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A bstract 

An experimental investigation of transient compressible flow in porous materials 
is reported. Two types of experiments have been carried out to verify the simplified 
models of compressible flow that have been developed by other investigators over the 
last decade and to extend the drag coefficient measurements to high Reynolds numbers. 
Results are reported for packed beds contructed from glass beads and three types of 
granular explosives: CP, HMX, and HNS. 
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Exe cutive Summary 

An experimental investigation of transient compressible flow in porous mater ials 
is reported. Two types of experiments have been carried out to verify the simplified 
models of compressible flow that have been developed by other investigators over the 
last decade and to extend the drag coefficient measurements to high Reynolds numbers. 
Results are reported for packed beds constructed from glass beads and three types of 
granular explosives: CP, HMX, and HNS. 

In the first type of experiment, a reservoir of high-pressure nitrogen gas is b lown 
down through packed beds of both inert and explosive materials. We show that after 
an initial transient, the gas flow becomes quasi-steady and the drag coefficient can be 
deduced from the pressure-time history of the reservoir gas. Using this technique , the 
drag coefficient can be determined over a large range of Reynolds numbers in a single 
test. Results are reported for Reynolds numbers from 10-4 to 105 and compared with 
the conventional drag coefficients reported by previous investigators. 

In the second type of experiment, a miniature shock tube has been used to im
pulsively apply nitrogen gas at pressures from 100 to 20,000 psia to a bed of packed 
glass beads instrumented with pressure transducers. Glass beads with mean diameters 
ranging from 5 to 300 p,m were used. The results of these experiments are compared t o 
numerical solutions of the proposed model equations and simple analytic models tha t 
result at large and small Reynolds numbers. 
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1 Intro duction 

1.1 Motivation 

The flow of a fluid through a porous medium is an important physical process. 
Considerable work has been done in the fields of hydrology, petroleum engineering, 
-and filtration, where the fluids are liquid. Drying operations and the burning of pro
pellants are two examples where the fluid is a gas. Our particular interest is application 
to the burning of pyrotechnics and the transition from deflagration to detonation in 
porous (granular) explosives. These materials have very small particle sizes, and ex
tremely high gas pressures and velocities can be generated during combustion. For these 
reasons, the characteristic Reynold's number for the gas flow can be several orders of 
magnitude larger than any achieved in previous experiments. 

In order to extend the existing experimental data base to a higher Reynold's number 
range, we have developed two new techniques for measuring gas permeability in porous 
columns. Experiments were performed on idealized particulate beds (glass spheres) 
to establish the methods and to verify existing correlations. More complex materials 
were used to assess the usefulness of these correlations on nonideal, granular materials. 
These materials were the granular explosives CP, HMX, and HNS. 

The organization of the report is as follows. First, we briefly review the theoretical 
basis of gas flow in rigid porous materials. Second, the materials used in this study are 
described. Third, the quasi-steady technique for measuring permeability is presented; 
results for glass beads and explosives are given. Fourth, the pulse method for determin
ing permeability is presented and results for glass beads discussed. Finally, the results 
of both quasi-steady and pulse measurements are compared. 

1.2 Review 

The theoretical basis of porous fluid flow is described in detail by Dullien. 1 An 
excellent review of existing experimental work on permeability measurement is given 
by McDonald et al. 2 The basis of almost all theoretical treatments of gas flow in a rigid 
porous bed is the continuity equation 

op opuE-+- =0 (1)at ax 
and some approximate model of the momentum equation, e.g., the Forchheimer equa
tion 

- -op = Ctf1U + (Jpu 
2 

(2)ax 
where p is the gas pressure, p the gas density, u the "filtration" velocity of the gas 
(volume flow rate divided by bed cross-sectional area), E the bed porosity, and f1 the 
fluid viscosity. If there are large temperature differences between the fluid and the solid 
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phases, t hen the coupled energy equations for both phases must be considered. For the 
flows we will consider, the fluid-solid temperature differences can be shown to be small 
and the gas flow can be considered isothermal. The constants 0: and (3 are funct ions 
of the properties of the porous material and have to be experimentally determined in 
order to complete this model. The usual procedure is to define two other constants , 
the permeability K and the Forchheimer constant >., which are defined as 

1 
K= - , (3) 

0: 

>. = K(3 . (4) 

The Forchheimer model for the momentum equation is a very simple description of 
the force balance in the flow . The inertial terms are neglected in the gas momentum 
equation and pressure drop is balanced against a drag force composed of a viscous 
and an inertial term. Neglecting the flow inertia implies that shock waves and other 
nonlinear gasdynamic phenomena such as choking are neglected . These omitted terms 
can be shown to be unimportant in the experiments we describe. A particular form of 
the drag law is also used in Eq. 2; many variations on this form have been employed 
by different researchers. 

A generalized form of Eq. 2 can be written in terms of a drag law by defining a drag 
coefficient CD and a Reynolds number Re based on the characteristic particle size d of 
the porous material, 

CD = -8pj8x (5)
pu2 jd 

and 

pud
Re=- (6)

J.t 

The general form of the drag law is some functioncJ dependence of the drag coefficient 
on the Reynolds number and the parameters describing the porous material. 

CD = CD (Re, E, d, . ..) (7) 

This result follows from dimensional analysis for subsonic sontinuum flows s ince Re 
and CD are the only important nondimensional parameters under these circumstances . 
The Forchheimer form of the drag law can be rearranged to yield a drag coefficient of 
the general form, 

CD = d
2 

(~ + ~) . (8)
K R e d 
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Representing the drag law in this form clearly shows the dependence on Reynolds num
ber. At low Reynolds numbers, the drag coefficient has the Re- 1 dependence charac
teristic of any highly viscous fluid flow. At high Reynolds numbers, the drag coefficient 
is independent of Reynolds number as also found in conventional high-speed fluid flow . 
While this postulated Reynolds number dependence has the correct qualitative behav
ior at the extremes of the flow regimes, the exact form of the dependence for particular 
porous materials may vary. In particular, the behavior at very high Reynolds num
bers has been little explored and the approach to infinite Reynolds number is poorly 
understood. 

Examples of typical data reduction techniques and expressions for /\, and /\,/).. are 
given in MacDonald et aU For porous materials composed of packed spherical particles, 
they show that all data can be adequately correlated by the Carman-Kozeny expression 
for the permeability 

(9) 


and the Ergun relation for the Forchheimer constant 

(10)
1.8(1 - f) 

where f is the porosity (volume fraction of pore space) of the bed and (j, is the surface
averaged particle diameter computed from the distribution n(d) of particle sizes: 

(j, = 1000 

</>3n (¢)d¢ 
(11)0010 ¢2n(¢) d¢ . 

Rumpf and Gupte3 were able to fit their data better using only the viscous portion 
of Eq. 7 with a correlation of 

(j,2 f 5.5 

/\, =-- (12)
rg 5.6K· 

The constant K depends on the particle morphology; Rumpf and Gupte found that 
K = 1 for spherical particles. This was true for beds containing spheres with a wide 
distribution of sizes with a porosity range 0.35 :S f :S 0.7. As many researchers 
have pointed out, the porosity functions will depend not only on the particle size 
distribution, but also on the particle shape and resulting packing structure. For any 
particular material, the problem is to experimentally obtain enough data to determine 
GD(Re) over the range in Reynolds numbers of interest in the particular application. 
For certain types of materials it is then possible to represent the drag law with an 
existing correlation such as Eq. 7 and extract the parameters used in the correlation. 
This is the approach used in the present work. 
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2 Materials 

Experiments were conducted on two types of porous materials, inert -and explosive. 
Both materials were formed into packed beds from the original loose powder or granular 
state. The inert material used was spherical glass beads, referred to as GB throughout 
this report. The explosive materials were CP, HMX, and HNS. CP is a relatively new 
explosive4 in which a combustion wave can easily transition from a deflagration to a 
detonation, referred to as DDT (deflagration-to-detonation transition). The behavior 
of DDT in CP has been investigated both experimentally and theoretically and the re
sults are given in Ref. 5. HMX is a commonly used research explosive that also exh ibits 
DDT behavior. A classic study on DDT in HMX as a function of permeability and 
particle size was performed by Groocock and Griffiths.6 HNS is a relatively insensitive 
explosive in which the permeability is thought to playa minor role. 

2 .1 Glass B ead Beds 

Five lots of commercially available spherical glass beads were used. Each lot had 
a different mean size and distribution; mean diameters of 284, 167, 111, 14, and 3 J-Lm 

were used. The glass density of each lot was determined by air picnometry, and the 
surface-averaged particle diameter d was determined by Quantimet7 analysis of SEM 
photographs of the beads . The actual distributions obtained for each lot are shown in 
Figs. 1-3. The bimodal distribution found with the 111 J-Lm lot was clearly due to a 
mixture of distinctly different size beads. 

Packed beds were prepared in 4.76 mm diameter tubes that were closed at the 
bottom by either a pressure transducer for shock-tube experiments or porous metal 
frits for quasi-steady-state experiments. A weighed quantity of spheres was poured 
into the tube while holding a vibrator against the side of the tube to aid in compaction 
and settling of the spheres. In the terminology quoted by Dullieni, this results in a 
"close random packing" structure of the bed. Porosities of these beds were almost a ll 
between 0.3 and 0.4. 

Usually, the spheres in the packed configuration were free-flowing and the bed was 
handled carefully and always kept vertical to avoid disturbing the original packing. 
The final bed length in the tube was measured and used to compute the bed porosity. 
Note that for some beds there was additional settling during experimentation; t h is was 
accounted for in reducing the data. Information regarding the beds (density, porosity, 
and length) is given in Table 1. The results of the experiments are given for later 
reference. 
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Table 1: Glass Bead Packed Bed Parameters 

d TMD* E L I\, I\,m 	 I\,ml Am"'rg "'II. 
(/-Lm) (g /cm3

) (cm) (cm2
) (cm2

) (cm2
) (cm) (em) 

284 2.74 0.350 12.6 7.2 x lO-7 4.6 x 10- 7 4.4 X 10-7 5.4 xlO-3 3.0 x10-3 

0.348 25.2 6.8 x 10-7 4.4 x 10 7 4.3 x 10-7 4.1x lO- 3 2.9x10  3 

0.336 40.1 7.2 x lO-7 3.9 x 10-7 3.6x 10-7 4.4xlO- 3 2.7x 10-3 

0.332 55.3 7.6 x lO-7 3.7 x lO- 7 3.3x 10-7 4.1 x 10-3 2.6xlO-3 

167 2.39 0.354 18.2 3.6 x 10-7 1.6 x 10- 7 1.6 x 10-7 2.5 x 10-3 1.8xlO-3 

0.358 33.0 4.1 x 10-7 1.7 x lO- 7 1.7 x lO- 7 2.4x 10- 3 1.9 x10  3 

111 2.74 0.290 31.1 l.4 x 10-7 3.3 x 10-8 2.4 x 10-8 1.7 x lO- 3 7.3 x lO-4 

14 2.35 0.400EP 19.8 6.9 x lO-9 1.9 x 10- 9 2.3 x 10-9 2.6xlO-4 2.1 X 10-4 

0.294AP 19.9 4.9x 10-9 5.6x 10 10 4.2 x 10-10 1.2 x 10-4 9 .5 x10 5 

0.288AP 30.2 3.9x 10-9 5.1 x 10-10 3.7x 10-10 7.4x 10-6 9.1x10-5 

3 2.48 0.3UAP 5.0 1.6 x 10-10 3.2 x 10-11 2.6 x 10-11 1. 7 x 10-7 2.3 x lO- 5 

0.325AP 8.4 1.8 x 10-10 3.8 x 10 11 3.3 x 10-11 3A x 10-7 2.6x 10-5 

"Theoretical Maximum Density 
BP  before pulse conditioning 
AP - after pulse conditioning 
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2 .2 Granular Explosiv es 

Packed beds of explosive materials were prepared by pressing increments of powder 
into a plugged, precision-bore, steel tube. The pressing was performed with a precision
machined ram that was forced into the tube, on top of loose powder , with hydraulic 
pressure. With this procedure, columns of explosive could be pressed in place or a 
free standing pellet could be formed by removing the plug and forcing the compressed 
material out of the tube. The powder compaction was controlled by pressing to a fixed 
height ::>r by using a constant ram pressure. We used the later approach in this work. 
The powder weight for the increments were kept nearly the same, and were such that 
when the desired ram pressure was applied, the resulting increment had a lengt h to 
diameter ratio of 0.5 or less. Careful records of sample weight and increment heights 
were maintained for eventual porosity determinations. 

2.2.1 CP 

CP, unlike most explosives, is inorganic in nature. That is , CP crystals are hard and 
tend to fracture under stress, whereas HMX tends to be mushy and will smear or deform 
prior to fracturing. CP powder is prepared by crash precipitating an aqueous solut ion 
into cold isopropyl alcohol. The degree of crashing has an effect on the precipitated 
crystal size. We used four different materials, three of typical production part icle size 
and one with abnormally large crystals. All materials were in the form of agglomerated 
crystals; however, upon mild pressing, the agglomerates were b roken up. Under severe 
pressing, even the crystals are fractured, therefore the size and packing structure of t he 
individual particles in the pressed state can be very different than in the v irgin st ate. 

A typical packed bed of CP was 2 mm in diameter and 20 mID long. This required 
20 press ing steps in 1 mm increments. We used packed b eds of densities r anging from 
1.4 to 1.9 g/cm3 with each lot of material. Since CP has a theoretica l maximum 
density (TMD) of 2.0 g/ cm3 , this is equivalent to porosities of 0 .3 to 0.05. This yields 
a slight overlap with the range of porosity obtained with the GB beds . Unlike the GB 
beds, CP beds were self-supp orting and no metal frit was needed in the beds used for 
quasi-s teady-state measurements. 

Along with the beds, companion free-standing pellets were pressed. T hese pellets 
were dispersed in isopropyl alcohol and then analyzed with the Quantimet for particle 
size distributions of the material in the pressed state. Figures 4-7 show t he SEM 
photographs and distributions for two lots. Lot EL41088 consisted of abnormally large 
crystals ; 29 {lm ~ d ~ 155 {lm. Lot EL47344 consisted of more normal size crystals, 
d '::::::'. 10 {lm . This lot was more typical of the production material and the other two 
lots used in this study. 

SE:tv.: photographs of the virgin (unpressed) material are also shown. Note the 
rounding effect of the ultrasonic dispersion process and the large number of small 
particles produced by the pressing process . Clearly, pressing dramatically alters the 
original shapes and sizes. The higher the ram pressure , the higher the final density, 
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the lower the porosity and the greater the alteration of the particle shapes and sizes. 
CP packed-bed parameters are given in Table 2. 

The individual CP particles are very irregular in shape and will therefore have a 
very different packing structure than the spherical GB. For this reason, the mean di
ameter is not as significant a descriptor of the pore structure and we expect that a 
different correlation of permeability will be obtained for CP than for GB. One of the 
primary purposes of the present investigation was to determine these differences be
tween the classical correlations for spherical particles and the experimental correlations 
for granular ~xplosives. 

Table 2: CP Packed-Bed Parameters 

E L 
(cm) 

Lot EL41088 

0.275 2.5 7.1 x 10-10 

0.125 2.5 8.0 x 10-13 

149 0.260 2.0 7.0 x 10-10 

63 0.150 2.0 6.8xlO- 12 

29 0.090 2.0 1.1 x 10-13 

79 0.030 2.0 2.6 x l0-15 

Lot EL47344 

0.275 2.5 2.4xlO-11 

- 0.200 2.5 2.4 x 10-12 

0.125 2.5 2.2 x lO- 13 

lOA 0.300 2.0 3.7x 10-11 

7.7 0 .190 2.0 4.1 x 10-12 

8.3 0.160 2.0 8.2 x l0- 13 

9.6 0.110 2.0 1.0 x lO-13 

L = 2.5 cm beds had an area of 
2A = 0.094 cm

L = 2.0 cm beds had an area of 
A = 0.080 cm2 
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Figure 4: SEM Photographs of CP lot EL-41088 (abnormally large crystals). (a) Virgin. 
(b) Virgin, after ultrasonic dispersion. (c) Pressed, p = 1.44 g/em3

, ultrasonically 
dispersed. (d) Pressed, p = 1.82 g/em3 

, ultrasonically dispersed. 
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Figure 6: SEM photographs of CP lot EL-47344 (normal crystal size) . (a) Virgin. 
(b) Virgin, after ultrasonic dispersion. (c) Pressed, p = 1.41 g/cms, ultrasonically 
dispersed. (d) Pressed, p = 1.78 g/ems, ultrasonically dispersed. 
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2.2.2 HMX 

A limited number of experiments on HMX were performed. The material used was 
of unknown purity and manufacture. Permeability measurements were m ade on 10 
samples pressed to porosities ranging from 0.05 to 0.21. This corresponds to densities 
ranging from 1.8 to 1.5 g/cmSj TMD is 1.905 g/cms. Two diameter fixtures were used: 
one 0.254 em in diameter , the other 0.32 em in diameter . P ar ticle size distributions 
were not determined for t h is material. Bed parameters and experimental results are 
tabulated in Table 3. 

Table 3: HMX Packed- Bed Parameters 

0.32 em in diameter 

0.213 1.502 3.4xlO-1O 

0.186 1.560 6.0x 10-11 

0.160 1.607 5.3 x lO- 11 

0 .160 1.598 5.8 x 10-11 

0 .118 1.679 2.0x 10-12 

0 .110 1.695 3.3 x 10- 12 

0.254 em in diameter 

0.200 1.524 5.0xlO-1O 

0.162 1.597 1.1 x 10-10 

0.094 1.725 5.5 xlO- 1S 

0.046 1.817 2.3 x lO- 13 

0 .32 em diameter beds had an 
average length of 2.0 em 

0.2~4 em diameter beds had an 
average length of 1.8 em 
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2.2 .3 H NS 

A limited number of experiments were also carried out with HNS. The materials 
used included Type I, Type IIa, and HF (Hyper-Fine). Only the per meability results 
are available. Data were obtained for densities from 1.36 to 1.76 g/cm3 

; TMD is 1.74 
g/cm3 . This corresponds to a porosity range of 0.22 to 0.0. The bed parameters and 
experimental results are given in Table 4. 

Table 4: HNS Packed-Bed Parameters 

Type I 


0.218 1.36 1.6x 10-12 


0.140 1.50 2.7 x 10-13 


0.072 1.62 LOx 10-14 


0.063 1.64 1.4 x 10-14 


< 10-150.011 1.73 

Type IIA 

0.193 1.40 2.5 x 10-11 


0.140 1.50 5.8x10-12 

0.098 1.57 1.8 x 10-12 


0.069 1.62 1.2x 10-13 


< 10-150.0 1.76 

Type HF 

0.195 1.40 8.7x10-14 

0.177 1.43 7.9xlO-14 

0.126 1.52 3.0 x 10-14 


0.063 1.63 < 10-15 
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3 Quasi- Steady- State (QSS) Experiments 

3.1 Apparatus and Te chniques 

The overall layout of the experimental apparatus is shown in Fig. 8. The apparatus 
consisted of a gas supply system, a gas reservoir, rupture disk, the packed bed fixture, 
pressure transducers and recording equipment. Essentially the same equipment was 
used for both the pressure-pulse and QSS experiments. The common feature of t he 
apparatus for both types of experiments was the gas supply system. Gas plumbing was 
constructed entirely of stainless steel high-pressure hardware that was commercially 
available. Because explosives were used, the high-pressure and packed-bed sections 
of the apparatus were controlled remotely and contained in a test room approved for 
explosive operations. The valves were of the remotely operated, pneumatic type and 
were interlocked with a shield around the apparatus and the door to the testing room. 

Bottled dry nitrogen was fed to the apparatus from outside the room with a manual 
valve, and the apparatus could also b~ vented to the atmosphere manually. T he gas 
booster shown in Fig. 8 was used primarily in the pulse experiments . The apparatus 
was equipped with a safety rupture disc and an orifice for automatic venting. The 
attachment of the bed to the apparatus was at a common point for either type of 
experiment. Cont rol lines and signal lines from the pressure transducers were fed 
outside the room to the remote control panel and the recording equipment . 

The QSS experiment is essentially a constant-volume, blowdown technique. This 
means that a constant- volume reservoir of initially high-pressure gas was discharged 
through the length of the bed to atmospheric pressure. As described in more detail 
below, by measuring the pressure in the reservoir as a function of time, the drag coeffi
cient for the packed bed can be determined over a range of Reynolds numbers defined 
by the total pressure drop. The technique is referred to as "quasi-steady" because the 
discharge rate is made slow en')ugh that the flow through the bed is governed by the 
steady flow equations even though the reservoir pressure varies with time. 

The effective reservoir volume is defined by the plumbing of the apparatus , t he size 
of reservoir used , and the bed fixture. Volume was determined by p - V comparisons 
against a calibrated volume that is part of the apparatus. The plumbing arrangement 
could easily be modified so that the total volume could be tailored to t he part icular bed. 
It is imperative that the flow of gas through the beds reach a quasi-steady-state in order 
for the 2ata reduction t c be valid. At the same time, we did not want prohibit ively 
long blowdown times. At the two ex tremes, we used a volume of approximately 2 lit ers 
for the 284 fLm GB beds, and a volume of a few milliliters for the most dense CP beds. 

A schematic of the apparatus configuration for a QSS experiment is shown in Fig. 
gao Conceptually, the packed bed of porous material is attached at one end t o the gas 
reservoir and open to the atmosphere at the other end . At the start of the experiment, 
the resevoir and bed were connected, resulting in gas flow between the high- pressure 
reservoir and the atmosphere . The pressure in the reservoir decreases continuously as 
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Figure 8: Overall layout of experimental apparatus for both QSS and pulse experiments 
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the gas flows thlOugh the packed bed towards the region of lower pressure. The ex
perimental procedure ~'las as follows. Th~ effective reservoir volume of the apparatus 
upstream of the bed was Jetermin~d and the packed bed was attached. The reservoir 
region was valved off fOLl the bed and filled with dry nitrogen to the desired initial 
pressure. The ambient pressure was recorded and the valve between the reservoir and 
bed opened. Initially there was a surge of gas and a transient period as the gas flow 
through the bed approached. quasi-steady-state. The experiment continued unt il t he 
reservoir pressure approached the ambient pressure and gas flow ceased. The t rans ient 
pressure in the known volume was measured by a commercial strain-gauge pressure 
transducer attached at a point between the valve and the bed. The pressure signal was 
recorded during the experiment with a digital oscilloscope. Typically, a total of 2048 
data points were recorded for each run . 

We found that it Vlas ne-:,2ssary to wndition the GB beds with a few high-pressure 
pulses prior to QSS experiments. These pulses would further compact the beds by a 
few percent with a corresponding reduction in permeability and porosity. Our usual 
procedure was tc condItion the bed, conduct the pulse experiments, convert the bed 
to the QSS configuration, conduct the QSS runs , and finally to conduct a few pulse 
runs after reconfiguration. To ease cllanging the bed from one configuration to another, 
the supporting pressure gauge and the frit were physically identical. We only needed 
to physically restIain the beads,. invert the bed, and replace one support with the 
other. The last pulse runs were \'c insure that this manipulation did not disturb the 
bed. Several iterations of this procedure were used early in the investigations . We 
found that data on any single bed was reproduceable, regardless of sequence, after 
conditioning. We also were able to duplicate results on different beds that had been 
prepared in an identical fash~0n. 

Our procedure with the explosive beds was different. Engaging or tightening threads 
in the presence of explosives is a hazardous procedure. The risk of igniting a loose 
particle that might be lodged between the threads is very real. For this reason, we 
decided to condition the ex?losive beds against the plug that was used during the 
pressing, and then to remove the plug for the QSS runs. The pulse runs were performed 
on a separate bed that ",ras pressed against the pressure gauge. In this manner, we 
avoided threading into fixtmes filled with explosives. As a safety precaution, the plug 
removal step was accomplished behind a blastshield, and other standard explosive safety 
practices such as grounding v;'ere observed. In all the experiments involving explosives, 
the sample size was kept to a minimum. 

However, we found that during the initial conditioning, CP and HMX would ig
nite and undergo transit ion to detonation for pulses produced with reservoir pressures 
greater than 5000 psi. While this is a phenomenon that merits further investigation, 
we elected not to pursue it. The detonation products severely contaminated the appa
ratus and we were unable to collect any pulse data on the explosives that significantly 
extended the QSS results. 
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Figure 9: (a) Conceptual schematic of the apparatus arrangement for QSS experiments . 
(b) Schematic of the pressure signal obtained in the QSS experiments. 
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4 QSS Theory an d D ata R eduction 

In this section, we derive the expressions governing the quasi-steady flow of an ideal 
gas through a packed bed. The assumptions used in this derivation are that the ~as 
obeys the ideal gas law, the absolute viscosity is independent of gas pressure, the gas 
flow is isothermal and governed by the continuum flow equations. 

The first two assumptions depend strongly on the thermodynamic state of the gas , 
i.e., the pressure and temperature. While nonideal effects are possible at the h ighest 
pressures (30,000 psi) used in these experiments, in practice these effects are assumed 
negligible. This- is because the temperature (300 K) at which the experiments are 
carried out is 3 times the critical temperature of nitrogen (126 K). At 30,000 psi and 
300 K, the compressiblity factor Z = pV/ RT differs from 1. by only 2.5%. T he actu al 
viscosity differs from the ideal gas value by a similar amount at these conditions . 

The third assumption, isothermal flow, depends primarily on the rate of heat t rans
fer between the gas and the packed bed. For the types of beds and gas flows considered 
in the present study, the heat transfer rates between the gas and bed are so high that 
the gas and bed are effectively in thermal equilibrium. Since the heat capacity of the 
bed is much higher than the total heat capacity of the gas that passed through during 
an experiment and the bed-gas temperature difference is small, thus the gas and bed 
remain at the initial bed temperature for the entire experiment. 

The fourth assumption, continuum flow , depends on the Knudsen number Kn, 
defined as the ratio of the mean free path of the gas molecules to the characteristic 
flow dimension, i. e., the mean pore size of the packed bed. In nitrogen, the mean free 
path at 300 K and 1 atm pressure is 0.25 Jim. Since the pore sizes were not actually 
measured in the present study, we will assume that the characterisic pore size is similar 
to the mean particle size. The smallest sized particles used in the present study were 
of the order of 25 Jim, implying a maximum value of K n = 0.01. A typical criterion for 
continuum flow is that Kn ~ 0.01. Mean free path decreases with increasing p ressure 
and therefore all experiments were performed in the continuum flow regime. 

The continuum flow criterion is presented graphically in Fig. 10. This figure illus
trates the relationship of the Knudsen number to the other important nondimensional 
parameters, the Reynolds number Re and the Mach number M a. A generalized plot of 
this type is possible since for ideal gases the ratio of the Mach number to the Reynolds 
number is proportional to the Knudsen number. The range of the present experiments 
is given by the shaded region on the figure. Note that for all but the lowest Reynolds 
numbers , the flow is clearly in the continuum regime. Transition flows occur in explo
sives that have been pressed to very high density and have very small (2-5 Jim) pore 
dimensions. Note that the flows are all very subsonic (M a ~ 1) except for the highest 
Reynolds numbers . Supersonic flow occurs in the pulse flow experiments in the very 
coarse (300 Jim) GB beds. 
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Quasi-Steady Assumption 

The data reduction for the QSS method is based on the steady-state version of Eqs. 
1 and 2, i.e., the time derivative term in Eq. 1 is neglected. We will n<?w derive the 
conditions under which this is possible. For isothermal flows, gas density is directly 
proportional to pressure and Eq. 1 can be written 

E ap 1 am
--+---0 (13)
pat p ax - , 

where we have written m= pu for the mass flowrate . The first term can be estimated 
as 

~ ap ~ dPor-J (14)
p at Po dt 'r-J 

where Po is the reservoir pressure. The second term can be estimated as 

lam 1 m 
--"-'-" (15) 
p ax Po L'r-J 

where L is the length of the bed. In terms of these estimates, the steady-state criterion 
is that 

E dPo 1 m 
---~--. (16)
Po dt Po L 

Further reduction of this equation can be performed using the mass flowrate esti
mated by the solution to the steady flow equations. Substituting the mass flowrate 
from Eq. 23 below, the steady-state criterion reduces to 

ELA ~ V, (17) 

where A is the bed cross-sectional area. The physical interpretation is that the packed
bed pore volume ELA must be much less than the reservoir volume V for the quasi
steady flow assumption to be valid. This inequality was well satisfied in all cases we 
studied. 

Steady Flow Solution 

Steady flow in a porous material is generally governed by the steady flow continuity 
equation and the force balance between drag and pressure drop 

apu 
ax = 0, (18) 

2 
ap pu ( -)- - = ----=-CD Re E d (19)ax d ' , 
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The solution to the first equation is simply m = pu = constant, i.e., the mass flux 
through the bed is independent of position; This irn:plies that the Reynolds number 
is also independent of position, Re = pud/ J.L = constant. Together, these two results 
allow us to rewrite the force balance as 

ap m2 

- p- = ----::::-GD = constant. (20)ax d 

Using the ideal gas law p = pRT, this equation can be integrated over the length L 
of the packed bed to yield 

Po2 P 2 . 2 /- (21)- a = 2RTm GDL d, 

where Pa is the ambient pressure at the bed exit and Po is the reservoir pressure at the 
bed entrance. This is the most general form of the solution to the steady flow equations 
for an ideal gas. At this point in the derivation, the solution is still perfectly general 
and nothing specific to the quasi-steady assumption has been introduced. 

QSS F lowrate 

In order to use the results derived in the previous section, the mass flowrate m 
through the bed must be known. In this respect, the present work differs from all others 
in this field. Usually, an additional piece of apparatus 'must be introduced in order to 
determine flowrate. Typically this involves inferring the flowrate from the pressure 
drop measured across a separately calibrated orifice plate or porous bed. Flowrate 
measurements are difficult and often are the greatest single source of error in these 
experiments. 

The present experiments circumvent this problem by using the pressure signal and 
the known reservoir volume to calculate absolute mass flowrates. A reservoir of volume 
V and containing a mass M of gas at pressure Po satisfies the ideal gas law 

If the rate at which mass flows out of the volume is dM/ dt and the gas temperature in 
the reservoir remains constant, then the time derivative of the pressure is 

dPo RTdM 
(22)

dt V dt' 
In the QSS technique, all gas leaving the reservoir flows into the bed so that if the bed 
cross-sectional area is A, the mass flowrate in the bed is 

. 1 dM 1 V dPo m = ---- = ---- (23)
A dt RT A dt . 

In order to use this expression to compute fiowrates, the absolute volume of the 
reservoir must be known and the time derivative of the reservoir pressure comput~d . 
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There exist very accurate pressure-volume techniques using standard reference volumes 
and absolute pressure measurements for determining the reservoir volumes. These 
techniques were used in the present study. The time derivative of the pressure was 
computed by the data reduction program described below. Very accurate results could 
be obtained since the pressure data were digitized directly and the original data were 
used for the computation. The pressure signals could also be carefully calibrated and all 
of the nonlinearities of the transducer, amplifier and digitizer removed by the calibration 
function, 

Drag Law Parameters 

Using the Forchheimer expression for the drag law (and substituting into the general 
expression for the steady flow solution) together with the QSS expression for the mass 
flowrate, we obtain: 

(p2 _ p 2)= 2L~V(_ dPo) + ~~ (V)2 (_ dPo )2 (24) 
o a I\, A dt RT K A dt 

The use of this equation to determine the parameters K and A is discussed below. 

Data R eduction 

A schematic of experimental pressure tJS time data is shown in F ig. 9b . Shown 
are the background, nonsteady, and quasi-steady flow periods. After subtracting the 
background level, the derivative of the pressure in the quasi-steady period is taken with 
respect to time. This is accomplished with a data reduction program that processes the 
digital data after they have been transferred to one of the SNLA scientific mainframe 

' computers. A polynomial in time is fit to the reciprocal of the data by the least
squares method. The order of the polynomial is chosen to minimize the residual without 
introducing extraneous wiggles in the derivative. Typically, polyn~mial of order 5 to 7 
was used. Once the fit was complete, the derivative of the pressure was computed by 
analytically calculating the derivative of the fit and evaluating the resulting expression 
at each data point. 

Reduction to the general form of the drag law GD(Re) was straightfoward. The QSS 
mass flowrate was computed f:com the calculated pressure signal at each data point and 
the drag coefficient was evaluated from Eq. 21. The Reynolds number for that point 
was com::mted using the previously determined mean particle size d and the computed 
viscosity J.L. Each data point yields a different value of R e so that a plot of GD (Re) 
can be obtained from each experiment. The range of R e covered in each experiment 
depends on the permeability of the bed and the initial reservoir pressure. The more 
permeable the bed and the higher the initial pressure, the wider the r ange of R e t hat 
could be obtained. Of course, care has to be taken that the QSS assumption is not 
violated. 
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Computation of the parameters in the Forchheimer form of the drag law is more 
complex. Referring to Eq. 24, we see that it is a quadratic of the form y = ax + bx2 

where y = (P; - P;) and x = -dPo/dt. Constants a and b are uniquely related to the 
parameters I\, and>' and the various known physical quantities such as V, L, T, etc. In 
order to determine a and b, an additional curve-fitting procedure was used. Values of 
x and y were computed by the same program used to compute the pressure derivative 
and a least-squares curve fit of x to a quadratic in y was performed. The results of 
that fit were best estimates of a and b; from these values I\, and>' were easily computed. 
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5 QS S Results 

Using the analysis and data reduction techniques described above, drag coefficients 
GD(Re) and drag law parameters K, and), were determined for the materials t hat were 
investigated. Not all of these quantities were ci.etermined for every material. The 
glass beads were most extensively investigated and both drag coefficients and drag law 
parameters were obtained. The widest range of Re and the most information on high 
Reynolds number flow were obtained in those studies . 

Explosives were much denser and much more impermeable and all of those studies 
were in the low Reynolds number regime. For this reason, no information on drag law 
is directly reported but only the values of K, and their dependence on porosity. Ex
perimental data are compared to previous investigators' correlations for both types of 
materials. This comparison is of great interest because prior to this investigation, al
most no data were available on the porosity-dependence of the permeability of granular 
explosives. 

Before giving the results, there are two remaining areas of experimental concern 
that need to be addressed. The first is the presence of the metal frit with the GB beds. 
The frit added an .additional flow resistance. Any correction would have to account for 
the frit and the frit-to-bead interface. Fortunately, these corrections were negligible 
for long; beds. While the effects were noticeable for very short beds, we found that with 
the large beads (284 to 111 /-Lm), the permeability was independent of L when L was 
greater than 15 cm. For the smaller beads, this independence was observed at lengths 
greater than 5 cm. 

The second area of concern was possible wall effects such as channeling. T hese 
effects were tested by making QSS runs in tubes of different diameters . For t he glass 
beads, diameters of 4 mm and 12.7 mm were used. For CP, the diameters were 2.5 mID 

and 4 mm. In both cases, the values of K, and K,/.A were the same within the limit s of 
experimental error, indicating that channeling was not important . 

Finally, we must note that some caution must be used when interpreting the results 
of the data reduction process . Depending on the flow regime, either the viscous or 
the inertial term will usually dominate the momentum equation , and the other term 
will be negligible. Parameters for the negligible term will be determined with poor 
accuracy. For example, K,/). was negligible with the CP samples because of the low 
Reynolds number and values of this parameter are very uncertain. Conversely, for the 
GB beds at very high Reynolds numbers, the data for K, become less meaningful. The 
error associated with the experimental results for the dominant parameters are of the 
order of ± 10%. 

5 .1 Glass B eads 

The I\, and 1\,/>.. data for the beads are shown in Table 1. T here are several note
worthy observations. We found that the pulse londitioning step was not necessary for 
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the 284 j1,m and 167 j1,m diameter beads. The effect of the pulse conditioning is shown 
dramatically with the smaller beads. The run for the 14 j1,m diameter beads labeled 
BP is before the pulse conditioning. The same bed after conditioning (AP) shows a 
significant decrease in £, L, /\', and /\,/ >... 

The experimental values for /\, tend to be consistently higher than predicted. The 
experimental values of /\,/ >.. seem to be in reasonably good agreement with the predicted 
values except with the small diameter beads. Here the disagreement is not surprising in 
view of the flow regime arguments mentioned earlier. For the glass beads, the predicted 
values were calculated with the constants originally reported in Refs. 1-3. 

Figure 11 is a log-log plot of the GB /\, data vs the mean particle size (d). Since the 
porosities of all the GB beds were nearly the same, this is a valid comparison, What 
this plot reveals is that the trend of the /\, data is the same for the experimental data 
and either porosity correlation. By adjusting McDonald's or Rumpf-Gupte's constants 
slightly, the experimental data would reasonably fit either correlation. 

The drag coefficient vs Reynolds number is shown in Fig. 12. In this form, differences 
in porosity between the individual beds result in separate families of curves. If the data 
are replotted using MacDonald's variables, CD £3 /(1 - f) vs Red/(l - f), the differences 
are diminished. 
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Figure 11: Measured permeability of the glass bead packed beds as a funct ion of 
surface mean particle diameter . The correlations of Carman-Kozeny and Rumpf-Gupte 
(K = 1) are also shown. 
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Figure 12: Measured drag coefficient of the glass bead packed beds as a function of the 
Reynolds number. 
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5.2 Explosives - CP 

The CP results are given in Table 2. Figure 13 shows K, as a function of the 
porosity for the two lots of CP tested. The dashed lines are the predicted results for 
Carman-Kozney correlation (uppermost), the solid lines are for Rumpf-Gupte corre
lation (lower), and the points are the experimental data. The original version of the 
Carman-Kozeny equation is used 

with a value of (j, = lOJ.Lm for the EL47344 data and the measured values of (j, (var iable) 
used for the EL41088 data. The constant K in the Rumpf and Gupte correlation 

(j,2f.5. 5 

K,rg = --. 
5.6K 

was adjusted to yield the best fit with the data. For lot EL41088 , K = 5.6 was used in 
Fig. 13 and for lot EL47344, K = 39. This adjustment procedure results in the better 
fit for the Rumpf-Gupte correlation. Unfortunately, there is no theory for predicting 
the value of K, which apparently depends both on the material type and preparation. 

Even if the' constant in the Carman-Kozney equation is adjusted to best fit the 
2data shown in Fig . 13, it appears that for permeabilities below 10-11 cm , the porosity 

dependence is closer to f.5.5 than f.3/(l- f.)2. When K, is greater than 10- 11 cm 2 , either 
correlation is satisfactory. 

We conclude that for very nonideal porous materials such as CP, the permeability 
must be measured experimentally and that correlations based on spherical particles 
should be used very cautiously. The Carman-Kozeny relation overestimates K, by a 
factor of 10-55 for CP; the :>riginal Rumpf-Gupte correlation overpredicts K, by a factor 
of 5.6-39 , 

Apparently, both correlations fail because the mean particle size is such a poor 
predicitor of the mean pore size in these nonideal (nonspherical) porous materials such 
as compacted granular explosives. It is not obvious why the Rumpf-Gupte porosity de
pendence is followed for CP since both the particle size and porosity are simultaneously 
changing during compaction. 

The observed variation of permeability with compaction suggests that as the poros
ity decreases (f. --+ 0), the permeability becomes independent of initial part icle size 
and consequently becomes a function of the porosity only. For unconsolidated or 
loosely packed materials, the initial particle size will dominate the distr ibut ion and 
a correlation similar to Rumpf-Gupte (corrected for the nonspherical pores) should be 
appropriate. 
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5.3 Explosives - H MX 

The HMX data are given in Table 3 and the permeability as a function of p orosity 
is given in Figure 14. No comparison with the correlations is given since no particle size 
measurements were made. The values of", were 5-10 times larger than those measured 
for CP at the same porosity. These values are consistent with particle sizes of 30-50 
j.tm. 
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Figure 14: Measured permeability of HMX packed beds as a function of porosity. 
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5.4 Explosives - HNS 

The HNS data are given in Table 4 and the permeability as a fUI:.ction of porosity 
is given in Figure 15. No comparison with the correlations is given since particle size 
measurements were not made. As a rough guideline, the mean particle size of the Type 
I grains is between 5 to 10 11m and Type IIa grains are about twice as large. The I\, 

values for Types I and IIa are reasonably consistent with CP at the same porosity. The 
particle size of hyperfine (HF) HNS is about 1 to 211m. The low value of I\, « 10-13

) 

at a porosity of 0.2 for the HF HNS reinforces our conclusion that the permeability of 
these nonideal porous materials must be measured experimentally. 
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Figure 15: Measured permeability of HNS packed beds as a function of porosity. 
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6 Transient P ulse Experiments 

6. 1 Apparat u s and Techniqu e 

This method is relatively simple to set up and perform; however, the mat hematical 
model of the flow is more comple~ . For this reason, the results are not as usefu l in 
obtaining quantitative data on permeability as are those of the QSS techn ique. The 
method does illustrate sorr:.e interesting features of transient compressible flow in porous 
materials that may be applicable to combustion problems such as DDT . 

The basis of the technique is to apply a step-function pressure pulse t o the front of 
the bed, and then to observe the propagation of the pulse through the bed. We have 
used beds with a closed end for experimental reasons; a convenient place for observing 
the pulse is at the end of the bed. A pressure gauge was used to constrain the bed in 
the initial preparation as described earlier. In some cases, we also installed pressure 
gauges along the sides of the beds . 

A schematic of the apparatus was shown in Fig. 8. The gauge to monitor t he input 
pulse is designated Po and PI to PI, monitor the pulse as it travels t hrough t he bed. 
These gauges are either piezoelectric or semiconductor type for fast response to h igh
pressure signals. The step-function input gas pulse is obtained by miniature shock t ube 
arrangement . 

The reservoir VI is charged to a pressure just below the burst pressure of the rupture 
disc D. A pneumatically controlled valve separates volumes VI and V2• This valve is 
then closed and V2 is charged to a higher pressure so that when the separation valve is 
actuated, the new pressure in the combined volumes exceeds the burst pressure of t he 
rupture disc. A shock wave is produced when the disc ruptures . The wave travels down 
the plumbing and reflects from the front of the packed bed. After several reverberations 
of the shock within the plumbing system, the gas pressure on the front of the bed settles 
down to ,a constant value. This produces a pressure pulse that for all practica l purposes 
is a step-function. A typical example of the traces obtained (Po through PI, ) is shown 
in Fig. 16. The entire system is constructed of commercially available h igh- pressure 
hardware, and is capable of producing pulses from 200 to 30,000 psi. The rupture 
discs are also commercially available; however, for small pressure pulses, it was more 
convenient to use discs of aluminum and simply form the rupture d isc in place. After 
a run, it was imperative that the system was bled down to ambient pressure slowly to 
avoid disturbing the porous bed. 
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Figure 16: Typical pressure signals from the transient gas pulse experimenL 
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6.2 Analy sis 

The basis for analyzing the transient problem is Eqs. 1 and 2. This has been carried 
out by MorrisonS - 10 and Nilsonll for several cases. We have reanalyzed the problem to 
obtain results that are more 12levant to the present configuration. Numerical solut ions 
to the complete set of equations are given for selected cases corresponding to the GB 
experiments. Analytical solutions are obtained to both the high and low Reynolds 
number approximations to the drag law. A simple integral analysis is used to develop 
an approximate solution for the entire range of Reynolds numbers . 

Before discussing the solutions, dimensional analysis will be used to find the scaling 
parameters and nondimensional variables. The characteristic pressure in t he problem 
is !::1P = Po - Pa; where Po is the reservoir pressure and Pa is the ambient pressure level 
in the bed prior to the test. The characteristic length scale will be chosen to be the 
packed bed length L. At this point, the characteristic velocity scale U is undetermined. 
The characteristic time scale T = ELIU will be determined once the scaling velocity U 
is chosen . Scaled variables are 

p- Pa t x
II= -- r= - U=~ (25)I::..P , T' X = L' U 

Note that the scaled density is identical to the scaled pressure for isothermal flows. 
Scaled versions of Eqs. 1 and 2 are 

all a
8r + ax [(II + 8) U1 = o. (26) 

and 

all (U LCXI-L) (U2 L/3) 2- ax = I::..P U + . RT (II + 8) U , (27) 

where the parameter 8 is related to the overpressure ratio N = Pol Pa by 

8 = 1 (28)
N-l 

For an idealized shock tube problem, the initial conditions are that the pressure in 
the bed is at ambient, therefo:re II = o. The boundary condition at the reservoir end is 

II = 1 at X = 0 

At the o? posite end (exit), the bed can be either opened or closed. If the bed is open, 
the boundary condition is simply that the pressure is fixed at the atmospheric value, 

II = 0 at X = 1 (30) 

If the bed is closed, the boundary condition (from the drag law) is 
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arr 
- =0 at X = L. (31)aX 

Note that boundary conditions on the velocity have not been derived. These are 
not needed since it is possible to eliminate veloc~ty entirely and reduce the problem to 
a single nonlinear equation for the pressure. Before this is done there are two further 
simplifications that can be made to the equations. First, the problems of interest to 
us correspond to small values of the parameter {), i. e., large values of the reservoir 
pressure Po. In what follows, we will take the limiting case of that approximation, {) = 

O. Second, there remain two rather ugly looking dimensionless parameters in the drag 
law since the velocity scale has not been fixed. There are two ways in which the velocity 
scale can be chosen to beautify the equati::ms and reduce the number of parameters to 
one. These two choices are both important and are appropriate to either low or high 
Reynolds number flows. Each possibility is discussed separately below. 

6.2.1 Low Reynolds Number Scaling 

The coefficient of the first term in the drag law can be set equal to unity if the 
velocity scale is chosen to be 

A physical interpretation of this velocity is that it is the value obtained by using the 
scaling parameters to estimate the Darcy (low Reynolds number) term in the drag law. 
The remaining parameter in the drag law is the coefficient of the second term in the 
drag law. We will denote this term by /\: to suggest the resemblence to a Reynolds 
number defined by the scaling parameters 

R = u,\ = ",/:l.P ,\ /:l.p (32)
VO J,LL J,L 

where we have substituted the permeability", = 1/a and Forchheimer constant ,\ = f3 / a 

and have defined the characteristic viscosity as Vo = J,L/ /:l.p. Morrison10 first used this 
parameter to characterize transient flows in finite length beds. 

The resulting nondimensional versions of Eqs. 1 and 2 are (in the limit {) -t 0) 

arr a - + - (rru) = 0 (33)ar ax 
and 

- -
arr 

= U + RrrU 2 (34)aX 
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The drag law, Eq. 34, ca.n be easily used to eliminate velocity as a variable and 
obtain a single equation for pressure. In the extreme limit of R -t 0, this equation 
simplifies to 

aIT _ ~ (naIT) (35)
ar aX ax 

This equation and the more general version for finite pressure ratio N but zero R 
have been considered by Morrison.8 He obtained numerical solutions for the shock tube 
problem in finite length beds and demonstrated that a self-similar solution exists for 
the shock tube prohlem or.. a semi-infinite domain. 

Equation 35 has the form of the heat equation for a material whose thermal conduc
tivity is proportional to temperature. Like the heat equation, the solutions are diffusive 
and a disturbance will spread like 0. However, one important difference from the heat 
equation is that the fastest disturbances move at a finite rather than an infinite speed. 
In terms of the heat equation analogy, this is due to the thermal conductivity vanishing 
as the strength of the disturbance vanishes. 

We have solved the more general model of Eqs. 33 and 34 numerically by using 
the method-of-lines (MOL) program published by Hyman. 12 For R = 0, i. e., t he case 
corresponding to Eq. 35, the solutions for II vs X and r are shown in Figs . 17 and 
18. From our results and the analytical and numerical results of previous workers, the 
following features of the shock-tube solutions ca.n be deduced . 

The step-function increase in pressure at the beginning of the packed bed produces 
a pressure wave of finite extent that spreads into the bed. The pressure n in the wave 
monotonically decreases from the reservoir pressure to zero at the head of the wave. 
The location of the head of the wave f(t) moves in a diffusive manner, f(t) "" Vi, The 
presence of the end of the packed bed does not influence bed m otion until the head of 
the wave reaches the end of the bed. 

We can take advantage of the finite rate of propagation for the wave head to com pute 
the transit time of the pulse through the packed bed. If the pressure pulse is applied 
at time zero, then the transit time is equal to the time of arrival of the first pressure 
disturbance at the end of the bed. Until this time, the similarity solut ion discussed 
by Morrison8 and Nilsonll for Eq. 35 is valid. The solution is a funct ion only of the 
similarity variable 

(36) 

and N for R -t 0. This implies that the wave head location is given by a value of the 
similarity variable, denoted (r, that depends only on the nondimensional parameter 
N . Morrison's results8 indicate that for the limiting case of N -t 00, t he wave head is 
located at (r ~ 1.62. 

In terms of the physical variables, the time td at which the head of the wave arrives 
at the end of the bed (X = 1) is 
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(37) 

This equation can be generalized to the cases with finite N and nonzero R by observing 
that the numerical solutions of the full equations must yield the scaled time of pulse 
arrival at the end of the bed r* as a function of the parameters Nand R only. A 
generalized pulse transit time correlation must then have the form 

(38) 

Numerical solutions of Eqs. 33 and 34 must be used to determine the function f. We 
have done this for the limit N -t 0 and finite /1(; from the similarity solution results we 
know that f -t 0.381 as R -t O. The general results are discussed below. 
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Figure 17: Numerical solution to Eq. 35 (R = 0.01 and b = 0) by method of lines. 
Shock tube boundary conditions on a finite domain with a closed end. Nondimensional 
pressure II vs distance X for selected times r = 0.05, 0.1, .. . ,0.5. 
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Figure 18: Numerical solution to Eq. 35 (R = 0.01 and 0 = 0) by method of lines. 
Shock tube boundary conditions on a finite domain with a closed end. Nondimensional 
pressure II vs time r at selected locations X (= 0.25, 0.5, 0.75, 1.0) within the bed. 
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6.2.2 High Reynolds Number Scaling 

The ~oefficient of the second term in the drag law can be set equal to unity if the 
velocity scale is chosen to be 

u = V"'RT
)"L 

A physical interpretation of this velocity is that it is the value obtained by using the 
scaling parameters to estimate the Ergun (high Reynolds number) term in the drag 
law. The remaining term in the drag law can be expressed in terms of the parameter 
l( defined above. The nondirr:..ensional version of Eq. 1, the continuity equation , is the 
same as Eq. 33 derived above. The nondimensional version of Eq. 2, the drag law, is 
(in the limit b -+ 0) 

(39) 

As in the low Reynolds number case, the drag law (Eq. 39) can be used to eliminate 
velocity 3.S a variable and obtain a single equation for pressure. In the extreme limit of 
R -+ 00, that equation simplifies to 

an = _~ (_nail) 1/2 (40) a7 ax ax 
This equation and the more general version for finite pressure ratio N and infinite R 
has been considered by Morrison.9,10 He obtained numerical solutions for the shock 
tube problem in finite length beds and demonstrated that a self-similar solution exists 
for the shock tube problem on a semi-infinite domain. 

Solutions to Eq. 40 for the shock tube problem are very similar in charact er to 
those of Eq. 35, the low Reynolds number analog discussed above. Because of t he 
square root term, the motionof the wave head follows a different power law, l"" t 2 /

3
• 

Numerical solutions to Eq. 40 are shown in Figs. 19 and 20. These solutions were 
obtained by the same MOL program used for the low Reynolds number cases discussed 
above. Solutions for similar cases but with the end of the bed open to the atmosphere 
are given by Morrison.10 
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Figure 19: Numerical solution to Eq. 40 (R = 103 and {; = 0) by method of lines. 
Shock tube boundary conditions on a finite domain with a closed end. Nondimensional 
pressure IT us distance X for selected times r = 0.05, 0.1, ... , 0.5. 
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As in the low Reynolds number case, the pulse transit time through the bed can 
be estimated using the similarity solution derived for the semi-infinite domain. In the 
present case, the simJarity variable B is 

(41) 

Morrison's numerical results9 indicate that the wave head is located at fr '" 3 in the 
limit N -t 00 . Due to the slightly different structure of the equations, the wave head 
is not as well defined in the high Reynolds number case as in the low Reynolds number 

case. 
In terms of the physical variables, the time td at which the head of the wave (the 

first pressure signal) arrives at the end of the bed (X = 1) 1S 

(42) 

Unlike the analogous low Reynolds number Bxpression, this time is independent of the 
overpressure. Like the low Reynolds number case, this result can be generalized for 
finite Nand R to construct a transit time function 

(43) 

from numerical solutions of Eqs. 33 and 39. This has been done for a number of cases 
in the limit N -t 0 and is discussed below. 

6.3 R esult s 

To summarize, the principal results of the analysis are the development of scal
ing parameters, nondimensional equations and numerical solutions for the shock tube 
problem. A "pseudo" Reynolds number R can be defined 

n _ U,\ _ Kb.P , b.p 
A -- - - - ,I\ - ( 44) 

VO /-tL /-t 

and used to completely characterize the flow regimes for the shock tube problem. At 
the extremes of the flow regimes, similarity solutions can be used to estimate the pulse 
transit time tdo We have compared both the detailed numerical solutions and tr ansit 
time data with the resuits of nitrogen pulse experiments in glass bead packed beds. 
Experiments were performed over a wide Bnge of values of R to provide a thorough 
test of the theoretical ideas. The results of these comparisons are discussed below. 
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Figure 20: Numerical solution to Eq. 40 (R = 103 and l5 =0) by method of lines. 
Shock tube boundary conditions on a finite domain with a closed end. Nondimensional 
pressure IT vs time r at selected locations X (= 0.25, 0.5, 0.75, 1.0) within the bed. 
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6.3.1 Transit T ime 

The transit time formulas take particularly simple forms in the limit of N -t 00 . 

In practical terms, the asymptotic results are valid for N ~ 40. These results, given 
above but repeated. here for completeness, are 

for R ::; .01 , (45) 

(46) 

For intermediate values of R, i.e., for .01 ::; R ::; 10, the relationship r *(R) must be 
determined numerically. Results for both low and high Reynolds number scaling are 
given in Fig. 21. Note the large increase in the value of r* for increasing (decreasing) R 
for low (high) Reynolds number scaling. At R = 1, the scaled equations are identical for 
both scaling m ethods and the values of the scaled transit times are identical. Decreasing 
N below 50 results in increasing values of r* (longer transit time) for either type of 
scaling. 

Experimentally, transit times were determined by examining the digital records of 
the pressure signals and subtracting the arrival time at P4 from the arrival time at Po. 
This was reasonably accurate since the arrival time was usually quite distinct and the 
transit time was much larger than the initial pulse rise time. Data from experiments 
over a wide range of reserv.::>ir pressures and .bead sizes are shown in Fig. 22 . 

Generally, the data from beds formed with small diameter beads were in the low 
Reynolds number regime; large diameter beads resulted in high Reynolds number 
regime data. In the plot, this difference is reflected in the pressure dependence of 
the data. The 10 J.lm bead beds show an inverse pressure dependence in accord with 
the low Reynolds number scaling. The 300 J.lm beads show a pressure independence 
in accord with the high Reynolds number scaling. The intermediate curves reflect the 
transitional behavior of those cases . 

Transit time data can also be used to infer the values of the permeability and 
Forchheimer constant. Values obtained in this fashion agree reasonably well with 
those independently obtain2d by the QSS method. Uncertainty estimates suggest that 
much larger error bounds should be assigned to the values determined by t he pulse 
method than from the QSS technique. It is possible to obtain much higher values of 
the Reynolds number in the pulse than in the QSS experiment. This constitutes the 
principal advantage of the pulse method for quantitative measurements. Unfortunately, 
this advantage cannot be realized with many reacting materials since the pressure pu lse 
will often cause ignition. 
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Figure 21: Scaled transit times r* us "pseudo" Reynolds number R. Both low and 
high Reynolds number scaling are shown as indicated. Results obtained by numerical 
(MOL) solution of the scaled equations for N = 00. 
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6.3.2 Pressure Signals 

For a few selected experiments, measured pressure signals were compared with 
detailed numerical results. Pressure was computed as a function of time for selected 
locations corresponding to the center of the pressure transducer in the experiments . 
Comparisons are shown below for two cases. 

The first case is a low Reynolds number experiment performed with a packed bed 
of calcium chromate (CaCr04)' This material was used in preliminary experiments not 
described in this report. Calcium chromate is a granular inert material that is used 
to simulate pyrotechnics. The effective particle size was 1.4 J1m if the Karman-Cozeny 
formula is used to match the measured permeability. The bed porosity was 0.25 and 
pressure transducers were located at 0, 1.15, 3.69, and 4.96 em from the entrance to the 
bed. A driving pressure of 155 psia was used in the experiment. A value of R = 10-4 

was used in the MOL simulation. 
:lesults of the experiment and simulation are shown in Fig. 23. Note that normalized 

pressure is plotted against actual time for both experiment and computation. The 
initial spike observed in pressure signal 1 is due to the transient processes that occur 
when the rupture disk breaks. After the shock waves are attenuated, the pressure 
remains at essentially a constant level. A low resolution (8-bit) digitizer was used for 
recording these data and single-bit noise ;s visible on all traces. Comparison with 
the simulation results indicates that the observed shape of the waveform is very well 
reproduced. 

The second case is an intermediate Reynolds number experiment performed with 
the 10 J1m glass bead packed bed that was described earlier in this report. The driving 
pressure was 4900 psia and pressure transducers were located at 0, 2.68 , 5.22, and 5.83 
cm. Since the signals from the last two transducers were almost indistinguishable, only 
the transducer at 5.83 cm was modeled in the numerical simulation. A value of R = 2 
was Lsed in the simula~ion. 

Results of the experiment and simulation are shown in Fig. 24. The oscillations in 
pressure due to the shock wave reverberations are now plainly visible in pressure signal 
1. Due to the tremendous drag forces on the gas in the bed, these oscillations will be 
rapidly damped and no effect on the interior pressure signals is expected or observed. 
Again, comparison of simulation and experiment indicates that the observed interior 
pressures are very well reproduced. 
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Figure 23: Experimental (a) and simulated (b) p ressure waveforms at low Reynolds 
number in a packed bed of CaCrO•. Effective particle size of 1.4 11m, R = 10- \ IlP = 

155 psia. Simulation results from the numerical (MOL) solution of the scaled equat ions. 
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7 Summary 

An experimental investigation of transient compressible flow in porous materials 
is reported. Two types of experiments have been carried out to verify the simplified 
models of compressible flow that have been developed by other investigators over the 
last decade and to extend the drag coefficient measurements to high Reynolds numbers. 
Results are reported for packed beds constructed from glass beads and three types of 
granular explosives: CP, HMX, and HNS. 

In the first type of experiment, a reservoir of high-pressure nitrogen gas was dis
charged through packed beds of both inert and explosive materials . We show that after 
an initial transient, the gas flow becomes quasi-steady and the drag coefficient can be 
deduced from the pressure-time history of the reservoir gas. Using this technique, the 
drag coefficient can be determined over a large range of Reynolds numbers in a single 
test. Results are reported for Reynolds numbers from 10-4 to 105 and compared with 
the conventional drag coefficients reported by previous investigators. 

Previous correlations based on beds packed from spherical particles are compared 
with our results. The glass bead data agree well with either the classic Carman-Kozeny 
formula or Rumpf and Gupte's empirical correlation. Both correlations overpredict the 
permeabilities of CP by a factor of 5-50. The porosity dependence of the Rumpfe-Gupte 
correlations appears to fit the data better than the Carman-Kozeny expression. 

In the second type of experiment, a miniature shock tube has been used to im
pulsively apply nitroge1). gas at pressures from 100 to 20,000 psia to a bed of packed 
glass beads instrumented with pressure transducers. Glass beads with mean diameters 
ranging from 5 to 300 pm were used. The results of these experiments are compared to 
numerical solutions of the proposed model equations and simple analytic models that 
result at large and small Reynolds numbers. Both pulse shape and transit time show 
satisfactory agreement with the theory. 
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