JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER
Vol. 13, No. 4, October-December 1999

Experimental and Computational Study of High Enthalpy
Double-Wedge Flows
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A series of experiments designed to study reacting nitrogen flow over double-wedge geometries was conducted in
the T5 shock tunnel at the California Institute of Technology. These experiments were designed using computational
fluid dynamics to test nonequilibrium chemistry models. Surface heat transfer rate measurements were made,
and holographic Mach-Zehnder interferometry was used to visualize the flow. Analysis of the data shows that
computations using standard thermochemical models cannot reproduce the experimental results. The computed
separation zones are smaller than the experiments indicate. However, the computed heat transfer values match
the experimental data in the separation zone, and on the second wedge the computed heat transfer distribution
matches the shape and heights of the experimental distribution but is shifted due to the difference in the size of
the separation zones. The most likely reasons for failure of the computations to reproduce the experimental data
are uncertainties in the equilibrium and nonequilibrium nitrogen dissociation rates, non-Boltzmann vibrational
energy distributions in the freestream, and possible noncontinuum effects at the model leading edge and in the

shock interaction region.

Introduction

HE accurate modeling of reentry flows requires an understand-
ing of the chemical and energy relaxation processes that occur
in high-temperature gases. These thermophysical processes can al-
ter macroscopic flow characteristicssuch as heating rates and shock
shapes. Even subtle differencesin the shock shape and the resulting
differences in the pressure field can lead to large differencesin the
predicted aerodynamic moments of a reentry vehicle. For example,
when the Space Shuttle first reentered the Earth’s atmosphere, the
body flap angle required to trim the orbiter was much higher than
expected.! This pitchup anomaly was due to reacting-gaseffects.
One important aspect of reacting flowfields is the coupling be-
tween the vibrational energy relaxation and the chemical dissoci-
ation process. After a gas molecule passes through a shock wave,
thousands of collisions are required to raise its vibrational energy
so that it is in equilibrium with the translational energy. Because
of the low density and high speeds typical of reentry flows, gas
molecules may travel long distances during this relaxation process,
and therefore, large regions of the flowfield may be in vibrational
nonequilibrium.
Molecular collisions can also cause dissociation, and the disso-
ciation rate depends on the vibrational state of the gas. The amount
of energy that a collision must supply to dissociate a molecule
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is the dissociation energy of the molecule minus the vibrational
energy. Therefore, the dissociation rate in a region of vibrational
nonequilibrium where molecules have less energy than at equilib-
riumis lower than in a region of thermal equilibrium. Also, because
molecules with high vibrationalenergy are more likely to dissociate
than molecules with low vibrationalenergy, the dissociationprocess
slows the vibrational relaxation process by preferentially removing
molecules with high vibrational energy.

Many models?>™* exist for this vibration-dissociation coupling
process, but none has been adequately validated with experimen-
tal data. Existing experimental data are not sensitive enough to
vibration-dissociation coupling effects to differentiate the predic-
tions of the coupling models. The flowfields predicted by various
vibration-dissociation coupling models differ only if there is sig-
nificant dissociation of molecules in regions of strong vibrational
nonequilibrium. Although this nonequilibrium chemistry occurs
commonly in flight, it is difficult to reproduce the necessary combi-
nation of enthalpy, density, and model size in ground-basedexperi-
mental facilities.

An example of typical existing data are the measurements of
shock standoff distances on spheres from the T5 Hypervelocity
Shock Tunnel at the CaliforniaInstitute of Technology’ Our results,
which will be presented subsequently,show that computationsusing
any reasonablenonequilibriumrate model reproducethe data within
the experimentalerror. The sphere experiments were notintended to
provide validationdata for vibration-dissociation coupling models,
and the ability of current coupling models to reproduce the sphere
data only shows that these blunt-body flowfields are not very sensi-
tive to vibration-dissociation coupling effects.

Therefore, there is a need for data representative of flight con-
ditions that is more sensitive to vibration-dissociation coupling ef-
fects. With confidence in our ability to reproduce existing experi-
mentalresultsfrom TS, we designednew experimentsfor T5 thatcan
distinguish between the predictions of different coupling models.

To design these experiments, we used computational fluid dy-
namics to simulate the flow over many different geometries at T5
freestream conditions. Each case was computed with different cou-
pling models. The goal was to identify the combination of geometry
and freestream conditions that yields the greatest difference in the
interferograms and measurable surface quantities between the two
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Fig. 1 Schematic diagram of the flow over a double-wedge.

computed flowfields. As a result of this design process, a double-
wedge geometry was designed and tested at four angles of attack in
a nitrogen freestream.

The sensitivity of the double-wedge flowfields to vibration-
dissociation coupling effects is explained by considering the shock
interaction that occurs near the corner of the wedges. Figure 1
shows a schematic of this flow. The shape of the detached bow
shock from the second wedge depends on the nonequilibriumchem-
istry occurring behind it. At certain enthalpies and values of the
binary scaling parameter (freestream density times a characteris-
tic length scale) different vibration-dissociation coupling models
produce slightly different bow shock shapes, resulting in different
impingement points of the transmitted shock on the second wedge.
Small changes in the impingement point and in this transmitted
shock angle can produce large differences in the size of the separa-
tion zone because of the differentamounts of mass that are reversed
into the separation zone.

Atrelatively low wedge angles, where the separation zone size is
small, thereis no differencebetween the predictionsof the vibration-
dissociationcouplingmodels. As the second wedge angle increases,
the differences between the predictions of various coupling models
become greater. At some large second wedge angle, the flow be-
comes unsteady; the predicted value of this angle depends strongly
on the vibration-dissociation coupling model used.

We first discuss the results for sphere geometries, and then we
present the double-wedge results. Measurements of surface heat
transferrate and interferogramswere made for arange of freestream
conditions and model angle of attack. Contrary to our expectations,
ourresults show thatcomputationswith any existing flowfield model
are unable to reproduce the data from the double-wedge experi-
ments. We show evidence that the most likely reason for the dis-
crepancies between the experimental data and the calculations is
uncertainty in the nitrogen dissociation rates at both thermal equi-
librium and nonequilibrium conditions. Before the acquisition of
these experimental data, it was believed that the nitrogen dissoci-
ation rates at thermal equilibrium were adequately known. These
results suggest otherwise, and the double-wedge experimental data
provide a stringent test for proposed rate models.

Experimental Program

The experiments were performed in the TS free-pistonshock tun-
nel at the California Institute of Technology. Details of the facility
may be foundin Ref. 6 by Hornunget al. A schematicdrawing of the
model is shown in Fig. 2. The angle of attack of the model was var-
ied from 0 to —17 deg (corresponding to a nose-down orientation)
during the tests. The leading edge of the model was approximately
3.5 cm above the nozzle centerline and 10 cm from the nozzle exit
plane during the test time. The roll angle of the model was aligned to

Table1 Nominal TS freestream conditions at the leading edge
of the model and model angle of attack

Do hg, Uoo, T, Tyoo> Poos o,
Shot MPa Ml/kg m/s K K kg/m®  eny deg

1035 27.5 285 6232 2336 4137 0.0066 0.135 -10.0
1036 262 287 6240 2311 4153 0.0063 0.140 -10.0
1038 332 273 6068 1710 3758 0.0065 0.128 —10.0
1039 32,6 285 6128 2887 3879 0.0145 0.152 -10.0
1043 35.1 2577 6059 1841 3851 0.0076 0.125 -12.0
1044 337 239 5892 2163 3932 0.0090 0.080 -—14.0
1046 36.5 281 6261 2515 4065 0.0086 0.118 —14.0
1049 36.7 26.1 6110 1888 3856 0.0078 0.129 0
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Fig. 2 Scale drawing of the double-wedge model showing.

within 0.1 mrad, and the yaw angle was aligned to within 1.0 mrad
of parallel. The pitch angle, or model angle of attack, was measured
to within 0.2 mrad. The T5 conical nozzle with a 7-deg half-angle
and either a 20 or a 30 mm throat was used. A total of 17 runs were
made, but only selected results are presented here. Table 1 lists the
nominal freestream conditions at the center of the leading edge of
the model for selected test cases.

The model was instrumented with 29 Alumel/Chromel type K
thermocouples, 10 on the first wedge and 19 on the second wedge.
The location of the thermocouplesis shown in Fig. 2. The heat trans-
fer rate data were sampled at a rate of 200 kHz, and the value was
taken to be the average over the time window 0.8-1.2 ms. Studies
of driver gas contamination in TS5 show that, at the enthalpies of
these tests, there is 1.0- 1.2 ms of test time.” The heat transfer rate
was deconvolved from the voltage traces using a one-dimensional
semi-infinite slab model for the unsteady heat transfer to the ther-
mocouple gauge. The details of this method are given by Sanderson
and Simmons.®

Aholographicinterferometrytechniquedevelopedby Sanderson’
providedinfinite fringe Mach- Zehnder interferograms, which visu-
alize the optical path length in the flowfield relative to the optical
path length in the freestream. For flowfields with constant chem-
ical composition, visualizing optical path length is equivalent to
visualizing the density field, but for these high-enthalpy flowfields,
the amount of reaction affects the fringe patterns. Based on pitot
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pressure measurements, the flow in the nozzle establishes in about
0.3 ms. The interferograms were taken at about 0.8 ms, which rep-
resents approximately 150 characteristicflow times based on wedge
lengthand typical freestreamconditions. Previous experimental and
computational results'®!! show that three-dimensional compres-
sion corner flows with large separation zones require only about
20 characteristic flow times to establish. Computational interfero-
grams were generated by a straightforward line-of-sightintegration
through the computed three-dimensional flowfield.

Thermophysical Models

This section describes the chemical rate and energy transfer mod-
els that are needed to compute hypervelocity flowfields. Models are
needed for both the vibrational equilibriumdissociationrates of ni-
trogen and for vibration- dissociationcoupling effects. One purpose
of this study is to examine the effectof model choice on the predicted
flowfields.

At vibrational equilibrium, the dissociationrate for the reaction

N, +M—= N+N+M, M=N,,N (1)
is expressed in Arrhenius form:
kp(T) = C, T &=/ @)

where m is the collision partner N, or N and C,,, 1,,, and 6,, are
coefficients found from curvefits to experimentallydetermineddata.
Three differentsets of coefficients from Park'>'* and Bortner'* were
tested. The two sets of coefficients from Park are designatedPark 85
and Park 88, respectively, based on the year of the reference.

Although all of the sets of coefficients were inferred from the
same experimental data, the values of the rates are significantly dif-
ferent because of how the shock tube results were interpreted. In
these experiments, nitrogen is heated by a shock wave and then un-
dergoes dissociation. By determining the density behind the shock
wave from the measured radiation signal, the dissociation rate can
be deduced. However, this procedure is not straightforward. One
complicationis that the gas behind the shock wave does not imme-
diately dissociate,and there is an incubation period before the onset
of dissociation that is generally accepted to be caused by the vibra-
tionalrelaxationprocess. There is no standard method to account for
the vibrationalnonequilibrium.For example, some investigatorsas-
sume that the vibrationalrelaxation process ends before dissociation
begins, so thatthe dissociationprocessis governedonly by the trans-
lational temperature because the gas is in vibrational equilibrium.
There is also difficulty in separating the dissociation rates for the
two collision partners, N, and N. A common assumption is that the
dissociationrate by N is some multiplicative factor greater than the
N, rate. This assumptionis made by Park!>!3 but not by Bortner.!

The Park 88 rates are different from the Park 85 because of
a reinterpretation of the experimental data using the Park T-T,
vibration-dissociation coupling model to account for vibrational
nonequilibrium. The Park 88 rates are perhaps the most widely ac-
cepted, and they are used for the majority of the double-wedge
calculations. However, it should be emphasized that due to the dif-
ficulty in interpreting the experimental data, these reactionrates are
uncertain.

Assuming that the vibrational equilibriumdissociationrates are a
known function of the temperature, a vibration-dissociation cou-
pling model is needed to account for and to determine the de-
pendence of the vibrational nonequilibrium dissociation rate on
the vibrational temperature. Any physically consistent vibration-
dissociation coupling model can be written as'>

k (T, T,) = V(T, T, k;(T) 3)

where V is a coupling factor that is less than one if 7, < T. Three
representative vibration-dissociation coupling models were tested:
the Park 7- T, model,?> the Marrone and Treanor coupled-vibration-
dissociation-vibraton (CVDV) model,? and the Macheret and Rich
model *

The Park 7- T, model® is a semi-empirical model that is widely
used because it has been shown to give good results for certain test
cases and because it is easy to implement. The vibrational nonequi-
librium dissociationrate is assumed to be in Arrhenius form with a
modified temperature:

ky(T.T,)=C; (y/TT,)" exp(6, [T T,) )

The CVDV model is derived by assuming that the gas may be char-
acterized by rotationless oscillators whose vibrational energy dis-
tribution relaxes through a series of Boltzmann distributions. The
model contains a preferential removal parameter U that controls
how much more likely high vibrational level molecules are to dis-
sociate than low vibrational level molecules. A value of U = D /3,
where D is the dissociation energy of nitrogen, has been shown to
give the best agreement with experimental data. In this work, we
test different values of U. The Macheret and Rich model* is derived
by generalizing the Arrhenius formula for vibrational nonequilib-
rium by considering a threshold energy function that determines
the minimum total energy in a collision necessary for dissociation.
The amount of preferential removal is fixed by the theoretically de-
termined threshold function. The model accounts for the rotational
state of the molecule and takes into account that the vibrational
energy mode does not relax through a series of Boltzmann distri-
butions. The Macheret and Rich model is theoretically the most
accurate model of the three considered in this work, but it is also
the most difficult to implement.

Finally, Millikan and White!® vibration-translation relaxation
rates were used in the Landau- Teller vibrational relaxation source
term. The viscosity was calculated using the Blottner et al.!” model
with Wilke’s'® mixing rule, the thermal conductivity was calculated
from an Eucken relation,' and the diffusion velocities were calcu-
lated assuming Fick’s law.

Computational Method

An upwind finite-volume method given by MacCormack and
Candler®® using Steger- Warming flux vector splitting was used to
solve the three-dimensional Navier- Stokes equations. Mass con-
servation equations for each species (N, and N) and a separate
vibrational energy equation are solved, along with the three mo-
mentum and the total energy conservationequations. The mass and
vibrational energy equations include source terms that account for
the finite-rate chemistry and vibrational energy relaxation?! The
method is second-order accurate in the streamwise and spanwise
directions. The scheme is fully implicit, and uses the full matrix
data parallel lower-upper relaxation (DP-LUR) method of Wright
et al.? that was developed to efficiently solve viscous problems on
massively parallel computers. The calculations were performed on
a Thinking Machines CM-5 supercomputer.

It is necessary to determine the freestream conditionsin TS5, but
thisis not straightforwardbecause there are no direct measurements
of the TS5 freestream. The freestream conditions must be inferred
from the measured incident shock speed and pressure in the reser-
voir section of the nozzle. Assuming equilibrium conditions in the
reservoir, the flow through the conical TS nozzleis calculated using
the Navier-Stokes solver described earlier. The computations re-
produce pitot pressure measurements made in TS. Additionally, the
location of the model with respect to the source of the conical flow
is known, and the appropriate conically varying flow properties are
used.?!

The numerical method has been validated for separated flow cal-
culationsby matching computed surface pressure, heat transfer, and
skin-friction values with experimental data!®?* from perfect gas
compression corner flows. With a sufficient number of grid points,
the separation zone size and the surface quantities are matched
to within experimental error. Also, comparison with perfect gas
double-cone flows shows that the numerical simulations reproduce
the separation zone size for flowfields with both small and large
separation zones >*%

The double-wedge calculations used a two-block grid of
256 x 16 x 256 and 256 x 16 x 512 points in the streamwise-
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spanwise-body normal directions. Two-dimensional calculations
show thata 256 x 256 grid underpredictsthe separationzone size by
about 4% as compared to a 512 x 512 grid. Grid resolution studies
done in the spanwise direction show that using 16 points overpre-
dicts the size of the separation zone at the symmetry plane by less
than 6% as compared to using 24 points. Unfortunately, perform-
ing calculations on larger grids to do a true grid-resolutionstudy is
not possible with the speed and memory limits of current comput-
ers. However, grid resolution studies indicate that these calculations
adequately resolve the flowfield.

Sphere Results

In this section we compare computations using various chemical
rate models with previous experimental results from T5. The pur-
pose of these comparisons is to ensure that we are able to reproduce
T5 results, showing both that the calculationsto characterizethe T5
freestream are valid and that the thermophysical models are ade-
quate for blunt-body hypervelocity flowfields. The flows are pure
nitrogen, with the test conditions shown in Table 2. These test con-
ditions produce flowfields with some dissociation and vibrational
nonequilibrium, but these tests were not designed to be particularly
sensitive to vibration-dissociation coupling effects.

Figure 3 shows the experimental and computational differential
interferograms for shot 181 using the Park 85 equilibriumdissocia-
tion rates and three different vibration- dissociation coupling mod-
els. Differential interferograms measure the gradient of the optical
path length using two parallel light rays slightly displaced from one
another. The bow shock causes a sudden change in the shape and
direction of the fringes. There are no discernible differences among
the predictions of the models, and the location and shape of the
experimental fringes are reproduced by all of the computational re-
sults. Shot 514 also shows no difference among the predictions of
the coupling models and the experimental results.

A more quantitative comparison of the models may be made by
comparing the predicted shock standoff distances, which are shown
in Table 3. Both the experimental and computational standoff dis-
tances are measured from the respective interferograms. The cal-
culations using the Park 85 equilibrium dissociation rates and any
of the vibration-dissociation coupling models match the experi-
mental standoff distances within the experimental uncertainty. The
Park T- T, couplingmodel? predicts the smallest distances, whereas

Table 2 TS5 freestream conditions
for the sphere test cases

Parameter Shot 181 Shot514
D, cm 10 5
Uso, M/S 5070 4860
Poos kg/m3 0.0402 0.0198
Teo, K 2260 1946
CNan 0.971 0.959
h, 16.5 15.5

Fig. 3 Computed differential interferograms for the Park, Macheret,
and CVDV models and the experimental interferogram from shot 181.

Table 3 Shock standoff distances (mm) for the sphere

test case
Method Shot 181 Shot 514
Experiment 4.83+0.1 2.79+£0.1
Park T- T,,-Park 85 4.76 2.75
Macheret and Rich-Park 85 4.81 2.78
CVDV (U = 00)-Park 85 4.77 2.79
CVDV (U = D/3)-Park 85 4.81 2.81
CVDV (U = D/8)-Park 85 4.93 2.83
Park T- T,,—-Park 88 4.68 2.59
Park T- T,,-Bortner 4.59 2.49

the CVDV model with U = D/8 predicts the largest distances. In-
creasing the value of U in the CVDV model decreases the amount
of preferential dissociation of high vibrational level molecules and
decreasesthe shock standoff distance because more dissociationoc-
curs from the low vibrationallevel molecules behind the bow shock.
The standoff distances predicted by the Macheret and Rich model*
are between the distances predicted by the Park 7- T, model®> and
the CVDV model® with U = D/3.

The calculations using either the Park 85 or Bortner'* vibra-
tional equilibrium dissociation rates predict the smallest standoff
distances, and the values fall outside the range of the listed exper-
imental uncertainty. However, the listed experimental uncertainty
only accounts for the error in measuring the standoff distances from
the interferograms. The greatest difference between the prediction
of any of the models and the experimental standoff distance is 11%,
showing that these blunt-body flowfields are not very sensitive to
the effects of chemical reactions.

In summary, existing rate models are able to reproduce the T5
sphere data. For these flow conditions, differencesin the vibrational
equilibrium dissociationrates have the same effect on the predicted
flowfields as differencesin the vibration- dissociationcouplingmod-
els. Therefore, to evaluate vibration-dissociation coupling models,
itis necessary to examine flowfields specifically designedto be sen-
sitive to vibration-dissociation coupling effects.

Double-Wedge Results

In this section we present the results from the double-wedge ex-
periments. Comparisons are made between selected shots and com-
putations. The computations do not agree with the data, and we
discuss possible reasons for this disagreement. Finally, we present
additional experimental data without any comparisons to computa-
tions.

First consider shot 1049. The freestream conditions are shown in
Table 1, and the Reynolds number based on the wedge face length
is 1.6 x 10*. The wedge angles are 18 and 48 deg, respectively,and
computations predict that this flowfield is insensitive to vibration-
dissociation coupling effects. Figure 4 shows the experimental and
computational interferograms for this shot. The nozzle blocks the
tip of the model in the experimental interferogram. Comparing
the experimental interferogram with the schematic in Fig. 1, we
see the same flow structure. The separation point on the first wedge
cannot be seen, but the shear layer at the edge of the separation
zone and the shear layer producedby the intersectionof the leading-
edge shock and separationshock are both visualizedby dark fringes.
A recirculation zone can also be seen inside the separated region.
The intersection of the oblique shock with the bow shock is ap-
parent, but because this is a relatively weak shock interaction, the
transmitted shock that strikes the second wedge is difficult to see.
The fan of closed fringes along the second wedge is centered just
downstream of the reattachment point.

Considering the computational interferogram, we see the same
basic flow structure, but the computation significantly underpredicts
the sizeof the separationzone. The separationzone in the experiment
extends over half of the first wedge, whereas in the computation, the
separationzone size is only about one-fifth of the wedge face length.
However, the two interferograms are qualitatively comparable. The
shockimpingementon the second wedge and the shape of the fringes
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a) Experimental

b) Computational

Fig. 4 Interferograms for shot 1049.

look similar in both cases, but the details of these features do not
match.

The number of fringes does not match either. There are approxi-
mately 11 fringes visiblein the experimentalinterferogram,whereas
there are only 9 fringes visible in the computational interferogram.
Increasingthe freestreamdensity in the computationsincreases both
the number of fringes and the size of the separation zone. However,
asingle, larger value of density does not simultaneously predictboth
the correct separation zone size and the correct number of fringes.
The increase in freestream density required for a better compar-
ison with the experimental separation zone size is about a factor
of two. However, this increase in the density doubles the number
of fringes in the computation, and the number of fringes is then
overpredicted. This inability of the computation to reproduce the
experimental flowfield is surprising. Because the numerical method
has been validated for perfect gas flows with shock-induced sep-
aration regions and reacting blunt-body flowfields, we anticipated
being able to compute shot 1049 accurately.

The measured surface heat transfer rate is shown in Fig. 5. The
solid points represent the experimental data, and the surface has
been interpolated from the points. Note that the symmetry plane of
the wedgeis at y =75.0 mm and that the coordinate s is the distance
along the wedge surface measured from the leading edge. The data
show very little spanwise variation.

Figure 6 shows the comparison of the heat transfer data with the
computationalresultson the symmetry plane. The spanwiselocation

Fig. 5 Streamwise and spanwise variation of experimental heat trans-
fer data for shot 1049.
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Fig. 6 Experimental heat transfer measurements for shot 1049 with
computed heat transfer on symmetry plane.

of the thermocouples is ignored. The computed heat transfer rate
matches the level of the experimental data in the separation zone,
but the computed location of maximum heat transfer is upstream of
the experimental location. This is consistent with the computation
predicting a smaller separation zone than the experiment. The error
bars on the data in the separation zone are fairly small, whereas
in the region of the sharp rise of the heat transfer, the error bars
are larger, indicating that the peak may be moving back and forth
slightly. For this shot, some of the thermocouples were saturated
in the region of peak heating, and those data are missing. Therefore,
the true peak in the experimental heat flux is somewhat higher than
the data points shown indicate.

The freestream conditions for shot 1038 (see Table 1) are simi-
lar to those of shot 1049, but the model is now at —10-deg angle
of attack and the Reynolds number is 1.3 x 10*. This increases the
sensitivity to vibration-dissociationcoupling effects because of the
larger separation zone and greater sensitivity of the size of the sepa-
ration zone to the location of the bow shock. The experimental and
computational interferograms for shot 1038 are shown in Fig. 7.
Computations were performed using both the Park 7- T, and CVDV
coupling models with Park 88 vibrational equilibrium (7, = T') dis-
sociation rates. For this shot the leading edge of the model and
the separation point on the first wedge are visible. Because of the
slightly lower density of this shot, there is less structure visible in
the separation zone, but the stronger shock interaction produces a
sharply bent fringe at the location of the transmitted shock. The
reattachment point on the second wedge can be inferred from the
transmitted shock location. The shock-wave/boundary-layer inter-
action on the second wedge produces the four closed fringes visi-
ble along the second wedge. The computational interferograms are
again qualitativelysimilar to the experimentalinterferogram,but the
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a) Experimental

b) Computational with Park model

¢) Computational with CVDV model

Fig. 7 Interferograms for shot 1038.
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Fig. 8 Experimental heat transfer measurements for shot 1038 with
computed heat transfer on symmetry plane.

computations significantly underpredict the size of the separation
zone. The CVDV model predicts a slightly larger separation zone
than the Park 7T- T, model, but the difference between the models is
small as compared to the differences of both computations with the
experiment.

The heat transfer rates for shot 1038 are shown in Fig. 8. The
computations appear to match the values of the experimental data
in the separation region, and if the computed peaks were shifted
downstream, the computation would match the data reasonably well
on the second wedge. The heat transfer measurements again show
little spanwise variation.

In both Figs. 7 and 8, the small differencesin the size of the com-
puted separation zones due to the choice of vibration-dissociation
coupling model can be seen. Thus, the flowfield is sensitive to
vibration-dissociation coupling effects; however, it is unlikely that
the incorrect modeling of vibration-dissociation coupling can ex-
plain the large difference between the computed and experimental
separation zones. Computations of many different combinations of
double-wedge geometry and freestream conditions showed that the
results of the CVDV model with U = D /3 and the Park 7- 7, model
bound the sizes of the separation zones predicted by other coupling
models. For example, the more realistic, and presumably more ac-
curate, Macheret and Rich coupling predicts a separationlength that

500 T T T T

Park 88 rates
—-—-—-- Park 85 rates
400 | ” ]

300 | / i bl

p (kPa)
P

100 | e S ]

s (mm)

Fig. 9 Computed surface pressure on symmetry plane for two sets of
equilibrium dissociation rates.

falls between the predictionsof the Park 7- T, and the CVDV mod-
els. Presumably, for the Park 88 set of vibrational equilibrium dis-
sociation rates, no matter which two-temperature coupling model
would be used in the calculations, the computed separation zone
would still be too small.

We now consider why the computations for these two shots do
such a poor job of reproducing the experimental data. One possible
source of error in the computations is the model of the equilibrium
dissociation rates. As discussed earlier, the determination of these
rates is not straightforward. Furthermore, the sphere results suggest
that the Park 85 rates are slightly better at reproducing the experi-
mental shock standoffdistances. Therefore,shot 1038 was also com-
puted using the Park 85 vibrational equilibrium dissociation rates.
Figure 9 is a plot of the surface pressure along the double-wedge
symmetry plane computedusing the Park 7- T, coupling model and
the two different sets of vibrational equilibrium dissociation rates.
The computation using the slower Park 85 equilibrium rates pre-
dicts a much larger separation zone than the computation using the
Park 88 rates. This is a different result as compared to the sphere
flowfields, where the equilibriumdissociationrates had a very small
effect on the predictions. However, the size of the predicted sep-
aration zone is still significantly smaller than the experimental
value. Using the CVDV coupling model with the Park 85 rates
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further increases the separation zone, but it still does not match
the data. The equilibrium dissociation rates would need to be even
slower or the nonequilibriumrates would have to behave differently
from any of the standard two-temperature vibration-dissociation
coupling models predict for the computation to match the ex-
periment.

Another possible reason for the disagreement between the com-
putations and the experiments is turbulence in the experiments.
However, this is not a factor. That the computations reproduce the
measured heat transfer peak for these two cases suggests that the ex-
perimental flow is laminar. The separation zone certainly is laminar
and steady, as evidenced by the small error bars on the experimen-
tal data and the ability of the computations to match these values.
The large error bars for the experimental data on the second wedge
show that the shock impinging on the second wedge may be mov-
ing around somewhat. However, the mean flow is established and
is steady, as can be seen from the shape of the fringes from the
experimental interferogram.

Both the shear layer at the edge of the separation zone and the
shear layer that emerges from the triple point near the corner of the
wedge are visiblein the interferogramsand show no sign of turbulent
structures. In addition, the Reynolds number along both shear lay-
ers can be calculated from the computational data. These Reynolds
numbers remain smaller than the transition Reynolds numbers re-
ported by Birch and Keyes?® for the transition of compressible shear
layers produced by shock-on-shockinteractions. The Mach number
at the edge of the shear layers in the double-wedge flow falls within
the Mach number range investigated experimentally by Birch and
Keyes.

Finally, we show the results from additional shots. We do not
present any computations of these shots because the comparisons
do not yield any new information. Shot 1039 is at the same nom-
inal conditions and angle of attack as shot 1038, except that the
density is higher. Figure 10 shows the experimental interferogram.
The separation zone is larger than for shot 1038, and there are more
fringes because of the higher density, but otherwise the flowfields
are similar. The transmitted shock is at the location where the sep-
aration shock intersects the bow shock and the fringes are strongly
bent. The impingement point on the second wedge is at the center
of the fan of fringes one-third of the way along the second wedge.
The waviness of the fringes originating from the triple point is a
possible indication that the shear layer from the triple point is tur-
bulent. Additionally, the circular fringe along the shear layer may

Fig. 10 Experimental interferogram for shot 1039.

Fig. 11 Experimental interferogram for shot 1043.

be caused by a vortex, indicating that the shear layer is rolling up.
Because shot 1039 has the highest density of all of the shots, and
the shear layer Reynolds number for this case is nearly equal to
the transition Reynolds number reported by Birch and Keyes,? it
is possible that the flowfield is turbulent downstream of the shock
interaction point. However, it appears from the heat transfer data
that the separation zone remains laminar. None of the interfero-
grams from the other shots show these types of potential turbulent
structures.

Figure 11 shows the interferogram for shot 1043. The model is at
an angle of attack of —12 deg and at the same nominal conditions
as shot 1049. Two-dimensional calculations predict that this flow is
very sensitive to effects of vibration-dissociationcoupling. Compu-
tationalresults also predictthat shot 1043 should have a much larger
separationzone than shot 1049. However, the experimental interfer-
ograms indicate that shot 1043 has only a slightly larger separation
zone than shot 1049, possibly indicating that the thermochemical
models used in the computations do not even predict the correct
trends in the behavior of the flowfields.

Unlike shot 1039, which has a factor-of-two higher density, there
are no signs of turbulent structures in the shot 1043 interferogram.
The heat transfer data for shot 1043, shown in Fig. 12, has the same
features as the data for the other shots: a laminar separation region
followed by a sharp rise and fall in heat transfer rate.

The interferograms for shots 1035 and 1036 are shown in
Figs. 13 and 14. These shots have the same nominal freestream con-
ditions except that the density is slightly higher for shot 1035.
Computations indicate the flowfields are sensitive to vibration-
dissociation coupling effects. The interferograms are very similar.
The separation zone for shot 1035 is slightly larger because of the
larger density. The flowfields below the leading edge are different
because for shot 1035 pressure transducers were installed on the
first wedge and the casings for them alter the bottom surface of the
model.

The interferograms for shots 1044 and 1046 are shown in
Figs. 15 and 16. The model is at an angle of attack of —14 deg,
and because of this, the flowfield is very sensitive to vibration-
dissociation coupling effects. The flowfield is also more three-
dimensional than the earlier flowfields because of the larger sep-
aration zone. The dark fringes originating on the first wedge are
thought to show the extent of the separationregion at various span-
wise locations. Thus, the difference between the separation length
at the wedge symmetry plane and at the edges is considerable.
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Fig. 12 Experimental heat transfer measurements for shot 1043.

Fig. 13 Experimental interferogram for shot 1035.

Correspondingly, the location of the transmitted shock that strikes
the second wedge varies in the spanwise direction. Shot 1046 has a
higher enthalpy and slightly lower density than shot 1044, resulting
in separation zone sizes that are approximately the same.

Based on these results and other results that have not been pre-
sented, we can make some general comments. The experimental
data are believed to be valid. The heat transfer rate data are con-
sistent with the computational results. The numerical method has
been validated for perfect gas compressioncorner flows and double-
cone flows, so that it is thought the computations should be able to
reproduce the experimental data. Of the models used in the compu-
tations, the thermochemical models, such as the expression for the
equilibrium and nonequilibrium dissociation rates, have the most
uncertainty. Before this work was performed, it was believed that
the current models were adequate for most hypersonicflows and that
this work would seek to distinguish subtle differences between the
various chemistry models that would become apparentin only very
specific flowfields. The double-wedge data suggest that the accu-
racy of the current models is much worse than previously believed.
One possibility is that the values of the equilibrium dissociation Fig. 15 Experimental interferogram for shot 1044.
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Fig. 16 Experimental interferogram for shot 1046.

rates are not as well known as previously believed. For example, if
these rates were slower, the computed separation zone sizes would
be larger. Related to this possible problem with the rates is the ef-
fect of non-Boltzmannvibrational energy distributionsin the tunnel
freestreamon the effectivereaction rates. It is well known that these
suddenly expanded flows have elevated levels of vibrationally ex-
cited molecules. Thus, on average the gas tends to dissociate more
easily than a gas at the assumed Boltzmann vibrationalenergy distri-
bution. To assess the importance of this effect, it would be necessary
to performa vibrationalstate-specific simulation of these flows. This
is beyond any existing capability.

Another possible source of discrepancy between the computa-
tions and experiments is due to noncontinuum effects in the flow-
field. By most conventional measures, these flows are continuum,
with a maximum Knudsen number based on freestream conditions
and the wedge face length of 7.8 x 10~* (shot 1036). However, at
the wedge leading edge and in the shock interactionregion, the con-
tinuum formulation may fail. In both cases, the continuumapproach
may impose an artificially small length scale on the flow, resulting
in overly strong leading edge and shock interactions. Again, it is
beyond current computational capabilities to determine if this ef-
fect causes the lack of agreement between the computations and
experiments.

Conclusions

High-enthalpy tests of double-wedge geometries have been con-
ducted in the TS5 shock tunnel. Data from a range of freestream
conditions and model angles of attack have been obtained. The ex-
perimental flows were laminar, and there was sufficient test time to
produce steady flows. The purpose of these experiments was to ob-
tain data to test vibration-dissociation coupling models used in hy-
personic flow calculations. However, computations using a state-of-
the-art vibrational nonequilibrium finite-rate nitrogen dissociation
flowfield model are unable to reproduce the experimental data, even
for conditionsthat show little dependenceon vibration-dissociation
coupling effects. The computations significantly underpredict the

size of the separation zones. However, the computations reproduce
the heat transfer rate data in the separation region and match the
height and shape, but not the location of the heat transfer peak on
the second wedge. For conditions that are sensitive to vibration-
dissociation coupling, the CVDV model matches the data slightly
better than the Park T- T, model, but neither coupling model pre-
dicts the correct trends in the data as a function of model angle of
attack or freestream density.

Grid convergence studies show that the calculations are grid re-
solved, and the thermochemical models used are the best available.
The most likely reasons for the disagreement between the com-
putations and experiments are uncertainties in the equilibrium and
nonequilibriumdissociationrates, the presence of a non-Boltzmann
vibrationalenergy distributionin the tunnel freestream, and the fail-
ure of the continuum formulation in the strong interaction regions.
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