.4) evaluated at state 2, these terms cancel.
e Higher Order
1 2 WTQ 1 * 2
Py + §P2H,m,(5v) + .= o ?(2W16 w1 + (dw1)?) (v + dv — vq) (B.13)
1 1

It is important to remember that the derivatives of pressure are evaluated along the Hugoniot so Payy
is the slope of the equilibrium Hugoniot.

B.2 CJ Point Analysis

From (B.4), the slope of the Rayleigh line is

w1
- — B.14
. (B.14)
which is
U&,;
_ U? (B.15)

in the CJ case. At the CJ point, the Rayleigh line and the Hugoniot are tangent (i.e. have the same slope)
so the slope of the Hugoniot, P»y ,, is the equal to the slope of the Rayleigh line. Now it is clear that the
first order terms of (B.13)

W*Z U2
Popry=——s = -5 B.16
2H, ’U% U% ( )
also cancel. The remaining higher order terms equation is
1 2 1 * 2
=Poyy 00 (00)” + ... = = (2wiowy + (dwy)”)(ve 4 dv — 1) (B.17)

2 vy
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and if we only retain the lowest order term on each side, the equation simplifies to

2

v
Elpg’,q’m,((s?})g = —5W1 [2 WT(UQ — ’Ul)} (B18)

Therefore in the CJ case, (B.11) reduces to the form (B.7) we want

(5W1 = 4 Wl PQ’H,U'U ((5’[})2 (Blg)

(P> — Pr)

B.3 Derivatives of Pressure

It would be convenient if we could express Pay . in terms of quantities that we can measure. We can use
(B.5) to accomplish this. We would like to express enthalpy as a function of pressure and specific volume:
h(P,v)

h(P,v) = hy + [ho pdP + ha ,dv] + = [ho, ppdP? + 2ha pudPdv + h 4, dv?] (B.20)

1

2

To evaluate Pay .., we will look again at states near state 2. Equation B.20 close to state 2 is
h(P, U) = h2 + [hg’p(P — P2) + hgyv(’U — UQ)] +

1
5 [hz,PP(P — P2)? + 2k py(P — P2) (v — v2) + ha (v — U2)2}

(B.21)
To simplify this equation, substitute v — vy = dv.
h(P,U) = h2 + [hQ’P(P — PQ) + hgyvév] +
1 ) ) (B.22)
5 [thp(P — Pg) + 2h27p1,(P — P2)5U -+ h27vv(57j) ]
Now we can group terms
ha.vv h
h(P,v) = [ha] + 60 [ha,,] + (60)? [22} + (P — Py) [ha,p + 6v(ha,py)] + (P — P2)? [ 2’2””}
(B.23)
Substituting (B.23) the Hugoniot equation B.5 gives
ha.vw h
[ha — hy] 4 60 [ha.o] + (60)? [22} + (P — Py) [ha.p + 0u(hg po)] + (P — Py)? [2‘2”}
v + v o
=[(P = P) + (P, — P)] ( L 5 2 +2>
(B.24)
If we substitute the Taylor expansion for Hugoniot pressure (B.6 this equation becomes
+ Py, — P, ha.vw
(ho — hy) — (P, — P) 2 5 “1} + 6v [hzv -2 5 1] + (6v)? [22}
1 1
= (PQH,U&J + 2P2’H,vv(5v)2> [02 —2H)1 —ha p+6v (2 - hz,Pv)] —
2 2 3, Lo 4\ |he.pp
Py (00)" + Payy o Por 0 (60)° + EPQH,UU(JU) 5
(B.25)

As before we can group powers of dv
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e Zero Order
Vo + V1

2

This is exactly the Hugoniot curve expression (B.5) evaluated at state 2. Therefore, these terms cancel.

(hy = h1) = (P, — P1) =0 (B.26)

e First Order

Py, — P
how — 25— = Poio (W;m - hg,p> (B.27)
SO
P, —P 2
P v = h v B.28
7 [ > 2 } L)z + v — 2h2,P:| ( )

e Higher Order

ha v 1 5v)? Vg + v 1
(50)2277 =(6v)?Pagy 0 < - hQ,Pv) + (0v) Py vv { 21 ho.p + dv < — hz,mﬂ

2 2 2 2

) B (B.29)
- <P22H,’U(6U)2 + PQH,UP2H,'UU(5U)3 + 4P22H,m)(6v)4) |:2,2PP:|
If we only keep the lowest order term on each side, the equation simplifies to

howo 1 1 vy + V1 9 ho pp

9 - PQH,U (2 h2,Pv) + §P2'H,vv |: 9 h2,P:| PQ’H,U D) (BSO)
Solving for Papy vy, We get
2

Porgww = [howw + Py o (B 4+ Poyy 2hopy — 1)| | ———————— B.31
20 = (D2 + P (o) + Pasy (2o = )] |- (B31)

B.4 Thermodynamic Analysis

We would like to express the derivatives of enthalpy as functions of quantities that we can determine so
that we can evaluate the derivatives of pressure. To determine these derivatives of enthalpy we need two
fundamental equations as well as the definitions of the Griineisen Coefficient, G, and the equilibrium sound
speed, Geq-

dh =Tds + vdP (B.32)
Tds = de + Pdv (B.33)
G—uv(P.) (B.34)
ac, = —v* (Po), (B.35)
First we will evaluate the first order partial derivatives of enthalpy

(h»P)v = (8713 =+ (PU)JD)I) (B36)
— (e,P)U + v (B37)

v
==+ B.38
- (5.35)

g+1

(hp), =v (B.39)
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Similarly

(ho)p = (Tsp+vPy) (B.40)
(Tsw)p (B.41)
=—(Tsp),(Py), (B.42)
=—(ep), (Pu), (B.43)
== (g) ( Uf) (B.44)

ai 1
(hw)p = f@ (B.45)

To evaluate the second order partial derivatives of enthalpy, we need to take derivatives of the above expres-
sions

(h.pp), = (v,p), (1+ ) — (G p), (B.46)
(o) = 21 (2<aeqv> “ (G 0@ (.47
((thr),],), =@l (14 ) &G (B.43)
(00,],), = 22 (2(0n), — 22 (G w), + 0 Gr), ) (B.49)

The mixed partials should be equivalent so

a2 ag 2a,
G+1+ < e g> (g P) ,U2q (pr)v + (j]q (aeqyp)v (B.50)

Plugging in these expressions for derivatives of enthalpy into the derivatives of pressure gives

A3eg 1 Po— Py 2G,
Poy o = 4_ _ B.51
o [ vy G2 2 {QQ(UI —v2) — 2112} (B.51)
_ A2eq 2g2 _ A2eq
Py = 2Go {QQ(M ) = 21;2] [2 (a2eq,0) p 3G (G2 (v2,p),, + v (gz,v)p)]

+ Py, [QQ(U1 _Ziz) — 202} |:(U2,P)v (1 + g12> a2 2 (Ga.p) }

2G>
Poyy o 2h -1
+ o [gz(m —vg) — 202} [2ha,po 1]
(B.52)
B.5 Perfect Gas Analysis
For a perfect gas, the specific heat is constant and the equation of state is given by
P =pRT (B.53)

h=cpT (B.54)
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The derivatives of enthalpy are
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Y
hp= B.
P (B.55)
i
h,=——P B.
e (8.56)
hpp=0 (B.57)
- (B.58)
Y
hp,=—— B.
P = (B.59)
Plugging these derivatives of enthalpy into the derivatives of pressure (B.51)-(B.52), we get
[ P,— P 2
Poy = 711P2— 22 1} ]
L v + v — - T2 (B.60)
e e )
=|Pi+ P
Uy =1 lu( =) F e+ 1)
_ , 5
Poyi v = |04+ 0+ Poyy Qj—l ~
] ! I (B.61)
v+1 v—1 ?
= 2P2H,v
Y1) [n(y—1) +va(y+1)

We can check the validity of (B.60)-(B.61) if we use the perfect gas expressions in the Hugoniot equation

(B.5) directly, i.e.

which simplifies as follows

e Zero Order

Py — Py = (P — Py ) (B.62)
v—1 2
(v+wv1) gl (v+w) gl
P — =P — B.
1[ 2 B 2 e (B.63)
1
(Plv - P’Ul) = (Plvl — PU) (’Z/i—l) (B64)
Now, we perturb the system as before and look at terms of the same order
] 1
P, {(“2 T LD S J _ <P2 + Py v + QPQH,W(&;)?)
7 (B.65)
Wetdvbo) (452
2 2 y—1
y+1 1 2
Py v —1v " +ov= [P+ P2H7U6’U + §P2H’UU(5U)
7 (B.66)
(= 5) - (350)
V] — U —ov | ——
vy—1 v—1
+1 +1
P1 (UQ_U17_1):P2 (1}1—’(}27_1> (BG?)
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e First Order

1 1
1:—P2 i —‘y—PgHU 1}1—’()27_'_ (B68)
v—1 ’ v—-1
SO
S )
Poy = |1+ P B.69
2 { 2(7—1 vi(y—1) —v2(y+1) (B.69)

This is exactly (B.60).
e Higher Order

+1
- _ 2Pogi v Tl
0 (6v) 2H, ("/—1 +

B.70
(0v)? y+1 v+1 ( )
PZ’H,UU U1 — V2 —v | ——
2 v—1 v—1
If we only keep the lowest order term on each side, the equation simplifies to
Y +1 PQ’H VU vy +1
= —Pyyy : — B.71
Solving for Py v
e
Poyi o = 2Poy o B.72
o o [7—1 n(y—1) = vy +1) (372

We see that this expression for Py ., is identical to (B:61) which verifies that the general solution reduces
correctly to the perfect gas model solution.






Appendix C

Thermodynamics of the Hugoniot

Using thermodynamics, the jump conditions, and the Hugoniot equation, we can determine if the flow is
subsonic or supersonic behind the wave and also the nature of the entropy extremum at the CJ points.
Differential equations can be formulated to described the variation of temperature and entropy on the
Hugoniot.

C.1 Jouguet’s rule

The starting point of this discussion is the variation of entropy on the Hugoniot that was derived from the
Fundamental Relation of Thermodynamics and the energy version of the Hugoniot equation 6.19.

0 Av [AP oP

gy 2 2s (22 (C.1)

ov ), 2T | Av v ) 4
This expression gives the entropy change in terms of the difference between the slope of the Hugoniot and
Rayleigh line. In order to draw conclusions about the flow Mach number, we need to reformulate this in
terms of the slope of the isentropes and the Rayleigh line. The relationship of the Hugoniot to the isentropes

requires determining the slope of the Hugoniot. This can be accomplished by expanding internal energy
e(P,v) as a function of pressure and volume.

Oe Oe
== P — 2
de (5‘P>vd +(av>Pdv (C.2)
Using thermodynamic relationships, we can write the coefficients in terms of the Griiniesen parameter G
oP
v (0T
__2 (% 4
T ( Ov )S (C4)
v v (0P
=—=dP - | | — P .
o Zar - [£ (2 o] 9

Equating this to the expression obtained by differentiating the Hugoniot and solving for the slope, we have

(50) +5oar

oP ov 2v
(av )H _ . (C.6)
1+ —Av
2v
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An independent relationship between the Hugoniot and isentrope slopes can be obtained by expanding P(v, s)

on the Hugoniot
oP oP oP ds
(5).- (5).+ (%), (5), 0

This can be simplified by using the thermodynamic relations to read

(5),~ (&), (3) ©
ov )y ov ) v \Ov ),

Note that the unsubscripted variable v, G, and the slope of the isentrope are to be evaluated at the down-
stream conditions (2) in this equation. Equation (C.8) indicates how the sign of G and the rate of change of
entropy along the isentrope determines if the slope of the isentrope is larger or smaller than the slope of the
Hugoniot. For substances with G > 0, the slope of the Hugoniot will be smaller (larger) than the slope of the

isentrope when the entropy derivative (ds/dv)y < 0 (> 0). Shock waves in usual substances (see Menikoff
and Plohr, 1989) are compression waves

AP >0 (C.9)

and have G > 0 and (ds/dv)y < 0, so that
oP oP
o< |—] <= <0 (C.10)
v )y ov /
and there are no vertical asymptotes (see Hayes, 1960) so that the denominator does not vanish

Av
1+Q% >0 (C.11)

Combining (C.6) and (C.1) gives

AP <8P>
Os Av | Av \ v s
1+6G-—
2v
which can also be written as
83) Av a? — w?
— = (C.13)
(31} ) 2T v? 14 g%
v

This illuminates a crucial connection between the flow speed (subsonic vs supersonic) downstream of the
shock, the Griiniesen parameter, and the variation of entropy along the Hugoniot. The denominator is posi-
tive for most substances since the slope of a realistic Hugoniot (C.6) is negative and is a continuous function
of the volume. Equating the two expressions for the variation of entropy along the Hugoniot (C.1) and (C.13),

we find ) )
AP P 1 —
. (g ) bk (C.14)
v v /g V7 +g%

This equation can be applied to the downstream state at any intersection point between the Rayleigh line
and the Hugoniot. From the geometry of the Hugoniot and Rayleigh line shown in Fig. 6.4, we conclude
that if the denominator of (C.14) is positive, the flow downstream (state 1) of a shock wave is subsonic.
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The flow upstream of a shock is supersonic, w; > a1, since the isentrope and Hugoniot are tangent at
the initial state (C.6) and from the geometry shown in Fig. 6.4, we have

AP oP oP
a<(3), - (5). (€1
or
2 2
W4
o2 < o2 (C.16)

which proves that the flow is superonic upstream of the wave

W1 > aq (017)

For detonation waves, we can apply (C.14) at the downstream state 2 to determine the nature of the
flow there. Assuming that the denominator of the r.h.s. is positive, we obtain Jouguet’s rule: The flow
downstream is subsonic or supersonic if the slope of the Hugoniot is smaller or larger than the slope of the
Rayleigh line. Referring to Fig. 6.5, there are four cases to consider, given in Table C.1. The physically
reasonable solutions for both detonations and deflagrations have subsonic states (strong solution) downstream
of the wave.

Table C.1: Jouguet’s rule for detonations and deflagrations

Case a? —w?  9s/0v),, Note
detonation, Uy <0 <0 strong detonation
detonation, Us >0 >0 weak detonation
detonation, Lo <0 <0 strong deflagration
detonation, Ly >0 >0 weak deflagration

We can show that the denominator of (C.14) is positive for a shock wave in a perfect gas. The Griineisen
parameter for a perfect gas is a constant and is equal to

G=y-1. (C.18)

From the perfect gas shock jump conditions (Section A.1), the jump in volume normalized by state 2 is

2
) .
Av M?
Yy+1+ —
M3
so that
v+1
2+
A 2
1+ g% = 7M12 (C.20)
2
Y+1+ —
M3
For large shock speeds, M; — oo, a limiting value is reached
2
- — (C.22)

v+1
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For reacting gases with realistic thermodynamic properties, the Griineisen parameter has to be computed
numerically. The simplest way to do this is to use finite differences to approximate

v (OT
=—= = C.23

g T ( v ) s ( )
The evaluation can be carried out either at frozen composition (gruneisen_fr.m) or equilibrium composition
(gruneisen_eq.m). An example of an evaluation of G and the denominator of (C.6) is shown in Fig. C.1 for
states on the Hugoniot near the CJ point of hydrogen-air detonation (see demo RH_CJ_isentropes.m). The
values of both G and the denominator are approximated by the perfect gas expressions for strong shock
waves

Gy, —1 (C.24)

2
7H<1+%Au<1 (C.25)

and the equilibrium value of the isentropic exponent -,

v (OP
Vs = _F (av>s)eq (0.26)
15, J

|
Ys,eq |
1 |
|
1+2G(AV/IV) |
0.5} :
|

| G
0 |

02 04 06 08 1
v (m3kg)

Figure C.1: Griineisen parameter, denominator of (C.6), and isentropic exponent (C.26) for the example
shown in Fig. 6.7.

C.2 Entropy Extremum

The nature of the entropy extremum at the CJ points can be determined by computing the second derivative
of entropy along the Hugoniot. This argument is apparently due to Becker (1922) and an alternate presen-
tation is given by Kistiakowsky and Wilson (1941). Proceed by differentiating (C.1) and evaluating at the
CJ point, where

(88> =0 at the CJ point (C.27)
v /)4,


http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Thermo/gruneisen_fr.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/SDToolbox/Thermo/gruneisen_eq.m
http://shepherd.caltech.edu/EDL/PublicResources/sdt/SDToolbox/MATLAB/Demo/demo_RH_CJ_isentropes.m
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to obtain

2 A 2
(g;)ﬂ = —2—; (gv];)ﬂ at the CJ point (C.28)

Now consider using the differentiation rule embodied by (C.8)
7] 0 0s 0
- = = == — 2
(E)v)H <8v)s+(8v>7_[ <8s)v (C.29)
twice to compute the derivative
2
9Py _(2) (9F (C.30)
ov? )4, ov ), \0v )y
0 0s 0 oP 0 oP s
= (= = = - = =) (= 31
).+ (3), )G ) ), (3),) e

Carrying out the differentiation and evaluating at the CJ point, the only remaining non-zero terms are

o%pP o%p oP 0?5
7o) (22 27 (42 h i 32
(81}2)7_[ <5‘v2>5+<5‘s>v(5‘v2)H at the CJ point (C.32)
Combining this with the result of (C.28), we have that
2 2
o°p = ! o°p at the CJ point (C.33)
ov? g ov? /|
H 1 + ?A'U S
v

the curvatures of the isentrope and Hugoniot have the same sign as long as the denominator is positive.
Define the Fundamental Derivative of Gasdynamics Thompson (1971) as

v3 (0?P
we can write (C.28) to clearly show the sign and verify the dimensional correctness
2 —A 2 1
(gi) = < U) . (;2) o Eivn -T"  at the CJ point. (C.35)
v? ) v v 14 97
v

For normal fluids Menikoff and Plohr (1989), the curvature of the isentropes will be positive, I' > 0, so that
the entropy is a relative minimum at the upper CJ point

2
(g;) >0 at the upper CJ point Awv <0 (C.36)
H

and a relative maximum at the lower CJ point

2
(88> <0 at the lower CJ point Av >0 (C.37)
ov? ),

The entropy extremum property has been the source of a great deal of confused speculation and led to
the misconception that detonation-based combustors are the most efficient for propulsion. There is a very
substantial irreversible entropy rise associated with detonation compared to the modest irreversibility for
deflagration. The variation of entropy on the Hugoniot and the implications for propulsion systems are
discussed in detail by Wintenberger and Shepherd (2006). From their Abstract, we quote the results:
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“For a given stagnation enthalpy, we find that stationary detonation waves generate a higher
entropy rise than deflagration waves. The combustion process generating the lowest entropy in-
crement is found to be constant-pressure combustion. These results clearly demonstrate that the
minimum entropy property of detonations derived from the conventional Hugoniot analysis does
not imply superior performance in all propulsion systems. This finding reconciles previous analy-
sis of flow path performance analysis of detonation-based ramjets with the thermodynamic cycle
analysis of detonation-based propulsion systems. We conclude that the thermodynamic analysis
of propulsion systems based on stationary detonation waves must be formulated differently than
for propagating waves, and the two situations lead to very different results.”

C.3 Temperature and Entropy on the Hugoniot

Differentiating the internal energy form of the Hugoniot equation we obtain the relation between changes in
internal energy, pressure and specific volume on the Hugoniot

1 1
de = 5(1)1 —v)dP — §(P+P1)dv . (C.38)
A alternate expression for de is obtained by considering e(v,T') and using thermodynamic identities
g
de = ECUT — P | +¢,dT . (C.39)

Equating these two expressions, a differential equation for temperature on the Hugoniot is obtained

T _ G, 1 {(m_v) ((1P>H+p_P1] . (C.40)

dv v 2¢, dv

A differential equation for entropy can be obtained by rewriting the fundamental relation of thermodynamics
as

Tds = de + Pdv, (C.41)

and evaluating this on the Hugoniot to obtain

4[5,

From the energy form of the Hugoniot we obtain

(5,20 (),ren]

substituting and simplifying we obtain

- (22) +ron). can

These equations for temperature and entropy can be integrated as a function of volume on the Hugoniot given

dP

a relationship Py (v) and the derivative (d) as well as estimates for the Griineisen coefficient G(v,T)
v

and specific heat capacity ¢, (T, v). This is a useful strategy that is used when limited thermodynamic data

is available about states on the Hugoniot as is often the case in shock compression of liquids and solids.



Appendix D

Real GGas Adiabatic Change Equation

This derivation of the real gas thermicity function is the work of Abbott (1991). Similar to Section 9.2, the
derivation begins with expanding pressure as a function of entropy, volume and species amounts. Unlike
Section 9.2, the following derivation is carried out with extensive quantities and mole numbers. At the
conclusion, the results will be transformed into specific mass properties and compared with the ideal gas
results obtained in Section 9.

OP OP OP
dP = () v + () ds + <> dNj, . (D.1)
oV SN a8 V,N zk: N V,S,Nizk

Factoring out the first partial derivative, we obtain

oP oP ov oP
dP = () dv + <> <) dS| + () dNVy . (D.2)
ov S,N o8 V,N opr SN ; ONj, V,S,Nizp
(D.3)
The first term in (D.1)
or
= D4
(57) (4
can be expressed in terms of frozen sound speed af
oP
a? = —v? <) , (D.5)
f ov sY
or pa;
el =7 D.
(7)o~ >0
(D.7)

where p = V/M, M = total mass of the system.
The second term, the coefficient of dS can be rewritten with the usual rules of manipulation of partial

derivatives,
oP oV oV
il - = | = . (D.8)
95 )yn \OP )N 95 ) pn
We can use the standard results of nonreactive thermodynamics to express this as
ov vT
A (D.9)
95 ) pn Cp
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in terms of the coefficient of thermal expansion

1 /oV
— (2 D.1
8 V(E)T)P’N, (D.10)
and heat capacity
oS
Cp=T <8T> (D.11)

The third term in (D.1) requires special consideration. Abbott did so by considering a more general
situation described in the Theorem at the end of this section. Using this theorem, we obtain

(8P> = pa?c [Vk BTS;C:| , (D.12)
ONE) v 5Ny VoG

From the definition of the thermodynamic potentials

—  H,-G
Sy = % . (D.13)
Switching to the chemical potential notation, G} = ux, we obtain the following version of (D.1)
V T
dP = pa} |—— + ’B—ds + Z ( — Hk.> AN}, + cﬂ > pkd N (D.14)
L
D.1 Thermicity
As discussed in Chapter 9, the fundamental relationship of thermodynamics
dH =TdS + VAP + Y ppdNy (D.15)
k
and the energy equation for adiabatic flow
dH =VdP, (D.16)
implies that the entropy change is
g—-1 > pdN, (D.17)
A fixdNy . .

Substituting this into (D.14), we find that the entropy change is exactly balanced by the change in Gibbs
energy resulting in the cancelation of the second and fourth terms in the adiabatic change equation. Trans-
forming to mass fraction variables

M
dNj, = —dY; D.18
= v (D.13)

defining the specific heat per unit mass

(D.19)
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and molar volume

— V
= — Da2
V= (D.20)
we obtain the following real-gas version of the adiabatic change equation:
dpP 2 dp 2 w Vk 5 Hk dY}€
— =a5— — - — D.21
a T TP —\ WV oW/ dt (D-21)
Defining & as the thermicity as in Chapter 9, we have
. W Vi B Hg\ dYy
— AR el B D.22
7 Xk:<wkv o Wi ) dt (D-22)
and the adiabatic change equation can be written compactly as
dpr o dp 2

which is identical to the previous development and provided an alternative formulation of thermicity enabling
the computation using partial molar properties instead of mass fractions. This is more convenient for working
with the many dense gas equations of state that have developed by the chemical engineering community.

D.2 Abbott’s Theorem: Derivative of Intensive Properties by Extensive
Properties

Assume that an intensive property W depends on extensive properties A, B and species mole numbers { Ny }.
Let X and Y be two intensive quantities (one of which may be W). Define the two generalized partial molar
properties A and B

o)

0A )
E= | = , (D.24)
<aNk X,Y,Nixp

oB >
L= (25 . (D.25)
<8Nk X,Y,Nizk

&)

Then for W (A, B,N) we have:

(8W> :(aW) _(aw> gi_<‘9W> B (D.26)
ON, A,B,Njzy, ONy, X,Y,Nizp 0A B,N oB AN

The proof proceeds by apply the chain rule of differentiation considering A and B as a function of the species
mole amounts Nj.

oW oW oW
aw = <) dA + () dB + (> ANy, (D.27)
04 ) 5 0B ) s Zk: N ) o,

Dividing by dNj and restricting differentiation to constant (X,Y’), we obtain

(%) s = () e (5 i (05 o (350 i (50 s @
ONj, X,Y,Nizp 0A B,N ONj, X,Y,Nizp oB AN ONj, X,Y,Nizp ONj A,B,Nizy, .

Rearranging and simplifying using the previous definitions of EZ and ﬁi, we obtain the desired result.
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D.3 Application

Using the theorem just demonstrated, make the following assignments:

A=V, (D.29)
B=2S, (D.30)
W=Y=P, (D.31)
X=T. (D.32)
For these choices
8W> ( oP )
(aNk X,Y,N,L'¢k 8Nk TypyNi;ék

The generalized partial molar properties can be expressed in term of the conventional partial molar properties

N oV _
ONy, T,P,N;4p,
~ oS _
ONy, T,P,N;.y,
and the theorem yields
oP OP — OP _
( > _ () V- () S, . (D.36)
ONj, V,S,Nizk ov S, N a8 V,N
The partial derivatives can be expressed in terms of standard property definitions using thermodynamic
identities.
or pa;
-— = —— D.
()7 ®31
oP o BT
il - 2= D.
(55) oa =56, (D:3%)
The final result is
OP > 9 [Vk BT — }
_ a2 | Ve BTy (D.39)
<3Nk V,S,Nizx, v Cp




Appendix E

Classical Thermodynamics

This appendix provides a brief summary of classical thermodynamic relations for a single-phase, constant-

composition substance. Relationships are presented using mass-specific quantities.

“Thermodynamics is an experimental science, and not a branch of meta-
physics. It consists of a collection of equations, and also some inequalities,
which inter-relate certain kinds of measurable physical quantities. In any
thermodynamic equation every quantity is independently measurable. What
can such an equation ‘tell one’ about one’s system or process? Or, in other
words, what can we learn from such an equation about the microscopic ex-
planation of macroscopic change? Nothing whatsoever. What then is the
use of thermodynamic equations? They are useful because some quantities

are easier to measure than others.” - McGlashan (1979)

E.1 Thermodynamic potentials and fundamental relations

E.2 Maxwell relations

Calculus identities:

energy

enthalpy h(s, P)

Helmholtz a(T,v)

Gibbs

e(s,v)
de = Tds—Pdv
= e+ Pv
dh = Tds+wvdP
= e—Ts
da = —sdT'— Pdv
g(T,P) = e—Ts+ Pv
dg = —-sdT'+wvdP

- (@),
(5),
- (&),
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(E.2)
(E.3)

(E.4)
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F(z,y,...) dF:(aF> dx—|—<aF> dy + ...
Ox [T 8y T,z,...

),

E.3 Various defined quantities

. Oe
specific heat at constant volume Cy = T
v
. oh
specific heat at constant pressure & = | o4
or ) p
ratio of specific heats v = &
Co
OP
sound speed a = ()
op /,
. . 1 [/ 0v
coefficient of thermal expansion B = —| =
v \0T /p
1/0
isothermal compressibility Ky = —= &
v \OP ),
1/0 1
isentropic compressibility K, = - <5;)S = W
oP
thermal pressure coefficient —_— = cvg
ar /, v
-
= %
Co
= pa’p=
Cp
oP
Joule-Thompson coefficient = (&) =2 (BT —1)
or/), ¢

Specific heat relationships

(E.10)

(E.11)

(E.12)
(E.13)
(E.14)
(E.15)
(E.16)
(E.17)
(E.18)
(E.19)

(E.20)

(E.21)

(E.22)

(E.23)

(E.24)

(E.25)

(E.26)
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Fundamental derivative

at 9%
r = Mazﬂ) (E.27)
v (O%2P
= 2(6) (E-28)
Oa
1 /0% [ 0%h
= 5 (= (5) ) (:30)
%P
o (5%)
- v s (E.31)
2 (%),
o2p 2P 3T (0P o2p 37 (OP\? [ de,
— = (=) =% —— )+ 5 (5= - (E.32)
ov? J ov? ) ¢y \Ov /), \OvOT 2 \oT ), \ Ov ),
T (9P\*? T (dec,
+ a 8)@[1—%(%%} Bethe 1942 (E.33)

Sound speed (squared)

a® = (?;;)S (E.34)
_ 2 (‘21; ) (E.35)
= KL (E.36)
- VKLT (E.37)

= /P (E.39)
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Griineisen Coefficient

E.4 (P, s) relation

dpP

= ——+

pa?

APPENDIX E. CLASSICAL THERMODYNAMICS

E.5 Equation of State Construction

Given ¢, (v,T) and P(v,T), integrate

de = cUdT+(T<

aP
T

Cy oP

— = —K,dP+T(K,dP)?+p

dv

Tds

Cp

along two paths: I: variable T', fixed p and II: variable p, fixed T

Energy:

T P
e:eo+/ cv(T,po)dTJr/ PT(
o o

I

Ideal gas limit p, — 0,

or

oT

+ ...

dP\?
r(— I
(pa2> +Qa2 +

)0

))

dp

p

2

II

. _ ig
Jim e (T, po) = &7(T)

The ideal gas limit of I is the ideal gas internal energy

(E.40)
(E.A1)
(E.42)
(E.43)
(E.44)
(E.45)

(E.46)

(E.47)

(E.48)

(E.49)

(E.50)

(E.51)

(E.52)

(E.53)

(E.54)
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and the complete expression for internal energy is

e(p,T) = eo + €(T) + ¢*(p, T) (E.55)
Entropy:
T P
e [T (- (50) ) % (50
o Po P
—_———

I I

The ideal gas limit p, — 0 has to be carried out slightly differently since the ideal gas entropy, unlike the
internal energy, is a function of density and is singular at p = 0. Define

; T cio(T d
slgz/ C”T()dT—R & (E.57)

o Pop

where the second integral on the RHS is Rln p,/p. Then compute the departure function by subtracting the
singular part before carrying out the integration

s¥(p,T) = /Op (R— % (gi)p) % (E.58)

and the complete expression for entropy is

s(p,T) = 50 +59(p, T) + 5%(p, T) (E.59)






Appendix F

Physical Constants of Selected Molecules

The critical constants of selected molecules and Lennard-Jones (LJ) potential parameters for selected fluids
are given in the following table. The LJ parameters are taken from the transport databases used for Cantera
(Goodwin et al., 2017).

Table F.1: Critical Constants (Rumble, 2018) and LJ parameters (Cloutman, 2000, Kee et al., 1998) for
selected molecular fluids .

Species 4% P, T. Pe Z,. e/kp 0
(g/mol) (MPa) (K) (kg/m?) (K)  (nm)

H, 2.016 1.30 33.2 31.04 0.305 38.0 0.292
COo 44.01 7.38  304. 466. 0.275 244.0 0.3763
N 28.02 3.40 126. 314. 0.290 97.53 0.3621
(O2) 32.00 5.04 155. 435. 0.289 107.4 0.3458
H>O 18.01 22.1  647. 323. 0.230 572.4 0.2605
NO 30.01 6.48 180. 516. 0.252 97.53 0.3621
CO 28.01 3.50  134. 311. 0.274 98.1  0.365
Ar 39.95 4.90 151. 536. 0.291 136.5 0.33
He 4.00 0.227 5.20 69. 0.308 10.2 0.2576

F.1 Diatomic Molecule Energy Levels

The molecular electronic, vibrational and rotational states for many diatomic molecules are tabulated in
two NIST data bases: diatomic spectra and chemistry webbook See p. 73-83 and Eq. 2.97 of Boyd and
Schwartzentruber (2017) to translate the spectroscopic symbols for molecular states into degeneracy factors.
States for all of these atoms and molecules (including NO and NO+) are tabulated in Park (1990), at the end
of Chapter 1. Chapter 9 and 10 of Hanson et al. (2016) and Bernath (2016) give a more in depth discussion
of the fundamentals of electronic structure of atoms and molecules.

The energy levels derived from spectroscopic measurement for diatomic molecules are given in term of
expansions in integer powers of the rotational and vibrational level quantum numbers (v, J). One way of
doing this is to use the Dunham coefficients Y} ; and the formula

E(v,J) =Y Yii(v+1/2)*[J(T+ 1) (F.1)
k,l

Many papers and some databases, particularly the multivolume compilations of Herzberg and Huber Molec-
ular Spectra and Molecular Structure, use a different nomenclature and a translational table between con-
ventional and Dunham notation is given below.
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Constants using the historical notation are given for selected diatomic molecules and some relevant excited
states are given in Table F.2. The energy levels are computed as follows accounting for the conversion from

APPENDIX F. PHYSICAL CONSTANTS OF SELECTED MOLECULES

E\NIL| o© 1 2 3 4
0 B. —-D. H., L.
1 We —Qe _ﬁe

2 —WeTe Ve

3 WeYe

4 WeZe

wavenumber units (cm~!) to Joule.

where

Table F.2: Diatomic molecular constants for selected species. Spectroscopic constants from NIST Chemistry

E= Erot + Em'b + Eele
Erot/hc = By(J +1) — D, J(J + 1)?

B, =B. —a.(v+1/2)

Eyip/he = we(v +1/2) — wewe(v +1/2)2

Ege/he =T,

WebBook
State We Wele B, Qe D, Te
(m ) (m )  (mY)  (mY  (ml) (i)
Ground States
N, Xlz; 2358.560  14.320 1.9982360 0.0173100 5.737x107%  0.1097690
NO X2H1/2 1904.200  14.070 1.6719500  0.0171000 0.5x106 0.1150770
O X?’Eg‘ 1580.190  11.980 1.4456220 0.0159330 4.839x10~6  0.1207520
H, XlZg 4401.210 121.340 60.8530000 3.0620000 0.0471 0.0741440
CO Xyt 2169.810  13.290 1.9312810  0.0175044 6.1216x10~6 0.1128320
OH XHI, 3737.760  84.881 18.910 0.724 0.001938 0.0970
Excited Electronic States
NO* AZyt 2374.31 10.106 1.9965 0.01915 5.47x106 0.106434
OH* Ayt 3178.8 92.91 17.358 0.786 0.002039 0.10121
03 B3%, 709.31 10.65 0.819 0.01206 4.55%x10~6 0.16042
Electronic excitation energy T,

NO*  43965.7  (cm™1)

OH* 32684.1  (cm™!)

(O3 49793.28  (cm™1)

Table F.3 gives values of constants for diatomic molecules useful for approximate computations with rigid
rotator, harmonic oscillator models of specific heats and dissociation energies that can be used with the ideal

dissociating gas model.


https://webbook.nist.gov/
https://webbook.nist.gov/
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Table F.3: Diatomic molecule symmetry factor, rotation and vibration quanta and dissociation energy

expressed as temperatures © = AFE/ky,.

Species o O, e, O4
X) (X) (X)
H, 2 87.5.6;325 52,000
N, 2 2.89 3,393 113,400
O3 2 208 2,273 59,000
CcO 1 278 3,122 129,000
NO 1 245 2,719 75,490
OH 1 279 5377 52,197
CH 1 208 4,113 40,200
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F.2 Degeneracy, Electronic States, Bond and Ionization Energies

The degeneracy and electronic states of the atomic species needed for the partition function computations can
be determined by using the NIST atomic spectroscopy data base which gives electronic orbital configurations,
spectroscopic terms and energy levels for neutral species and the first ion. See p. 69-73, particularly Table
3.2 and the following paragraph in Boyd and Schwartzentruber (2017) to translate the spectroscopic term
symbols into degeneracy factors. The values of enthalpy at 0 K are from Table B1 in McBride et al. (2002).
This is used to compute the heat of reaction for the ionized species at 0 K. The tabulated bond dissociation
energies are from deB Darwent (1970). Except for NO which is from Table “Bond Dissociation Energies” in
Rumble (2018). Values of D° are for 0 K; D°(0 K) = D°(298.15 K) - 3.7181 J/mol-K

Table F.4: Degeneracy factors, ionization, enthalpy at zero temperature and dissociation energies for selected
species.

g 1 H°(0) D°
(eV) (kJ/mol) (kJ/mol)
e 2 - -6.197 -

N 4 1453  466.483 -
N+ 9 29.60 1875.011 -

N, 1 1557 -8.670  941.636
Nf 2 1500.837 -

0] 9 13.61 242.450 -
ot 4 35.12 1562.590 -

Oq 3 12.07 -8.680 493.58

o 4 1162.517 -
NO 4 9264 82092  626.841
NO* 1 982.140 -
Ar 1 1576  -6.197 -

Art 6 27.63 1520.572 -

H 2 13.60 211.8 -
HT 1 - 1530. -



https://www.nist.gov/pml/handbook-basic-atomic-spectroscopic-data

Appendix G

Constants and Conversions

G.1 Fundamental Physical Constants

2.99792x 108
8.85419x 10712
47 x10~7
6.62607x 10734
1.38065%x 1023
6.02214x 1023
1.60218x10~1°

Co speed of light in a vacuum

€o permittivity of the vacuum
Lo permeability of the vacuum
h Planck constant

k Boltzmann constant

N, Avogadro number

e charge on electron

amu  atomic mass unit 1.66054x 1027
Me electron mass 9.10938x 103!
my proton mass 1.67262x 10727
G universal gravitational constant 6.67430x 10711
o Stefan-Boltzmann constant 5.67037x10~8

m-s~?

Fm™!

N-A—2

J-s

J K1
molecules-mol !
C

kg

kg

kg

m3-kg_1~s_2
W-m—2K—*

Consistent with the 2018 CODATA adjustment of the fundamental physical constants. For the most recent

values, see NIST Reference on Units and Uncertainty.

G.2 GGases
Universal Gas Constant
R 8314.462 Jkmol~t.K~!
R 8.314462 J-mol~L.K~1!
R 82.0575 cm®-atm-mol 1K1
R 1.9872 cal-mol~ 1. K1
Gas Properties at 273.15 K and 1 atm
pressure 101325 Pa
volume of 1 kmol 22.414 m?3
number of molecules per unit volume 2.25%10%° m™3
collision frequency at 273.15 K and 1 atm 4.3x10? st
mean free path in Ny at 273.15 K and 1 atm 74 nm
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G.3 Our Atmosphere

composition (mol fractions)

0.7808 Ny
0.2095 02
0.0093 Ar
0.0004 COq
Sea level
P pressure 1.01325x10° Pa
P density 1.225 kg/m?3
T temperature 288.15 K
c sound speed 340.29 m/s
R gas constant 287.05 m?/s2-K
w molar mass 28.96 kg /kmol
L viscosity (absolute) 1.79x107° kg/m-s
k thermal conductivity 2.54x1072  W/m-K
Cp heat capacity 1.0 kJ/kg-K
30 kft
P pressure 3.014x10% Pa
p density 0.458 kg/m3
T temperature 228.7 K
¢ sound speed 303.2 m/s

Based on the U.S. Standard Atmosphere, Minzer et al. (1975).
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G.4 Unit Conversions

Engineering
2.54 cm = 1.00 in
1m = 3.2808 ft
0.3048 ft = 1m
1 1b (force) = 4.452 N
1 1b (mass) = 0.454 kg
1 btu = 1055.06 J
1 hp = 745.7 W
1 hp = 550 ft-lbp-s~!
1 mile (land) = 1.609 km
1 mph = 0.447 m-s~!
1 mile (nautical) = 1.852 km

mechanical equivalent of heat

1 cal = 4,184 J
Molecular
1eV = 1.602176x107'° J
1 eV ‘molecule™ = 96.485 kJ-mol ™!
1eV = 11604.52 K
1em™?! = 1.43877 K
1 em™? = 11.9627 J-mol~!
1 kJ-mol™! = 120.272 K

For on-line units conversions, see NIST Links.


http://physics.nist.gov/cuu/Reference/unitconversions.html
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