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CFD Simulations of the AEDC H3 Arc-Jet Flow: Mach 3.3
Nozzle, Flow Surveys, Wedge Models

Tahir Gokgen,' Jonathan D. Morgan,? Joseph D. Williams,* Todd R. White,* and Donald T. Ellerby’
NASA Ames Research Center, Moffett Field, CA 94035

This paper reports computational simulations and analysis of tests in a high enthalpy arc-
jet facility at Arnold Engineering Development Center. These tests were conducted using
wedge models placed in a free jet downstream of a 4.5-inch diameter contoured Mach 3.3
nozzle in the H3 facility. For calibration of test conditions, one wedge calibration plate
instrumented with an array of pressure and coaxial thermocouple heat flux gages, one
stagnation pressure probe and two null-point heat flux calorimeters were used. The pitot
pressure and null-point probe measurements give experimental surveys of the test flow,
providing assessment of the flow uniformity and valuable data for flow characterization. The
present analysis comprises computational fluid dynamics simulations of the nonequilibrium
flowfield in the facility nozzle, into the test box and over the wedge models, and comparisons
with the experimental measurements. Several issues related to testing are considered: test flow
characterization, prediction of surface quantities for three wedge models, effects of model
shape change and test article recession, and prediction of surface quantities for the test articles
with two circular cavities. These simulations take into account non-uniform total enthalpy
profiles at the nozzle inlet as well as the expansion waves emanating from the nozzle exit and
their effects on the wedge model flowfields.

I. Nomenclature

ci = mass fraction of species i

Ci—C; = heat flux gages on the calibration plate centerline (Fig. 1b)
CrLi—Crs = heat flux gages on the left side of the calibration plate (Fig. 1b)
Cri—Crs = heat flux gages on the right side of the calibration plate (Fig. 1b)

D. = nozzle exit diameter, cm (or in)

h = enthalpy, MJ/kg

ho = total enthalpy, MJ/kg

hob = mass-averaged total enthalpy (or bulk enthalpy), MJ/kg
Roct = centerline total enthalpy, MJ/kg

M = Mach number

M. = Mach number at the boundary layer edge

m = mass flow rate, kg/s

p = pressure, kPa

Pbox = test box pressure, torr

Dch = arc-heater pressure, atm

Do = total pressure, atm

Ds = surface pressure, kPa

pe = pitot pressure or model stagnation pressure, atm or kPa
p1, p2 = pressure gages on the calibration plate (Fig. 1b)

gewre = cold-wall full-catalytic heat flux, W/cm?
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guwre = hot-wall full-catalytic heat flux (radiative equilibrium), W/cm?
gs = surface heat flux, W/cm?

Rex = Reynolds number based on arc length from the nose, peues/ite
Reo = Reynolds number based on momentum thickness, pette 6/1t
re = wedge or model corner radius, cm

Tn = nose radius, cm

s = arc-length coordinate, m

T = temperature or translational-rotational temperature, K

T, = vibrational-electronic temperature, K

V = velocity magnitude, m/s

Xml = model location from the nozzle exit plane, cm

o = boundary layer thickness, mm

€ = hemispherical emissivity, 0.93

e = mixture viscosity at the boundary layer edge, Pa.s

o = boundary layer momentum thickness, mm

Pe = density at the boundary layer edge, kg/m?

T = surface shear, Pa

II. Introduction

Arc-jets are the primary facilities to study the performance of thermal protection systems (TPS) used on the outer
surfaces of spacecraft in an aerothermodynamic heating environment. In a high enthalpy arc-jet facility, a test gas,
usually air or a mixture of nitrogen, oxygen and argon, is passed through an electric arc discharge where the energy is
added to the flow. The test gas is then expanded through a converging-diverging nozzle into a test chamber to produce
high-enthalpy supersonic or hypersonic flow. Arnold Engineering Development Center (AEDC) has three high
pressure arc-jet facilities: HEAT-H1, -H2, and -H3 (or the H1, H2, and H3) [1-3]. The H1 and H3 facilities have high-
pressure segmented arc heaters, while the H2 facility has a Huels-type arc heater [3]. The NASA Mars Sample Return
Earth Entry System TPS (or MSR-EES TPS) project conducted arc-jet tests in the H3 facility in 2023 to evaluate the
performance of its baseline forebody TPS, 3-D Woven Mid-Density Carbon Phenolic (3MDCP). In addition, a limited
number of Phenolic Impregnated Carbon Ablator (PICA-D) articles were tested. These tests were conducted using
wedge models placed in a free jet downstream of the 4.5-inch diameter contoured Mach 3.3 nozzle in the H3 facility.
These tests are intended to simulate predicted high shear and heating environments representative of those predicted
for the MSR-EES spacecraft heatshield in flight. In addition to the high shear and heating conditions over panel test
articles, one important consideration for testing in the H3 facility is the presence of turbulent flow since turbulent flow
over the MSR-EES TPS in flight is predicted.

In support of these tests, computational fluid dynamics (CFD) simulations are used to characterize the arc-jet test
environment and its parameters consistent with the facility and calibration measurements, and to provide surface
quantities (pressure, hot-wall heat flux and shear distributions) as well as other inputs necessary for material thermal
response analyses. Other test environment parameters of interest such as boundary-layer thickness, edge Mach
number, and Reynolds numbers are estimated. The primary objective of the paper is to report these CFD simulations.
The present analysis comprises computational Navier-Stokes simulations of the nonequilibrium flowfield in the
facility nozzle, into the test box and over the wedge models, as well as make comparisons of the computational
predictions with the calibration plate measurements and probe survey data. Since the wedge models undergo
significant shape change during the test, effects of the shape change are assessed with CFD simulations. Also, for the
test articles including cavities, CFD simulations are used to predict surface conditions within and downstream of the
cavities.

II. Arc-Jet Facility and Tests

The HEAT-H3 facility at AEDC consists of a segmented arc heater, a 70-MW DC power supply, and inter-
changeable conical and contoured nozzles, with exit Mach numbers ranging from 1.8 to 3.5 [1-4]. The H3 arc heater
produces high-pressure high-temperature air as the test gas (e.g., typically above 100 atm and up to 7500 K) for all
nozzles. The H3 facility operates in an atmospheric free jet mode, i.e., the nozzle flow is expanded to the atmospheric
test chamber, at total pressures up to 150 atm and inferred total centerline enthalpies up to 20 MJ/kg [2].
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Figure 1. Photographs of the wedge calibration model, calibration plate gage locations, stagnation probes,
and examples of three TPS wedge models used in the H3 Mach 3.3 nozzle tests (H3-048, Run 2).

The MSR-EES TPS tests (H3-048) were conducted using wedge models placed in a free jet, 0.254 cm (0.1 in)
downstream of the 4.5-inch diameter contoured Mach 3.3 nozzle in the H3 facility. For calibration of test conditions,
the following facility-provided calorimeter models were used: one 15° calibration wedge model that has a plate
instrumented with an array of pressure and coaxial thermocouple heat flux gages, one stagnation pressure probe, and
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two different sized null-point heat flux calorimeters [4, 5]. Two new one-sided TPS wedge models were used to
accommodate panel test articles in the H3-048 tests (2023): a 15° standard wedge model and a 15° shoulder feature
wedge model. Both wedge models were designed by Joseph Williams to increase panel thickness over those used in
the previous HEEET tests [6, 7]. The new test panel thickness can be up to 1.94 cm, which is comparable to the
estimated MSR-EES TPS thickness. The feature wedge model is a shorter version of the standard TPS wedge model,
but it includes a shoulder feature like the MSR-EES TPS shoulder geometry. Note that although all wedge models
have the same 15° inclination angle, there are differences in their geometries. The calibration wedge model has a nose
radius of 0.381 cm (0.15 in) and a width of 9.2 cm while both TPS wedge models have 0.508 cm (0.2 in) nose radius
and 13.82 cm width. The plate leading edge locations, with respect to the nose, are different between the calibration
wedge and TPS wedge models. There were also test articles with two circular cavities used with the standard TPS
wedge model. These cavities, with differing depths, were intended to simulate potential TPS damage for the limiting
cases (closed and open cavities).

Figure 1 shows photographs of the wedge calibration model, calibration plate gage locations, stagnation probes,
and examples of three 15° TPS wedge models used in the H3-048 arc-jet tests. The two pressure ports and thirteen
heat flux gage locations of the calibration plate are given in Fig. 1b and are also seen in the photograph shown in Fig.
la. The axial spacing between the centerline heat flux gages is 1.91 cm (0.75 in), which is also the spacing between
the centerline and off-centerline heat flux gages at the same streamwise location. The probe fork shown in Fig. lc
includes one stagnation pressure probe and two null-point stagnation calorimeters (0.635-cm and 0.953-cm nose radii),
and it produces three survey profiles when swept through the test flow. These experimental surveys of test flow provide
assessment of the flow uniformity and valuable data for flow characterization. Details of these calibration models can
be found in [4]. Also shown in Fig. 1 are pretest photographs of the standard TPS wedge model with PICA material,
the shoulder wedge model with 3MDCP material, and the standard TPS wedge model with 3MDCP material including
two circular cavities. Note that each wedge model has small grooves (~1.5 to 1.6 mm wide) just upstream of its plate
leading edge to promote the transition to turbulent flow. Further details of the H3-048 tests and test articles are reported
in a companion paper [8]. A summary of the AEDC H3 facility parameters, wedge calibration plate and stagnation
probe data for H3-048 tests is given in Table 1.

IV. Computational Approach

Computational analyses of arc-jet tests are performed through simulation of nonequilibrium expanding flow in the
arc-jet nozzle and supersonic jet, and simulation of the flow in the test box and around the test articles. For all CFD
calculations, the Data Parallel Line Relaxation (DPLR) code [9, 10], a NASA Ames in-house flow solver, is used.
DPLR provides various options for thermophysical models and formulation. For CFD calculations presented here,
two-dimensional axisymmetric or three-dimensional Navier-Stokes equations, supplemented with the equations
accounting for nonequilibrium kinetic processes, are used in the formulation. The thermochemical model employed
for the arc-jet flow includes five species (N2 Oz, NO, N, O), or six species (N2 Oz, NO, N, O, Ar) when argon is
present, and the thermal state of the gas is described by two temperatures (translational-rotational and vibrational-
electronic) within the framework of Park's two-temperature model [11].

The flowfield in an arc-jet facility, from the arc heater to the test section, is a very complex, three-dimensional
flow with various nonequilibrium processes occurring. To simulate the arc-jet facility flowfield, several simplifying
assumptions are made, and corresponding numerical boundary conditions are prescribed for CFD simulations. The
present computational approach follows our earlier work [12-16], and it is also briefly described here. Simulations of
the arc-jet facility flow are started from the nozzle inlet. The total enthalpy and its radial profile at the inlet are
prescribed based on the facility and calibration data, and the flow properties at the inlet are assumed to be in
thermochemical equilibrium. Measured facility data, namely the total pressure, mass flow rate, and test box pressure,
are used as boundary conditions. All metallic surfaces, water-cooled nozzle walls, and calorimeter model and
calibration plate surfaces are assumed to be fully catalytic to recombination reactions of atomic oxygen and nitrogen
at a constant temperature of 500 K. The hot-wall heat flux and surface temperatures are calculated using the radiative
equilibrium boundary condition (& =0.93). For all cases, the turbulent simulations are performed using the one-
equation model of Spalart-Allmaras [17, 18] with Catris and Aupoix modifications [19] (SA model, SA1001 in
DPLR). For comparison purposes, limited turbulent simulations are also performed using the two-equation Shear
Stress Transport (SST) model of Menter [20] with a compressibility correction (SST model, SST2003 in DPLR or
SSTc2 in [21]), and the algebraic model of Baldwin-Lomax [22] (BL model). Implementations of these turbulence
models in DPLR and their applications are described by Brown [21, 23].
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Table 1. A summary of the AEDC H3 facility parameters, wedge calibration plate data, and stagnation probe data for H3-048 tests.

Test Run/Facility Data Run 1 Run 2 Run 3
Dchy atm 104-105 103-104 104-105
Dbox, torr 760 760 760
m, kg/s 5.51 5.49 5.50
hov, MJ/kg 6.1-6.7 6.1-6.7 6.1- 6.6
Wedge calibration plate Sweep 1 Sweep 1/Sweep 3 Sweep 3/Sweep 4
p1, pz2, kPa 296, 278 304, 288 303, 283
300, 279 297, 276
Ct1, Cr2, Crsy W/cm? 980, 765, _ 1087, - 689 979, 870, 792
1258, - 850 1031, - 805
C, 3 G Cq4 Cs, G, C7 1246, 1130, —, 932, 762, 814, 726  1377,1194, —, 1094, 830, 834,788 1328,1193, — 1016, 805, 851, 734
- 1186, — 1079, 840, 870, 812 - 1074, —, 1367, 747, 802, 711
Cri1, Cr2, Cr3 1153, —, 1016 1239, —, 1069 1232, -, -
1058, —, 883 1135, - -
H3 facility stagnation probes Sweep 2 Sweep 2/Sweep 4
gne (ra= 0.635 cm), W/cm? 5760-6730 5640-7030
6140-7180
qne (r = 0.953 cm) 5650-6620 5460-6080
5870-6150
Pz, atm 13.2-14.1 13.6-14.9
13.5-14.6

hob is the AEDC facility estimate of the bulk enthalpy, which is determined by the energy balance method [24].
The axial spacing between the centerline calorimeters on the calibration plate and the spacing between the centerline and off-centerline calorimeters are 1.91 cm.
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Table 2. A summary of CFD facility parameters and estimates of plate surface quantities on the 15° calibration
wedge and two one-sided TPS wedge models, x.; = 0.254 cm.

H3-048 Facility/Test Parameters CFD Estimates
Do, atm 104
Dbox, torr 760
m, kg/s 5.49
hov, MJ/kg 7.1
hoct, MJ/kg 9.9
Stagnation probes, centerline
gne (rn = 0.635 cm), W/cm? 6254
D2, atm 13.85
Calibration wedge model
s, kPa 288 — 195
qcwrc, Wiem? 1350 -955
75, Pa 2672 —-2174
5, mm 0.41-2.11
M. 1.61-1.85
Rex 7.8x10%- 5.6x10°
Reo 281 —1183
Standard TPS wedge model
s, kPa 291 -197
qawrc, W/em? 783 — 599
75, Pa 2531 -2160
5, mm 0.66 -2.21
M. 1.59 -1.81
Rex 1.2x10° - 4.5x10°
Reo 337-893
Shoulder feature wedge model
s, kPa 291 -277
qawrc, W/em? 784 — 734
75, Pa 2538 - 2318
7y (max at the shoulder), Pa 4329
4, mm 0.66 — 1.65
M. 1.59 -1.61
Rex 1.2x10°-3.1x10°
Reo 337 -809

hob is the mass-averaged total enthalpy at the nozzle inlet using a parabolic enthalpy profile at constant pressure.
The ranges of CFD estimates are given along the plate centerline, all starting from the plate leading edge to 12.7 cm,
10.2 cm, and 5.0 cm downstream for the calibration, standard TPS, and shoulder feature wedge models, respectively.

The stagnation probe sweep data of H3-048 tests, obtained with the pitot pressure and two null-point heat flux
probes shown in Fig. 1c, indicate that the flow exiting the H3 Mach 3.3 nozzle is not uniform. Characterization of this
non-uniformity in CFD simulations is very important, especially considering the widths of the wedge models tested
are comparable to or even larger than the nozzle exit diameter. Any non-uniformity in enthalpy directly affects model
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surface conditions and their distributions. The total enthalpy profile used at the nozzle inlet in the CFD simulations is
determined such that the probe survey data can be reproduced with CFD simulations. The approach for analysis of the
probe sweep data and comparisons with CFD simulations follows the approach presented in [15], and references
therein. While the data obtained from the pitot pressure surveys are used as quantitative data, the null-point gage heat
flux measurements from the probe surveys are used qualitatively. Therefore, only normalized distributions of the heat
flux measured by the survey probes are used in comparisons with computations to estimate the centerline-to-bulk
enthalpy ratio, hoci/hos. Also, all probe sweep data comparisons are made based on computed axisymmetric CFD
flowfields. For quantitative pitot pressure comparisons, computations are based on the CFD flowfield and shock
relations (pressure, Mach number, frozen flow). For normalized heating distribution comparisons, the heat flux from
the null-point heat flux probes is assumed to be proportional to /, pi2", and corresponding computations are based on
the CFD flowfield.

V. Presentation of Results

First, comparisons of CFD simulations with the pitot pressure and heat flux survey data are presented. Second, the
15° calibration wedge model simulations are given, including comparisons with the calibration plate data. Third, the
simulation results for the two one-sided TPS wedge models will follow. Then, effects of the model shape change are
assessed for one case with CFD simulations using an idealized recessed geometry for the shoulder feature wedge
model. The considered effects include the changes in flowfield features and model surface quantities. Finally, CFD
simulation results are presented for the wedge plate with the two circular cavities (closed and open).

A summary of CFD facility parameters and estimates of plate surface quantities on the calibration wedge and two
TPS wedge models is given in Table 2.
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Figure 2. Computed Mach number contours of the nozzle flow including the test box, and selected flow
properties along the nozzle centerline. Axisymmetric simulation of the H3 Mach 3.3 nozzle flow: m =
5.49 kg/s, hoo = 7.1 MJ/Kg, hoc = 9.9 MJ/kg, parabolic enthalpy profile, psox = 760 torr, turbulent flow (SA
model).

A. Flow characterization: comparisons with pitot pressure and null-point heat flux survey data

As a typical axisymmetric simulation, Fig. 2 shows a computed H3 Mach 3.3 nozzle flowfield including the test
box and selected flow properties along the nozzle centerline. In Fig. 2a, computed Mach number contours are shown.
The expansion waves emanating from the nozzle lip to the test box and the shear layer are clearly seen. To provide
some insight into the nonequilibrium flowfield chemistry within the nozzle, species mass fraction and temperature
profiles along the nozzle centerline are shown in Fig. 2b. Starting with partially dissociated nitrogen and oxygen at
the nozzle inlet, the flow goes through a nonequilibrium expansion process in the converging-diverging nozzle. During
this expansion process, most of the dissociated N atoms recombine to N2 or form NO, but at the nozzle exit, partially
dissociated oxygen and NO remain. At this relatively high pressure and moderately high enthalpy level, the
computations predict that the flow remains in thermal equilibrium. The dip in the temperature profiles in the test box
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at about x=0.5 m is a result of the expansion waves generated at the nozzle exit reaching the nozzle/test box centerline
and the following reflection downstream. Also, since there is a non-uniform enthalpy profile at the inlet, which is not
shown here but will be discussed shortly, flow properties and composition vary significantly at the nozzle exit.
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Figure 3. Computed Mach number and total enthalpy contours of the nozzle flow and test box, and
comparisons of computations with the pitot pressure and heat flux survey data at x».; = 0.254 cm location
(0.635-cm radius null-point probe). Axisymmetric simulation of the H3 Mach 3.3 nozzle flow: i = 5.49 kg/s,
ho»="7.1 MJ/Kg, hocr= 9.9 MJ/kg, parabolic enthalpy profile, psox = 760 torr, turbulent flow (SA model).

Figure 3 shows the computed Mach number and total enthalpy flowfield contours near the exit of the H3 Mach 3.3
nozzle and test box, and comparisons of computations with the pitot pressure and heat flux survey data at x,, = 0.254
cm location. Since the Mach 3.3 nozzle is a contoured nozzle, the computed Mach numbers at the nozzle exit are
relatively uniform (Fig. 3a). The heat flux data were obtained using the 0.635-cm radius null-point probe. These
surveys, taken very close to the nozzle exit (only 0.25 cm downstream, Fig. 3a), clearly show that the test flow exiting
the nozzle is non-uniform. Effects of the shear layer and expansion waves on the sweep data are relatively small. Note
that both pitot pressure and heat flux sweep data are reasonably repeatable within the measurement fluctuations in the
two sweep directions (Sweep 2 and Sweep 4), although the variations in the heat flux data are much larger than those
in the pitot pressure data. These probe sweeps are used to set the inlet boundary conditions used in CFD simulations
that use non-uniform total enthalpy and mass flux profiles, following our earlier work (e.g., see [15]). For the CFD
simulations shown in Fig. 3, a parabolic total enthalpy profile and uniform pressure at the inlet are prescribed,
reproducing the measured survey data reasonably well. For this case, the estimated centerline-to-bulk enthalpy ratio,
hocl/hob, is 1.39.

As mentioned earlier, two null-point heat flux probes were used. Figure 4 shows the measured heat flux data using
these two null-point probes. The sweep data obtained with both probes are reasonably consistent within the
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measurement fluctuations in both sweep directions (Sweep 2 and Sweep 4). The 0.635-cm probe data is higher than
the 0.953-cm probe data as expected, but it is not as high as the theoretical value of 22.5%. In any case, both probe
data clearly show that the flow is not uniform.
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Figure 4. The heat flux survey data obtained with the two null-point probes at x.s = 0.254 cm location during
H3-048 tests Run 2.

B. H3 Mach 3.3 nozzle flow and 15° calibration wedge model simulations

In this section, three-dimensional simulations of the nozzle and test box flowfield are presented first, and then the
15° calibration wedge model simulations including comparisons with the calibration plate pressure and heat flux data
will follow.
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Figure 5. Computed flowfield Mach number and total enthalpy contours of the H3 Mach 3.3 nozzle and test
box. m = 5.49 kg/s, hoo = 7.1 MJI/KE, hocr= 9.9 MJ/kg, parabolic enthalpy profile, psox = 760 torr, turbulent
flow (SA model).

Figure 5 shows the computed flowfield Mach number and total enthalpy contours of the H3 Mach 3.3 nozzle and
test box. The contours are shown on the x-y and x-z planes of the nozzle/test box flowfield (symmetry planes) and on
three y-z planes: one at the nozzle throat, one at the nozzle exit, and another at the test box exit.

Figure 6 shows the computed Mach number and total enthalpy contours of the H3 Mach 3.3 nozzle flow near the
nozzle exit and test box with the 15° calibration wedge model. The contours are shown on the x-y and x-z symmetry
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planes of the nozzle/test box flowfield and on other planes of interest for the flowfield over the wedge model. Note
that the wedge model was tested at 0.254 cm downstream of the nozzle exit with the leading edge of the wedge model
on the nozzle centerline. The expansion waves emanating from the nozzle lip to the test box are seen in Fig. 6a.
Downstream of the nozzle exit, these expansion waves and shear layer interact with the bow shock wave formed in
front of the wedge model, which ordinarily affects the surface pressure and heat flux distributions of the wedge model.
As expected, the effect of this interaction becomes significant when the model size and the nozzle exit diameter are
comparable. Note that the nozzle exit diameter is only slightly larger than the width of the calibration wedge model.

h, MJ/kg 1

- (a) Mach number ‘ (b) 't’otal enthalpy
Figure 6. Computed flowfield contours of the H3 Mach 3.3 nozzle and test box with the 15° calibration wedge
model. rir = 5.49 kg/s, hop = 7.1 MJ/KE, hocr= 9.9 MJ/kg, parabolic enthalpy profile, psox = 760 torr, turbulent
flow (SA model).

Figure 7 shows contours of the computed surface quantities (pressure, CWFC heat flux, and shear) of the 15°
calibration wedge model and their centerline profiles at the condition shown in Fig. 6. The surface pressure decreases
significantly along the wedge centerline, starting from the stagnation point as expected. The surface pressure of the
test plate decreases gradually until about the s = 0.1 m location (Fig. 7a). This gradual decrease is mostly due to three-
dimensional flow expansion over the side of the model. There is a significant pressure drop at about s = 0.105 m
location and a subsequent increase at s = 0.14 m, both of which are the effects of expansion waves from the nozzle
exit and their interactions with the bow shock wave of the wedge model. The s = 0.1 m station is the approximate
location where the expansion waves start to interact, and the subsequent pressure increase is the result of wave
reflection from the model surface. Since these expansion waves are three-dimensional, effects on the wedge surface
pressure become larger at downstream locations and away from the wedge centerline (Fig. 7a). Similar to the surface
pressure distribution, the surface heat flux and shear distributions (Fig. 7b and 7c¢) are affected accordingly, but the
non-uniform total enthalpy distribution shown in Fig. 6b is also an important contributing factor.

Figure 8 shows computed calibration plate surface quantities and comparisons with the measured calibration plate
data. The contour plots show computed surface pressure and heat flux on one half of the calibration plate. The symbols
in the contour plots are the measurements at that location, color coded with the same contour levels. Note that both
pressure and heat flux measurements for the three runs (total of five sweeps) were mostly consistent with each other.
The computed and measured surface pressure values in Fig. 8a are in good agreement. Since there were only two
pressure ports on the calibration plate (both upstream of the wave interaction region), the effects of wave interactions
cannot be observed in the pressure measurements. It would be desirable to have pressure measurements at several
locations along the plate centerline like the heat flux measurements. However, the heat flux measurements, especially
those along the plate centerline in Fig. 8b, show some evidence of the wave interaction starting at a location between
s =0.07 m and 0.085 m. As discussed earlier, CFD simulations also predict this interaction as shown in Fig. 8b, but it
is predicted to occur at a downstream location of s = 0.085-0.09 m. The source of this apparent discrepancy in the
starting location of the wave interaction is not clear. There might possibly be two potential sources, both of which are
related to the model location: the wedge model leading edge location with respect to the nozzle exit (x.:), and the
location of the wedge model with respect to the nozzle centerline at the time the heat flux measurements were reported.
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Figure 7. Computed surface contours and symmetry plane profiles of the 15° calibration wedge model. H3
Mach 3.3 nozzle flow: m = 5.49 kg/s, hop = 7.1 MJ/Kg, hocr= 9.9 MJ/kg, parabolic enthalpy profile, ps.x = 760
torr, turbulent flow (SA model).
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Figure 8. Computed surface quantities and comparisons with the 15° wedge calibration plate data. H3
Mach 3.3 nozzle flow: mt = 5.49 kg/s, ho» = 7.1 MJ/Kg, hoc1=9.9 MJ/kg, parabolic enthalpy profile, psox = 760
torr, turbulent flow (SA model). The contour plots include only Run 2 Sweep 1 data.

However, it would require moving the model leading edge at least 1 cm further downstream of the nozzle exit in CFD
simulations to explain the earlier interaction (unlikely based on facility procedures). Overall, the computed heat flux
values are considered in reasonably good agreement with the measurements, especially upstream of the wave
interaction region. The heat flux measurements are estimated to be accurate to within £15% and the pressure
measurements to within +5%.

A summary of CFD estimates for the 15° calibration wedge model is given in Table 2.

With a risk of digression here, sensitivity of the calibration wedge model CFD predictions to three turbulence
models are presented from our earlier work [25]. The facility conditions are from H3-022 tests at arc heater pressure
of 109 atm, mass flow rate of 5.67 kg/s, and estimated bulk enthalpy of 7.4 MJ/kg (similar to H3-048 tests but
somewhat higher pressure and heating conditions). Figure 9 presents comparisons of computed surface pressure and
heat flux along the calibration plate centerline for laminar and three turbulent models, and comparisons of the SA
model results with the 2016 calibration plate pressure and heat flux data. The two-equation SST model simulations
predict the transition just downstream of the calibration plate leading edge, and its predicted heat flux levels are
generally higher than those of the one-equation SA model and the algebraic BL model simulations. Although the heat
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Figure 9. Comparisons of computed surface pressure and heat flux along the calibration plate centerline for
laminar and three turbulent models, and comparisons of the SA model results with the 2016 15° wedge
calibration plate data [24]: m = 5.67 kg/s, ho» = 7.4 MJ/Kg, hoar = 10.5 MJ/kg, parabolic enthalpy profile,
turbulent flow. The contour plots include only Sweep 1 data.
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flux results from the SA and BL turbulent models are in reasonably good agreement with each other along the plate
centerline, the BL model results are unreliable in the wave interaction regions of the wedge flowfield. For the rest of
the paper, only the SA model results are presented.

C. 15° one-sided standard TPS wedge model simulations

In this section, CFD simulation results for the one-sided standard TPS wedge model are presented. As mentioned
earlier, the one-sided TPS wedge model geometry is different from the calibration wedge model (nose radius, width
of the models, locations of the plate leading edge).

Figure 10 shows the computed pressure and total enthalpy contours of the H3 Mach 3.3 nozzle flow near the nozzle
exit and test box with the 15° one-sided TPS wedge model. The contours are again shown on the symmetry planes of
the nozzle/test box flowfield and on other planes of interest for the flowfield over the wedge model. The expansion
waves from the nozzle lip and their interaction with the model shock wave downstream are clearly seen in the pressure
contours, shown in Fig. 10a. Note that the width of the TPS wedge model is larger than the nozzle exit diameter.
Because of this, in addition to the expansion wave interactions, the shear layer directly impinges on the model as seen
from the contours on the x-z plane, which makes CFD simulations more challenging.

p,kPa 100 135 ~ 1110 1500

3

‘h, MJkg 1
v

(a) pressure (b) total enthalpy
Figure 10. Computed flowfield contours of the H3 Mach 3.3 nozzle and test box with the 15° one-sided TPS
wedge model. iz = 5.49 kg/s, hoo = 7.1 MJI/kg, hoc= 9.9 MJ/kg, parabolic enthalpy profile, psox = 760 torr,
turbulent flow (SA model).

Figure 11 shows contours of the computed surface quantities (pressure, HWFC heat flux, and shear) of the 15°
TPS wedge model and their centerline profiles. Note that the surface heat flux and temperatures for this case are
computed using radiative equilibrium boundary condition since the TPS wedge model is not water-cooled. The hot-
wall fully-catalytic (HWFC) heat flux predictions are also important for flight to arc-jet test traceability purposes since
the flight environment definition is usually based on these quantities. Although the line plots of surface pressure and
heat flux and shear along the plate centerline in Fig. 11 show distributions similar to those in Fig. 7, additional shear
layer impingement effects are seen in the surface contour plots. Since the wedge model is wider than the nozzle exit
diameter, significant spanwise gradients are predicted in surface pressure and heat flux of the test articles. The
presented surface quantities are used as inputs for the TPS material response analysis of the test articles [8].

A summary of CFD estimates for the 15° one-sided standard TPS wedge model is given in Table 2. It should be
mentioned that the HWFC and surface shear values presented here correspond to smooth surfaces (no heating or shear
augmentations are included for the TPS surface roughness developed in testing).

D. 15° one-sided shoulder feature wedge model simulations

In this section, CFD simulation results for the 15° one-sided shoulder feature wedge model are presented.
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Figure 11. Computed surface contours and symmetry plane profiles of the 15° one-sided TPS wedge model.
H3 Mach 3.3 nozzle flow: rt = 5.49 kg/s, ho»= 7.1 MJ/Kg, hocr= 9.9 MJ/kg, parabolic enthalpy profile, psox =
760 torr, turbulent flow (SA model).
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Figure 12 shows the computed pressure and total enthalpy contours of the H3 Mach 3.3 nozzle flow near the nozzle
exit and test box with the 15° one-sided shoulder feature wedge model. The contours are again shown on the symmetry
planes of the nozzle/test box flowfield and on other planes of interest for the flowfield over the wedge model. The
expansion waves from the nozzle lip and their interaction with the model shock wave downstream are seen in the
pressure contours shown in Fig. 12a. However, their interaction occurs downstream of the wedge shoulder region and
does not influence surface quantities of the test plate. Since this wedge model was intended to test a shoulder feature
like the MSR-EES TPS shoulder geometry, it was intentionally designed as a shorter or truncated version of the
standard TPS wedge model based on pretest CFD simulations so that evaluation of the shoulder TPS performance
would not be affected by the expansion wave interactions and their larger uncertainties. Again, the width of the feature
wedge model is larger than the nozzle exit diameter, so the shear layer impingement on the model is still present as
seen in the x-z plane contours.

(a) pressure (b) total enthalpy
Figure 12. Computed flowfield contours of the H3 Mach 3.3 nozzle and test box with the 15° one-sided
shoulder feature wedge model. rir = 5.49 kg/s, ho» = 7.1 MJI/KgE, hocr= 9.9 MJ/kg, parabolic enthalpy profile,
Poox =760 torr, turbulent flow (SA model).

Figure 13 shows contours of the computed surface quantities (pressure, HWFC heat flux, and shear) of the 15°
shoulder feature wedge model and their centerline profiles. Note that the surface pressure and heat flux along the plate
centerline are relatively uniform all the way up to the plate shoulder. Clearly, the expansion wave interaction effects
are not felt by the shoulder region of the test article. Since testing TPS performance near the shoulder region is the
primary objective for this model, predicted surface quantities near the shoulder and on the back plate are of interest.
As the flow expands around the shoulder region, both surface pressure and heat flux levels drop precipitously, while
the shear levels increase first, reaching the maximum value over 4300 Pa, and then drop too. The CFD simulations
predict that the flow remains attached near the x-y symmetry plane, but it is separated on the back side of the shoulder
region away from the centerline, as can be observed from the reductions in the heat flux and shear contours in Figs.
13b and 13c.

Figure 14 shows the distributions of the predicted boundary layer thickness and edge Mach number along the
shoulder feature wedge model centerline and boundary layer profiles at two test plate locations. The boundary layer
thickness, edge Mach number and other edge flow properties are often important to evaluate the performance of TPS
materials and to make comparisons with the corresponding flight environments. For this case, the boundary layer
thickness on the test plate increases gradually from its leading edge to the shoulder region while the edge Mach number
remains relatively constant. As the flow turns the corner at the shoulder, both 6 and M. increase dramatically. N2, O,
02, and NO are the primary species at the boundary layer edge. The flow composition and edge flow conditions do
not change significantly from the plate leading edge to the shoulder, only the growth in boundary layer thickness.

A summary of CFD estimates for the 15° one-sided shoulder feature wedge model is given in Table 2.
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Figure 13. Computed surface contours and symmetry plane profiles of the 15° one-sided shoulder feature
wedge model. H3 Mach 3.3 nozzle flow: rit = 5.49 kg/s, hoo= 7.1 MJ/Kkg, hocr= 9.9 MJ/kg, parabolic enthalpy
profile, psox = 760 torr, turbulent flow (SA model).
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Figure 14. Computed boundary layer thickness and edge Mach number along the 15° shoulder feature wedge
model centerline and boundary layer profiles at two test plate locations.

E. Recessed model simulations: the shoulder feature wedge model

One of the complicating factors in analysis of the test data in the wedge configuration is that test article ablation
and its subsequent shape change during the test affect the test article surface conditions and make interpretation of the
test data difficult. Since TPS material response analyses typically use the CFD predictions for the initial shape, it is
important to assess the extent of the shape change and how it would affect the surface quantities.

Figure 15 shows an example of a recessed shoulder feature wedge model with the measured recession map of the
test plate based on pretest and post-test laser scans (74-04 model). Based on Fig. 15 and other post-test articles not
shown here but presented in [8], the following observations are made: (1) there is noticeable recession at the nose
section of the wedge model but the recession just upstream of the test plate is negligible; (2) due to the test plate
recession, a cavity or a concave surface is formed on the test plate, with the maximum recession occurring along the
centerline and almost no recession on the side of the test plate; (3) the downstream shoulder is sharpened or gets a
reduced corner radius; (4) a relatively rough surface has developed as the test article recessed during the test.
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Figure 15. An example of a recessed shoulder feature wedge model with the measured recession map of the
test plate based on pretest and post-test laser scans.

In order to assess effects of the shape change on test plate surface quantities, CFD simulations are performed for
one of the tested shoulder feature wedge models (74-04 model). These simulations use an idealized recessed model
geometry: it is an approximate model with smooth surfaces, but it includes some of the quantitative and qualitative
features observed in the post-test article (recession of the nose section, a cavity formation on the test plate, the
maximum recession and its location along the plate centerline, and the sharpening of the downstream shoulder radius).
These simulations are intended to assess the change in heating environments during the test as well as provide insights
into the developed flowfield features resulting from the test article recession.

(a) pressure (b) Mach number

Figure 16. Computed flowfield contours of the H3 Mach 3.3 nozzle and test box with the idealized recessed
feature wedge model. iz = 5.49 kg/s, hoo = 7.1 MJ/Kg, hoc1= 9.9 MJ/kg, parabolic enthalpy profile, ps.x = 760
torr, turbulent flow (SA model).
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Figure 17. Computed surface contours and symmetry plane profiles of the idealized recessed feature wedge
model. H3 Mach 3.3 nozzle flow: rit = 5.49 kg/s, hoo= 7.1 MJ/kg, hoci= 9.9 MJ/kg, parabolic enthalpy profile,
Poox =760 torr, turbulent flow (SA model).
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Figure 16 shows the computed pressure and Mach number contours of the H3 Mach 3.3 nozzle flow near the nozzle
exit and test box with the idealized recessed feature wedge model. The contours are shown on the symmetry planes
and on other planes of interest for the flowfield over the wedge model as before. As seen in the x-y symmetry plane
pressure and Mach number contours, starting from the plate leading edge, the flow goes through rapid expansion
which results in flow separation. The flow reattaches downstream, forming an oblique shock wave (the reattachment
shock), and then it goes through another rapid expansion at the recessed shoulder.

Figure 17 shows contours of the computed surface quantities (pressure, HWFC heat flux, and shear) of the recessed
shoulder feature wedge model and their centerline profiles. The pale green lines in the line plots represent initial and
recessed surface profiles on the centerline. Note that that surface pressure and heat flux are reduced significantly near
the plate leading edge due to formation of a cavity resulting in flow separation. When the flow reattaches downstream,
surface pressure and heat flux values approach to their initial levels while the surface shear remains at significantly
lower levels. However, the peak shoulder shear value for the recessed model is increased, mostly due to sharpening
of the shoulder (the recessed radius of 1.7 mm vs the initial radius of 6 mm) as has been observed in the tests. Note
that the movement of the shoulder downstream makes it impossible to predict the surface recession near the shoulder
using the CFD predictions for the initial shape and one-dimensional material response analysis. In Fig. 17c, surface
shear contours are shown with surface streamlines, which are informative to map out important flow features. As
expected, stagnant and separated regions in the flowfield are the regions with relatively low shear levels. Two
separated regions, one just downstream of the plate leading edge, and another one on the back side of the shoulder,
are clearly seen. Also, these streamlines show the flow reattachment line after the recirculation region on the test plate,
which is manifested by increased shear values downstream.

F. Simulations of two circular cavities: shallow and deep cavities

In this section, CFD simulation results for the 15° one-sided standard TPS wedge model with two circular cavities
are presented.

As mentioned earlier, some of the standard TPS wedge test articles included two circular cavities (Fig. 1f). These
cavities were intended to simulate potential TPS damage. These two cavities are referred to here as the shallow and
deep cavities: each had a diameter of 1.524 cm (0.6 in), and the center of each cavity was located 2.54 cm away from
the wedge plate symmetry plane. The depth of the shallow cavity was 0.127 cm (the streamwise cavity length to the
depth ratio or D/H of 12), while the depth of the deep cavity was 0.635 cm (or D/H ratio of 2.4). The two cavity depths
were chosen to represent two limiting cases of idealized closed and open cavities (e.g., see Everhart [26], Everhart
and Greene [27], and the references therein). There are several factors that determine the extent of flow penetration
and heating distributions in a cavity flow (laminar, turbulent, boundary layer thickness and edge Mach number,
pressure gradient, etc.), and the most important geometric factor for idealized cavities is the streamwise cavity length
to depth ratio. Even though the flow inside cavities is complex and three-dimensional, the flow typically goes through
an expansion at the cavity leading edge followed by a compression at the cavity floor, which is followed by flow
impingement and expansion on the downstream trailing edges of the cavity. The difference between these two cavity
flows is that the shallow cavity can possibly be characterized as a “closed” cavity while the deep cavity is likely an
“open” cavity. In a “closed” cavity (the shallow cavity), the incoming flow is able to turn into the cavity and attach to
the floor before exiting the cavity, while in an “open” cavity (the deep cavity), the incoming flow separates. It does
not attach to the cavity floor, but it impinges on the downstream wall [26].

To provide further insight into the predicted flow structures within these two cavities, computed flowfield pressure
contours with streamlines on the x-y plane of interest at z=2.54 cm are presented in Fig. 18. The x-y plane at z=2.54
cm goes through the center of each cavity considered, and it approximately represents the streamwise cavity symmetry
plane. Note that the computed streamlines for the shallow cavity in Fig. 18a show all the characteristics of a closed
cavity (e.g., flow attachment on the floor), while the corresponding streamlines for the deep cavity in Fig. 18b have
the characteristics of an open cavity. It should be mentioned that for CFD simulations of the wedge model with the
two circular cavities, two separate simulations were performed, one for each cavity on one half of the plate, and the
cavity center being on the x-y plane at z=2.54 cm for both.

However, it should be noted that the present cavity flowfields have significant differences from the idealized
shallow and deep cavities described above. Since the center of each circular cavity is not on the plate symmetry plane,
the flow approaching cavities is not symmetric and is highly non-uniform with respect to the streamwise cavity
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symmetry plane. There are also significant pressure gradients on the plate at locations of these cavities. Any pressure
gradient of the on-coming flow over the cavity is expected to influence the extent of the flow penetration into the
cavity. For instance, Fig. 19 shows the computed surface pressure and heat flux contours over the plate with the
shallow cavity. The surface pressure and heat flux distributions upstream of the cavity are highly non-uniform, as also
would be expected from the smooth surface simulations presented in Section C. Clearly, the presence of the cavity
on the plate surface disturbs the flow, thus affecting distributions of all surface quantities downstream (e.g., see
corresponding contour plots in Fig. 11 for comparison with Fig. 19).
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Figure 18. Computed pressure contours and streamlines on the x-y plane at z=2.54 cm for the two circular

cavities. H3 Mach 3.3 nozzle flow: mr = 5.49 kg/s, hor="7.1 MJ/kg, hocar=9.9 MJ/kg, parabolic enthalpy profile,
Poox =760 torr, turbulent flow (SA model).
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Figure 19. Computed surface contours of the 15° one-sided TPS wedge model with the shallow cavity. H3
Mach 3.3 nozzle flow: rz = 5.49 kg/s, hoo = 7.1 MJ/Kg, hocr= 9.9 MJ/kg, parabolic enthalpy profile, psox = 760
torr, turbulent flow (SA model).

Figures 20 and 21 present computed contours of surface pressure, heat flux and shear and their corresponding x-y
plane profiles at z=2.54 cm near the shallow and deep cavity, respectively. Again, to make interpretation of the surface
line plots easier, the cavity geometries are also shown.

For the shallow cavity results in Fig. 20, as expected, the flow goes through an expansion at the cavity leading
edge followed by a compression and reattachment on the cavity floor, which is followed by a flow impingement and
expansion on the downstream trailing edge of the cavity. Complex and three-dimensional flow features and non-
uniform upstream effects are all evident in these contour plots. Note that the left side of the cavity closer to the plate
centerline show higher pressure, heat flux and shear levels due to the non-uniform upstream conditions. Also note that
there are two distinct augmented heating regions predicted on the cavity floor near the cavity trailing edge (Fig. 20b),
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Figure 20. Computed surface contours and their corresponding x-y plane profiles at z=2.54 cm near the
shallow cavity. H3 Mach 3.3 nozzle flow: iz = 5.49 kg/s, hop = 7.1 MJ/kg, hoa= 9.9 MJ/kg, parabolic enthalpy
profile, psox = 760 torr, turbulent flow (SA model).
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Figure 21. Computed surface contours and their corresponding x-y plane profiles at 7=2.54 cm near the deep
cavity. H3 Mach 3.3 nozzle flow: ri1 = 5.49 kg/s, ho»= 7.1 MJI/kg, hoci= 9.9 MJ/kg, parabolic enthalpy profile,
Prox =760 torr, turbulent flow (SA model).
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the left side having higher heating levels. The elevated pressure, heat flux and shear levels at the cavity floor are
indicative of an attached flow. Note that the elevated shear levels just upstream of the cavity leading edge are also
indicative of the closed cavity, as they result from the acceleration of the flow turning into the cavity as shown Fig. 18a.

For the deep cavity results in Fig. 21, predicted surface contours and line plots are markedly different from those
shown in Fig. 20. As seen in Fig. 21a, the pressure levels in the cavity remain relatively unchanged, except near the
cavity trailing edge. The predicted heating and shear levels on the cavity floor in Figs. 21b and 21c are lower than
those just upstream of the cavity. In contrast to the shallow cavity results in Figs. 20b and 20c, there are several
differences. There is only one augmented heating region on the cavity floor near the trailing edge, and there is no
augmented shear region predicted just upstream of the cavity leading edge. Due to the direct flow impingement on the
downstream cavity wall, all pressure, heating and shear augmentations near the trailing edge are higher than those of
the shallow cavity. All these observations are consistent with characterization of the deep cavity as an open cavity, as
shown in Fig. 20b.

Finally, the challenges to validate these cavity predictions remain. Although infrared camera data were available
for these tests, the image resolution was not sufficient to map out any qualitative flowfield features within these
cavities.

G. Computational grids and estimated uncertainties

The two-dimensional axisymmetric and three-dimensional CFD computations of the H3 Mach 3.3 nozzle
flowfields, including the test box and models, were performed using multi-block structured grids. All computational
grids were generated using a commercial software package, Pointwise [28]. For the axisymmetric nozzle/test box
simulations, 93,600 cells were used; the number of cells from the nozzle inlet to the end of the test box was 600, with
120 and 240 cells normal to the wall along the nozzle and the test box, respectively. For the three-dimensional
nozzle/test box flowfields, the grid resolution was similar to the axisymmetric grids, and 4.67 million cells were used.
For the 15° calibration wedge and standard TPS wedge models, the grid sizes were both 3.02 million cells, while the
grid sizes used for the smooth and recessed shoulder feature wedge models were both 4.32 million cells. For
simulations of the wedge model with two circular cavities, two separate simulations were performed, one for each
cavity, with both grids having 7.99 million cells. Based on a limited number of grid refinement studies, grid quality
issues of the computations and numerical accuracy are adequately addressed.

CFD computations of arc-jet flows, as for hypersonic flight simulations, include uncertainties in many of the model
input parameters. It is not possible currently to do a complete uncertainty analysis of computed results for all the
simulation input parameters. The most important input parameter of the arc-jet test flow is the total enthalpy and its
distribution at the nozzle inlet. Noting that the centerline total enthalpies used in CFD simulations rely on the pitot
pressure and the null-point probe sweep data, wedge calorimeter plate data, facility data, and other modeling input
parameters, the uncertainty in the heat flux predictions for the smooth wedge models is estimated to be as much as
+20%, and the uncertainty in the surface pressure predictions is estimated to be +£5-10%. For the test articles with
cavities, uncertainties in predicted surface pressure and heat flux, and their distributions are clearly larger, but they
cannot be assessed at this time. Note that although the use of any turbulence models in turbulent CFD flow simulations
increases the uncertainty in heat flux predictions, the comparisons of the computed results with the water-cooled
calibration plate data, as have been used in the present paper and elsewhere, are important to establish these uncertainty
estimates.

Uncertainty analyses of surface pressure and heat flux measurements are also not available. The pitot pressure and
null-point calorimeter measurements as well as the wedge calibration plate pressure and heat flux measurements using
coaxial thermocouples are standard AEDC H3 facility measurements [4, 7]. However, based on the authors’
experience with historical NASA Ames arc-jet data and similar measurements, the heat flux measurements are
estimated to be accurate to within +15% and the pressure measurements to within +5%. It should be noted that most
of the Ames heat flux data were obtained with slug calorimeters [29], Gardon gage calorimeters [30], and some
recently with the null-point and coaxial thermocouple heat flux gages [31, 32]. One of the important experimental
challenges in arc-jet flow calibration is to obtain consistent heat flux measurements when multiple heat flux measuring
devices (slug, Gardon, null-point and coaxial thermocouple gages) are used. Contributing factors are mostly due to
calibration issues with the heat flux gages and methodologies to infer the heat flux from these measurement devices.
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Calorimeters with a coaxial thermocouple and null-point calorimeters are also used at NASA Ames [31]. Although
their estimated uncertainties [32] are similar to those of the slug measurements, they could be larger especially when
the probe sizes are relatively small.

VI. Summary and Concluding Remarks

Computational simulations and analysis of arc-jet wedge tests conducted in the AEDC H3 facility Mach 3.3 nozzle
are reported. The analysis comprises turbulent CFD simulations of the nonequilibrium flowfield in the facility nozzle,
into the test box and over the wedge models, and comparisons with the experimental measurements. These simulations
take into account non-uniform total enthalpy profiles at the nozzle inlet as well as the expansion waves emanating
from the nozzle exit and their effects on the wedge model flowfields. The presented computational results are in good
agreement with the facility calibration measurements (probe sweeps and calibration plate data). CFD simulations are
then used to predict surface quantities for the wedge models tested, to assess the effects of the model shape change
and test article recession, and to predict surface quantities for the test articles with two circular cavities.

These computational simulations provide estimates of the arc-jet test environment parameters that are not
measured but are needed to evaluate the performance of TPS materials tested. Specifically, the CFD simulation results
are used to estimate centerline total enthalpy of the test flow, hot wall heat flux and surface shear on the test articles,
along with other boundary layer related parameters.

The presented CFD simulations of the H3 facility Mach 3.3 nozzle define arc-jet test environments for surface
properties of TPS and provide a framework for tracing the TPS performance from this ground test facility to flight
while assisting interpretation of the arc-jet data and future test planning, along with valuable insights into the arc-jet
testing environment.
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