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1 Introduction

This is a supplemental report for “Shock tunnel operation and correlation of bound-
ary layer transition on a cone in hypervelocity flow” by J.S. Jewell, J.E. Shepherd
and ILA. Leyva [9], which is Paper 000300 in the 29th International Symposium on
Shock Waves, held in Madison, WI, July 2013. It includes complete data sets and in-
formation on the statistical techniques used in data analysis, which were abbreviated
in the main body of the paper.

2 Experiments

Experimental data are obtained in Caltech’s T5 Hypervelocity Reflected Shock Tun-
nel (see Hornung[7]). Flow conditions in T5 are calculated from three tunnel mea-
surements: the shock speed, initial shock tube fill pressure and composition, and
reservoir pressure at the end of the shock tube during the run time. Only experi-
ments with measured shock speeds that fall within the uncertainty for the adjusted
shock speed curve predicted by the shock jump conditions from the primary di-
aphragm burst pressure, driver gas composition, and initial shock tube conditions
are included in the present data set.

Shock speed is measured by two time of arrival pressure transducers positioned
2.402 m apart, with an approximate measurement uncertainty of 8x10 ~6 s. The un-
certainty in the shock speed measurement thus increases as the measured time of
arrival difference decreases. At a shock speed of 3000 m/s, typical for the present
study, the uncertainty is ~30 m/s. The shock tube fill pressure uncertainty is ~0.25
kPa, and the measured reservoir pressure uncertainty is typically ~4 MPa. Uncer-
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tainties on the calculated quantities, including those represented by the error bars in
Jewell et al.[9], are estimated by perturbing Cantera[6] condition computations[3]
within the range of the uncertainties on the measured shock speed, reservoir pres-
sure, and initial shock tube pressure. Only experiments with measured shock speeds
that fall within the uncertainty for the adjusted shock speed curve predicted by the
shock jump conditions from the primary diaphragm burst pressure, driver gas com-
position, and initial shock tube conditions are included in the present data set.

There are a number of other potential sources of measurement error, including
nonideal gas behavior in the reservoir due to the high pressure, the extrapolation
of the shock speed (which decays as it propagates down the shock tube) to the end
wall, nonuniformity of reservoir conditions due to nonideal shock reflection, and the
method of correcting flow conditions from the ideal reflected-shock pressure to mea-
sured reservoir pressure using an isentropic expansion. Furthermore, the 1-D con-
toured nozzle computation does not account for boundary layer growth within the
nozzle, off-design operation conditions that lead to flow nonuniformity, or vibration-
translation nonequilibrium and freezing within the nozzle, which is significant for
the N cases.

The experimental model is a 1 m smooth 5 degree half-angle cone, with a nom-
inally sharp tip of radius 0.18 mm, instrumented with 80 thermocouples, providing
heat transfer measurements from which transition location may be determined. Heat
transfer results are normalized by Stanton number and Reynolds number, and the lo-
cation of transition onset determined as described in Jewell et al.[8]
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Fig. 1 Time-averaged non-dimensional plot of heat transfer results in terms of Stanton number vs.
Reynolds number for T5 shot 2742 in air, with the laminar similarity correlation indicated in blue
and two common turbulent correlations in green.
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Heat transfer results for one experiment, in air at 8.64 MJ/kg and 55.7 MPa,
are presented normalized by Stanton number and Reynolds number in Figure 1.
Due to the distribution of the sensors around the circumference of the cone, in this
representation of the data there are four results at each of 20 x-locations. The circles
represent the time-averaged heat tranfer result over the ~1 ms steady flow time, and
the bars represent the root mean squared values from each sensor over the steady
flow time. The RMS bars are initially small in the laminar zone as the heat transfer
values are consistently at the laminar value, increase in size in the transitional zone
as the flow becomes intermittent, and may then decrease in size again as the flow
approaches the fully turbulent zone and heat transfer levels are consistently near the
turbulent value. A slight drop-off from the maximum heat transfer value is observed
in the last rows of thermocouples, as they are positioned near the maximum extent
of the T5 test rhombus and may intersect with the expansion fan emanating from the
lip of the nozzle. For this experiment, transition onset is observed at 0.59 m from the
tip of the cone, and the transitional zone extends at least 0.20 m beyond the observed
onset location before fully turbulent flow is achieved.

Datasets of experiments in which transition onset is clearly observed are pre-
sented for all N, conditions (n = 10) in Table 1, and all air conditions (n = 24) in
Table 2. The calculated boundary layer thickness 6 g9 and the approximate most am-
plified Mack second mode[11] frequency f ~ 0.6U /20 g9 at the observed transition
location are also reported.

3 Previous Results

Datasets in air (n =22) from shots referenced by Adam[1] and Adam and Hornung[2]
are presented in Table 3. Some of these experiments were performed by, and first
referenced in, Germain and Hornung[5]. Observed transition onset location X is re-
produced here as reported in [1], but the other parameters have been recalculated by
the present methods for consistency. In the case of Re*/m for Dorrance reference
conditions, & ggtr, and fi, the parameters have been calculated here for the first time.
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Table 1 Experiments performed in Ny, with unit Reynolds numbers evaluated at the boundary
layer edge and Dorrance reference conditions, observed transition onset location, and 6 and f
calculated at the transition onset location.

Nres Pres Re/m Re*/m Xer Oootr fr

[MJ/kg] [MPa] [1/m] [1/m] [m] [mm] [kHZz]

2772 800 167 2.31x10° 135x10° 067 218 515
2773 8.99 16,7 2.02x10° 1.25x10° 067 226 522
2775 7.26 174  267x10° 1.49x10° 067 207 519
2776 717 459 7.09x10° 3.94x10° 039 097 1102
2777 891 389 467x10° 289x106 049 1.28 924

2778 10.73 414 3.99x10° 2.72x106 055 141 910
2779 12.00 423 357x10° 256x10° 060 153 881
2780 13.64 445 3.23x10° 246x10° 062 159 891
2782 14.84 539 3.47x10° 2.76x10° 061 150 980
2783 1588 533 3.20x10° 2.62x10° 063 156 966

Table 2 Experiments performed in air, with unit Reynolds numbers evaluated at the boundary layer
edge and Dorrance reference conditions, observed transition onset location, and 6 and f calculated
at the transition onset location.

Mres Pres Re/m Re*/m Xir Oootr fir
[MJ/kg] [MPa] [1/m] [1/m] [m]  [mm] [kHZz]
2714 949 671 6.85x10° 5.03x10° 049 1.00 1183

2715 1048 688 6.24x10° 4.79x10° 070 122 1004
2716 1079 674 5.90x10° 457x10° 072 127 981

2739 803 575 7.28x10° 490x10° 055 1.06 1033
2740 797 573 7.32x10° 491x10° 054 1.04 1049
2741 834 569 6.85x10° 470x10° 057 1.09 1023
2742 864 557 654x10° 458x10° 058 1.14 997
2743 9.09 563 6.17x10° 4.43x10° 064 1.25 926
2744 768 607 819x10° 5.39x10° 051 098 1094
2753 866 521 6.05x10° 4.22x10° 068 1.27 891
2758 11.07 720 6.11x10° 4.79x106 074 126 1002
2759 962 604 6.12x10° 451x10° 0.68 1.23 959
2760 629 272 4.76x10° 2.72x10° 051 1.34 730
2761 549 282 580x10° 3.04x106 049 1.24 744
2762 6.06 278 5.11x10° 2.86x10° 051 131 736
2763 6.56 272 452x10° 2.66x10° 053 1.40 716
2764 527 165 3.62x10° 1.83x10° 052 1.65 551
2765 6.47 175 3.03x10° 1.74x10° 0.65 1.90 522
2766 754 170 2.49x10° 155x10° 0.64 2.01 526

2769 1046 608 5.61x10° 4.28x10° 064 123 999
2786 10.03 53.6 522x10° 3.90x10° 065 130 929
2787 1072 547  4.93x10° 376x10° 061 128 971
2789 1187 564  452x10° 355x10° 073 144 897
2790 1155 574  477x10° 3.74x10° 068 136 944
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Table 3 Experiments performed in air referenced in Adam[1] and Adam and Hornung[2], with
unit Reynolds numbers evaluated at the boundary layer edge and Dorrance reference conditions,
observed transition onset location, and 6 and f calculated at the transition onset location. Observed
transition onset location X is as reported in [1], but the other parameters have been recalculated by
the present methods for consistency, and in the case of Re*/m, §, and f, calculated here for the
first time.

Mres Pres Re/m Re*/m Xir Oootr fir

[Mi/kg]  [MPa] [1/m] [1/m] [m]  [mm] [kHz]

675 1020 585 560x10° 4.23x10° 054 113 1074
683 1043 655 5.94x10° 451x106 041 096 1280
684 1110 609 525x10° 4.09x10° 046 107 1180
685 1032 569 537x10° 4.06x10° 043 104 1178
686 12.95 554  4.02x10° 3.20x106 059 1.38 974
687 13.06 573 4.14x10° 3.33x106 059 135 1001
688 1327 623 4.38x10° 355x10° 062 133 1018
689 10.65 59.0 5.34x10° 4.09x106 054 115 1070
879 11.65 791 6.26x10° 5.00x106 049 100 1289
888 1155 791 6.28x10° 4.97x106 063 114 1124
1113 1137 772 634x10° 504x10° 048 098 1293
1115 738 687 9.66x10° 6.20x10° 043 0.83 1275
1151 10.03 450 4.46x10° 3.29x10° 057 1.32 907
1152 888 433 4.97x10° 350x10° 040 1.06 1076
1153 1219 407 3.30x10° 253x10° 0.72 1.70 769
1155 8.08 443 566x10° 380x10° 045 109 1007
1156 780 480 6.34x10° 4.18x10° 0.39 096 1124
1157 583 472 894x10° 4.90x10° 023 067 1421

1159 1141 425 367x10° 2.80x10° 072 161 788
1160 1041 419 4.00x10° 298x10° 066 1.49 819
1162 9.04 344 391x10°5 2.74x10° 060 148 773
1163 1117 681 573x10° 4.47x10° 059 115 1094
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4 Statistical Analysis

Multivariable linear regression analysis is performed on these data sets with the
MATLAB Statistics Toolbox, taking Pres and hyes (normalized by each data set’s
maximum pressure and enthalpy) as the possible predictor variables and the mea-
sured values of Xi (normalized by the length of the cone, 1 m), Ref, and Rey
(normalized by the respective maximum unit Reynolds numbers) as the modeled
variables. We use a significance level of 5% (i.e. requiring a p-value less than 0.05
to reject the null hypothesis that a given coefficient is zero). The linear model co-
efficients that result from this analysis, along with their respective p-values, are
presented in Tables 4, 5 and 6. Note that these tables include the results of statistical
analyis for Rey, in addition to Xy and Rey;, although only the latter two parameters
are referenced in the main paper[9].

Both the present N, and air results have a positive dependence on hyes (linear
model coefficient 0.56 for N, 0.55 for air) and a negative dependence on Pres (—0.45
for N2, —0.15 for air; note that the air result, with p-value = 0.054, is marginal).
The historical air data of Adam and Hornung[2] are analyzed in the same way, and
likewise show a significant positive dependence of Xi; on hyes (0.72) and negative
dependence on Pres (—0.28).

Both the present N, and air results have a positive dependence on Py (linear
model coefficient 0.31 for N, 0.59 for air) for the transition Reynolds number eval-
uated at Dorrance reference conditions, Re{;, but neither have a dependence on hyes
that is statistically significant. The historical air data of Adam and Hornung[2] like-
wise show a significant positive dependence of Rey; on Pres (0.34), but no statisti-
cally significant dependence on hyes.

No statistically significant correlation of Re;; with reservoir enthalpy hyes is ob-
served for any data set, either in the present data or in a statistical re-examination
of Adam and Hornung[2], who reported an increase in Re{, with increasing hyes, but
did not control for Pyes, which varied from 10 to 85 MPa in their air experiments. In
both present and past data, Rey, appears to correlate most strongly with Pres.

Table 4 Multivariable linear regression analysis for N, results (n = 10) from the present study.
Pres and hyes are normalized by their respective maximum values. The coefficients found to be
statistically significant (p < 0.05) are in bold print.

Xer Ref; Reyr
Pres coefficient -0.45396 0.30819 0.29023
p-value | 1.20x 107> 5.88x10°% 7.89x10°7

hres coefficient | 0.55527 -0.02805 -0.26922
p-value | 2.36 1075  0.44139  1.02x 1075
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Table 5 Multivariable linear regression analysis for air results (n = 24) from the present study.
Pres and hyes are normalized by their respective maximum values. The coefficients found to be
statistically significant (p < 0.05) are in bold print. Note that the Res coefficient for X in this
data, which has p = 0.054, is of marginal significance.

X Refy Reir
Pres coefficient | -0.15238 0.58556 0.54107
p-value | 0.05377 1.72x10°° 7.30x10°10
hres coefficient |  0.54802 -0.04254 -0.28748
p-value | 7.39x10°%  0.62997 0.00117

Table 6 Multivariable linear regression analysis for historical air results (n = 22) referenced in
Adam[1]. Res and hyes are normalized by their respective maximum values. The coefficients found
to be statistically significant (p < 0.05) are in bold print.

Xar Rej; Reir
Pres coefficient | -0.28405 0.33725 0.27436
p-value 0.01308 3.07x10* 3.24x10*

hres coefficient 0.72414 0.10048 -0.043046
p-value | 1.23 x 1075 0.28530 0.57148
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