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To analyze the effectiveness of the thermal assessment test, the simulation method of the ground test in the arc-heated wind tunnel
is studied. Based on the solution of the thermochemical nonequilibrium Navier-Stokes equations, the flowfield around the spherical
cylinder is simulated in the flight and ground test conditions, and the difference in the high enthalpy flowfield between the flight and
ground test conditions is investigated. The flight parameters and ground test conditions are selected according to the criterion that
the total enthalpy and the stagnation point heat flux of the fully catalytic cold wall (calibrated heat flux) are similar. The flowfield for
different temperature boundaries and different catalytic walls is solved under the same free stream conditions, and the stagnation
point heat flux and oxygen atom mass fraction are compared and analyzed. It is found that the heat flux on the fully catalytic wall
for the radiation balance temperature boundary in the ground test is lower than that in the corresponding flight condition, but the
difference is not obvious on the noncatalytic wall. In addition, the oxygen atom mass fraction after the shock wave in the ground test
is higher than that in the corresponding flight condition. To make the stagnation point heat flux and oxygen atom mass fraction
after the shock wave similar to those of the flight, the simulation method of the arc-heated wind tunnel test needs to be adjusted.

1. Introduction

Hypersonic vehicles have received growing attention in
recent years. Due to their extremely high flying speed, the
kinetic energy of the free stream is converted into internal
energy by shock wave compression, forming high-
temperature gas with thousands or even tens of thousands
of Kelvins. Gas molecules dissociate or even ionize, resulting
in a strong nonequilibrium effect. These physical and chem-
ical phenomena of hypersonic flight form large aerodynamic
thermal load, acting on the aircraft surface for a long time,
thus posing a severe challenge to the thermal protection
material and structure of the aircraft. To achieve safe flight
and successfully carry out flight tasks, the thermal protection
system (TPS) must be constructed in the preliminary design.
The traditional conservative design method cannot meet the
increasing performance requirements, so more accurate
analysis and evaluation of the aerodynamic thermal environ-
ment for aircraft is urgently needed.

The ground wind tunnel test is an irreplaceable step in
aircraft development, and the arc-heated wind tunnel is
indispensable for screening thermal protection material,
optimizing the thermal protection structure, and guiding air-
craft design [1]. However, due to the limitations of arc power
and measurement method of the wind tunnel test, it is
impossible to fully repeat all the parameters of the flight con-
ditions or to obtain comprehensive data in the test flowfield
by measurement. Moreover, the test cycle is long and the
operating cost is high because the process is complicated,
including test design, model processing, and system debug-
ging, thus severely limiting the development progress of
aircraft.

The catalytic characteristics of surface materials have a
significant effect on the aerodynamic heating of nonequilib-
rium flow [2, 3]. In the arc-heated wind tunnel test, if the cat-
alytic characteristic of the heat flux sensor is quite different
from that of the test model, the measured heat flux will be
inaccurate [4]. Generally, the total enthalpy and the
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stagnation point heat flux of the fully catalytic cold wall (cal-
ibrated heat flux) are simulated in the arc-heated wind tunnel
test. In other words, the total enthalpy and the calibrated heat
flux are similar between the flight and ground test conditions.
The water-cooled calibration model (with the model and its
sensor close to fully catalytic) is usually used to calibrate
and debug the flowfield in the early stage of the test. The test
article without the heat flux sensor is installed in the wind
tunnel for the thermal assessment test when the target flow-
field parameters are obtained. Due to this simulation crite-
rion, there are two problems in the test. First, the calibrated
heat flux is based on the cold wall and fully catalytic bound-
ary, but the surface material of aircraft is not necessarily fully
catalytic, and the wall temperature is not constant for the
long-time heating without water cooling in flight. Even if
the calibrated heat flux between the flight and ground test
conditions is rather similar, the thermal environment in the
test and the real flight conditions may also be different. Sec-
ond, other flowfield parameters near the model surface may
also differ, such as the oxygen atom mass fraction. Its differ-
ence may lead to different oxidation degrees on the material
surface between the flight and ground test conditions. In this
case, the ground test cannot properly evaluate the thermal
protection performance of the material or structure in flights.
Since the last century, computational fluid dynamics
(CFD) has achieved great progress [5-7], becoming one of
the main research tools for fluid dynamics. The high enthalpy
flowfield of the flight and ground test conditions can be
solved by the numerical simulation method to obtain the
flowfield parameters and surface heat flux and to compare
and analyze the differences between the flight and ground
test conditions. The effectiveness of simulation parameters
can be explored to improve the ground test simulation
method and guide the ground wind tunnel test design. In
addition, more comprehensive flowfield data can also be
obtained through numerical simulation, which is not mea-
sured but is needed to evaluate the test environment [8].
These data are helpful to reduce the number of test debug-
ging and the cost of test operation and shorten the develop-
ment cycle of the thermal protection system of an aircraft.
The ground test techniques and high-fidelity numerical
method have been combined for test planning in the arc-
heated wind tunnel. Gokgen et al. [8] used the DPLR (Data
Parallel Line Relaxation) program to simulate the flowfield
in the axisymmetric nozzle and the flowfield around the
wedge model in the test section of the arc-heated facility in
NASA’s Ames Research Center. The parameters such as sur-
face pressure and heat flux of the test model were obtained
and compared with the experimental data in the wind tunnel.
Mark et al. [9] solved the high enthalpy flowfield in the arc-
heated wind tunnel by the numerical simulation method
and carried out a comparative analysis of the differences
between the flight and ground conditions for X-33 and
RLV (Reusable Launch Vehicle) configuration; the analysis
has been used to address traceability of the ground test envi-
ronment to that of flight conditions. Grinstead et al. [10]
designed the test program by the numerical simulation
method for a range of facility conditions to the expected aero-
thermal and thermochemical mechanisms of a TPS material.
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It shows that numerical simulation can provide greater
insight into the operating characteristics and capabilities of
the arc-heated facility and optimize the test simulation
method early in the planning process. In view of the influence
of catalytic characteristics on the surface aerodynamic heat-
ing, Nie et al. [3] carried out the test of the spherical cylinder
model in the arc-heated wind tunnel and the numerical sim-
ulation of the test flowfield. The results show that the differ-
ence between test data and numerical simulation results for
the fully catalytic wall is larger than that for the noncatalytic
wall.

In order to better carry out the thermal assessment test
for the spherical cylinder model in the arc-heated wind tun-
nel, the difference of the high enthalpy flowfield between the
flight and ground test conditions is investigated by the
numerical simulation method. The stagnation point heat flux
and mass fraction of oxygen atom distribution are compared
and analyzed for the conditions with similar enthalpy and
calibrated heat flux; the law of the difference between the
flight and ground test conditions is obtained. And then, the
test simulation method is investigated on how to simulate
the surface heat flux and the mass fraction of the oxygen
atom after the shock wave for the partially catalytic material.

2. Numerical Simulation Method

2.1. Governing Equations. In the three-dimensional Cartesian
coordinate system, the Navier-Stokes equation is expressed
as follows for nonequilibrium flow [11, 12]:

dQ O3(E-E,) d(F-F,) 3G-G,)

2w Ty e e W

where Q is the conservation variables; ¢ is the time; and E and
E,, Fand F,, and G and G, are the convection and viscous
terms in three directions, respectively. The term on the right
side is the nonequilibrium source term given by

S=[@;,0,0,0,0,d,]". (2)

The internal energy of gas species includes translational,
rotational, vibrational, and electronic energy. Park’s two-
temperature thermodynamic nonequilibrium model is used
[6], in which translational energy and rotational energy are
described by translational temperature, and the vibrational
energy and electronic energy are described by vibrational
temperature. The energy of various modes is defined based
on the harmonic oscillator hypothesis, and the detailed
expression is shown in Ref. [11].

For the multispecies gas mixture, the kinetic equation of
chemical reaction is as follows:

ZvA(:» vA

Jithi j=1>2’“"nr’ (3)

. . . n
where nr is the number of chemical reactions; v;; and v;; are
the chemical stoichiometric coeflicients of the reactants and

products, respectively; A; is the ith chemical species
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F1GURE 1: Flowfield parameters of ELECTRE.
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FIGURE 2: Heat flux along the surface of ELECTRE.

participating in the reaction; ns is the species number of the
mixture; and k;; and k;; are the forward and backward

chemical reaction rates, respectively.
The mass production of the ith species rate is given by

w; = Wi]i (Ci)j’ (4)

where C; is the molar concentration of the ith species, and the
expression of its change rate is given as

(€) (-

"ji) kag(Ck)vjk_kb,jg(ck)vfz - (5)

The chemical reaction rates are based on Gupta et al.’s
data [13], which are calculated by the Arrhenius curve fits
on the reaction controlling temperature T. Under the ther-
modynamic nonequilibrium condition, it is necessary to
establish a combination of the interaction between the vibra-
tional energy relaxation process and the chemical reaction
process for temperature control. Park expresses the control-
ling temperature of the dissociation reaction as a function
of the local translational temperature and vibrational tem-
perature [6], namely,

T,=T"'T)™", 05<n<0.7. (6)

For exchange reactions, charge exchange reactions, and
recombination ionization reactions, the controlling tempera-
ture is equal to the translational temperature, which equals
the vibrational temperature for impact ionization reactions.

The energy exchange is mainly achieved by molecular
collision. If other forms of energy exchange are ignored, only
the vibrational energy change is considered, which is caused
by the species generation term and energy transfer between
the translational-rotational and vibrational-electronic
modes. The Landau-Teller model is used to calculate the
exchange energy [5], and the vibrational energy source term
is given by

wv = Zd)v,i’
i
(T)—e

e .
S v,i
wv,i - pi

where e, ;(T) is the equilibrium vibration energy of the ith
species, and 7; is the vibration relaxation characteristic time
of the ith species, which is calculated by the Park-corrected
Millikan and White semiempirical formula [5].

The viscosity coeflicient and thermal conductivity for
each gas species are obtained by Blottner’s curve fits [14]
and Eucken’s relation [5], respectively. The viscosity coeffi-
cient and thermal conductivity of the mixed gas are obtained
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FiGure 3: Schematic section of the blunt test model.

F1GURE 4: Blunt test model with sensors.

TaBLE 1: Test parameters of the blunt model.

Run Enthalpy  Total pressure in the — Total temperature in
(MJ/kg) chamber (MPa) the chamber (K)

1 16.9 0.31 6482

2 18.0 0.50 6761

by Wilke’s semiempirical mixing rule [15], and the mass dif-
fusion coefficient for each species is calculated by the simpli-
fied formula assuming a constant Lewis number [11].

2.2. Numerical Method. The flow control equations in Section
2.1 are solved by the finite volume method based on the
structural grid. The inviscid flux is calculated by the modified
Steger-Warming scheme with MUSCL variable reconstruc-
tion [16, 17], while the viscous flux is calculated using the
central difference scheme. The LU-SGS implicit method is
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used for time iteration [18], and the convergence is acceler-
ated by the local time step. The source term is calculated by
the point implicit method, considering only the partial deriv-
atives related to the species terms, and the Jacobian matrix of
the source term is simplified by diagonalization.

At the nozzle inlet, the gas temperature and pressure are
equal to the total temperature and total pressure in the cham-
ber, respectively, the mass fraction of each species is obtained
by thermodynamic equilibrium conditions, and then other
parameters on the boundary are obtained through calculat-
ing the Riemann invariants [19, 20]. For the supersonic flow
boundary, the parameters are determined by the free flow,
and for the supersonic exit, the boundary parameters are
extrapolated from the internal flowfield. The species mass
fraction on the wall is calculated according to different cata-
lytic boundaries. In order to improve the computational effi-
ciency, the periodic boundary condition is used for
axisymmetric flow [19]. There are two kinds of wall temper-
ature boundaries, isothermal wall and radiation balance tem-
perature boundary. In this paper, the wall temperature of the
isothermal wall is taken as 300 K, while the other wall tem-
perature is calculated by the following formula:

T, = (i) 0‘25’ (8)

&o

where g is the heat flux acting on the model surface, ¢ is the
material emissivity (being 0.85 in this paper), and o is the
Stefan-Boltzmann constant equaling 5.6703 x 1078 W/(m?e
K*).

2.3. Method Validation. The numerical method is validated
by flight data of the ELECTRE vehicle [12, 21] and test mea-
surement data in the arc-heated wind tunnel [22].

The ELECTRE vehicle is a sphero-conical configuration
with an overall length of 2 m, cone half-angle of 4.6 degrees,
and nose radius of 0.175m. One trajectory point is chosen
with the free stream condition of altitude 53.3 km and Mach
number 13 [21]. The fixed wall temperature of 343K is
assumed for the fully catalytic and noncatalytic wall bound-
ary conditions. The normal spacing of the grid at the wall
surface is 10 m, as the cell Reynolds number is on the order
of one.

The flowfield parameters near the nose of the ELECTRE
vehicle are shown in Figure 1. The translational temperature
distribution shows in good agreement for the different cata-
lytic boundary, but the difference of the oxygen atom mass
fraction is obvious because of the different degree of recom-
bination reaction. The predicted heat flux on the surface is
compared with the flight data in Figure 2. Most of the flight
data are lower than that of the fully catalytic boundary and
higher than that of the noncatalytic boundary, which indi-
cates that the surface material of the ELECTRE vehicle has
partially catalytic properties. The reliability of the numerical
method is validated for flight conditions, because of an error
of 10% to 15% in the computation originating from the
uncertainties in free stream conditions, thermocouple signal,
etc. [21].
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FIGURE 5: Heat flux along the surface of the blunt model.

FIGURE 6: Spherical cylinder model.

The blunt test model is chosen to validate the numerical
method, with a nose radius of 0.15m, a shoulder radius of
0.005m, an overall radius of 0.12m, and a length of 0.08 m;
its cross-section is shown in Figure 3. The surface heat flux
is measured (Figure 4) in the arc-heated wind tunnel with
the high enthalpy test conditions given in Table 1 [22].

The wall of the model is assumed to be fully catalytic with
a fixed temperature of 300 K. The conical nozzle with a throat
diameter of 0.03 m and an outlet diameter of 0.5 m is used in
the test. Because of the large uniform flowfield at the nozzle
exit, the internal flow in the nozzle and the flow around the
model in the test section are calculated separately. This

TasLE 2: Flight and ground conditions under similar enthalpy and
calibrated heat flux.

. . . Total Total
Enthalpy Chahbrated Fl.1ght Flight temperature pressure
(MJ/kg) eat ﬂu)zc altitude speed in the in the
MW/m~)  (km) (m/s) chamber (K) chamber
(MPa)
10 4.0 48.0 4500 5200 1.02
10 5.0 45.0 4500 5268 1.50
10 6.0 43.0 4500 5321 2.00
10 7.0 41.0 4500 5370 2.60
16 4.0 60.0 5600 6473 0.45
16 5.0 56.0 5600 6625 0.75
16 6.0 53.0 5600 6678 0.90
16 7.0 51.0 5600 6766 1.20
20 4.0 65.0 6300 6802 0.30
20 5.0 62.5 6300 6963 0.48
20 6.0 60.0 6300 7096 0.70
20 7.0 57.5 6300 7167 0.85

method has no great influence on the flowfield or the thermal
load on the model surface but can thus obviously improve the
grid generation and calculation efficiency [22].

The heat flux on the surface of the blunt model is com-
pared in Figure 5; it shows that the predicted heat flux is in
good agreement with the measured data in the arc-heated
wind tunnel [22]. Compared with the average value of test
data, the error is lower than 10%. So, the numerical method
for predicting the heat flux under test conditions has good
reliability because the measurement error is about 15% from
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FiGgure 7: Comparison of the stagnation point heat flux with the radiation balance boundary.

the uncertainties in flowfield repeatability, sensor fabrication
and installation, test system, etc. [23].

3. Results and Discussion

3.1. Difference of Heat Flux. In this paper, the test simulation
method is investigated for a spherical cylinder model with a
nose radius of 0.035m and a length of 0.05m (Figure 6);
the conical nozzle with a throat diameter of 0.03m and an
outlet diameter of 0.2m is used. Different enthalpy
(10M]J/kg, 16 M]/kg, and 20 MJ/kg) and different calibrated
heat flux (4 MW/m?, 5 MW/m? 6 MW/m?, and 7 MW/m?)

with the fully catalytic wall boundary and fixed wall temper-
ature of 300K are preset. The flight and ground test condi-
tions for set enthalpy and calibrated heat flux are obtained
by numerical simulation of many conditions, which are listed
in Table 2. For the flight conditions, enthalpy is mainly
related to flight velocity, and the calibrated heat flux increases
with the decrease of flight altitude under certain enthalpy.
For the ground test conditions in the arc-heated wind tunnel,
the calibrated heat flux increases with the increase of total
pressure in the chamber.

For the flight and ground test conditions, the wall tem-
perature boundary of the model is changed from the
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FiGURE 8: Comparison of oxygen atom mass fractions on the stagnation line for enthalpy 10 MJ/kg.

isothermal wall to the radiation balance temperature bound-
ary. The high enthalpy flowfield with the fully catalytic and
noncatalytic walls is simulated, and the heat flux on the stag-
nation point is compared in this section.

In this paper, g, is the calibrated heat flux, and g, is the

stagnation point heat flux on the modified wall boundary.
The symbols “fc” and “nc” stand for the fully catalytic and
noncatalytic walls, respectively. It can be seen from the com-
parison in Figure 7 that when the radiation balance temper-
ature boundary is adopted on the wall, the stagnation point
heat flux under the flight and ground test conditions
decreases compared with that using the isothermal wall
boundary. The slopes of the curves in Figure 7 are almost

all negative, and they are close to each other; this shows that
the change of stagnation point heat flux is more obvious
under the conditions with higher calibrated heat flux.

Under the flight conditions, the stagnation point heat
flux drop to about 60% to 85% of the calibrated heat flux
for the fully catalytic wall and about 30% to 50% for the non-
catalytic wall. Under the ground test conditions, the stagna-
tion point heat flux is about 50% to 80% of the calibrated
heat flux for the fully catalytic wall and about 40% for the
noncatalytic wall.

For the fully catalytic boundary, the stagnation point heat
flux in the flight conditions is higher than that in the corre-
sponding ground test conditions. For the cold wall boundary,
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F1GURE 9: Comparison of oxygen atom mass fractions on the stagnation line for enthalpy 16 MJ/kg.

because the recombination reaction produces more heat, the
proportion of diffusion heat flux in calibrated heat flux under
the test conditions is larger than that under the flight condi-
tions. When the radiation balance temperature boundary is
adopted, the change of diffusion heat flux in the test condi-
tions caused by the surface recombination reaction is larger
than that in the flight conditions. For the noncatalytic
boundary, under the conditions of low enthalpy, the differ-
ence between the flight and ground test conditions in the
cases of the low calibrated heat flux state is smaller than that
of the high calibrated heat flux state (Figure 7(a)), while

under the conditions of high enthalpy, the difference in the
high calibrated heat flux state is smaller than that in the low
calibrated heat flux state (Figure 7(c)). However, it can be
seen that the overall difference is small for the noncatalytic
boundary, less than 10% for most conditions. The results
show that the effectiveness of the simulated heat flux is differ-
ent for materials with different catalytic characteristics.

In order to achieve the best assessment effect for surface
heat flux, the test operating parameters of the ground wind
tunnel need to be adjusted according to the material catalytic
characteristics. For the fully catalytic material, the calibrated
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F1GURE 10: Comparison of oxygen atom mass fractions on the stagnation line for enthalpy 20 MJ/kg.

heat flux of the wind tunnel test should be higher than that of
the corresponding flight condition, so the enthalpy or cham-
ber total pressure in the test needs to be increased.

3.2. Difference of the Oxygen Atom Mass Fraction. The oxy-
gen atom mass fraction near the wall may play a key role in
the oxidative damage of the thermal protection material.
Figures 8-10 show their distribution on the stagnation line
of the flowfield in both the flight and ground test conditions.

Under the conditions of low enthalpy, the mass fraction
of the oxygen atom in test incoming flow decreases with the
increase of calibrated heat flux (Figure 8); this is due to the

fact that the dissociation of oxygen molecules is inhibited to
some extent by high total pressure. Under the conditions of
high enthalpy, there is little difference in test incoming flow
because the oxygen molecules dissociate completely
(Figures 9 and 10).

For the fully catalytic wall boundary, the mass fraction of
the oxygen atom after the shock wave is decreased signifi-
cantly from a peak value due to the recombination reaction
near the surface. However, for the noncatalytic wall bound-
ary, its change is not obvious along the normal direction from
the shock wave to the surface of the model, because there is
no recombination reaction near the wall surface.
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TaBLE 3: The peak mass fraction of the oxygen atom after the shock wave.
Enthalpy Calibrated  Flight with tbe Test with the Difference for.the Flight with t‘he Test with the Difference for. the
(MJ/kg) heat ﬂu)Z( fully catalytic fully catalytic fully catalytic noncatalytic noncatalytic noncatalytic
(MW/m?) boundary boundary boundary boundary boundary boundary

10 4.0 0.122 0.171 0.049 0.153 0.185 0.032

10 5.0 0.150 0.178 0.028 0.175 0.189 0.014

10 6.0 0.164 0.184 0.020 0.184 0.191 0.007

10 7.0 0.176 0.193 0.017 0.191 0.197 0.006

16 4.0 0.110 0.208 0.098 0.153 0.222 0.069

16 5.0 0.158 0.217 0.059 0.197 0.228 0.031

16 6.0 0.183 0.218 0.035 0.213 0.229 0.016

16 7.0 0.196 0.223 0.027 0.220 0.229 0.009

20 4.0 0.092 0.207 0.115 0.127 0.225 0.098

20 5.0 0.125 0.216 0.091 0.171 0.227 0.056

20 6.0 0.157 0.224 0.067 0.199 0.231 0.032

20 7.0 0.182 0.227 0.045 0.215 0.232 0.017
TaBLE 4: The conditions under similar stagnation point heat flux and oxygen atom mass fraction after the shock wave.

Enthalpy of flight Calibrated heat Stagnation point ~ Oxygen atom mass fraction  Enthalpy of test ~ Total pressure of test

conditions (M]/kg) flux (MW/m?)  heat flux (MW/m?) after the shock wave conditions (MJ/kg) conditions (MPa)

10 4.0 1.7 0.14 8.0 2.2

10 5.0 1.9 0.17 9.0 2.0

10 6.0 2.0 0.18 10.0 1.9

10 7.0 2.1 0.19 10.0 2.2

16 4.0 2.2 0.13 8.0 3.7

16 5.0 24 0.18 9.5 3.0

16 6.0 2.6 0.20 10.5 2.8

16 7.0 2.7 0.21 11.0 3.0

20 4.0 2.9 0.11 — —

20 5.0 3.0 0.15 — —

20 6.0 3.1 0.18 9.0 5.0

20 7.0 32 0.20 10.5 4.1

Under the conditions of similar enthalpy, with the increase
of the calibrated heat flux, the difference peak mass fraction of
the oxygen atom after the shock wave between the flight and
ground test conditions becomes smaller. For the test condi-
tions, the peak value changes with calibrated heat flux are very
small. However, for the flight conditions with higher cali-
brated heat flux, because of the lower altitude or higher air
density, the collision between the gas molecules is vigorous
and the dissociation is more sufficient after the shock wave,
which makes the mass fraction of the oxygen atom after the
shock wave larger and closer than that of the corresponding
test condition. This difference is shown in Table 3.

It can be seen from these figures and Table 3 that the
mass fraction of the oxygen atom after the shock wave in
flight conditions is generally lower than that in the corre-
sponding test conditions. In particular, the difference is more
obvious with the fully catalytic boundary. Therefore, if it is
necessary to pay attention to the oxidation resistance of the
material, the original test simulation method cannot meet

the requirement of the oxygen atom mass fraction near the
wall and must be adjusted to accomplish the assessment
object, such as reducing the enthalpy in the wind tunnel test.

3.3. Test Simulation Method for Partially Catalytic Material.
It is necessary to explore the possibility of simulating the sur-
face heat flux and the oxygen atom mass fraction after the
shock wave in the arc-heated wind tunnel test. The partially
catalytic boundary is used for the model wall; the material
catalytic coefficient is obtained by

y= 0.3303 exp (—13105) (9)
pA Tw ’

where p, is the atomic partial pressure and T, is the wall
temperature [24].

The test conditions are given in Table 4 under similar
stagnation point heat flux and oxygen atom mass fraction
after the shock wave for the partially catalytic material and
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radiation balance temperature boundary, in which some con-
ditions of the enthalpy 20 MJ/kg have obviously exceeded the
test facility power of the 20 MW arc-heated wind tunnel. In
order to achieve the simulation goal, the enthalpy of the
arc-heated wind tunnel test needs to be adjusted and is no
longer equal to the enthalpy of the corresponding flight con-
ditions for most cases. For the low enthalpy of the flight con-
ditions, the enthalpy adjustment range is small, while for the
high enthalpy of the flight conditions, the adjustment range is
large. Meanwhile, it is necessary to adjust the chamber total
pressure in the ground test to ensure the surface heat flux is
similar to that of the flight condition.

Figures 11 and 12 show the comparison of the surface
heat flux and the oxygen atom mass fraction on the stagna-
tion line, respectively, for two cases in Table 4. The pressure
and oxygen atom mass fraction on the symmetry plane of the
two cases are compared, respectively, in Figures 13 and 14.
Although the oxygen atom mass fraction in the free stream
of the ground test is much larger than that of the correspond-
ing flight condition, there is no significant difference near the
wall surface. This conclusion is of great significance for sim-
ulating the thermochemical nonequilibrium effect in the high
enthalpy flowfield. Moreover, it can be seen that the ground
wind tunnel test cannot simulate all the parameters of the
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flight conditions, such as the enthalpy, stagnation point heat
flux, surface pressure, and oxygen atom mass fraction after
the shock wave. In the wind tunnel test, when the heat flux
and the oxygen atom mass fraction are simulated by adjust-
ing the enthalpy, the difference of pressure after the shock
wave increases reluctantly. Hence, it is necessary to adjust
the test operation conditions according to the concerned
parameters to better simulate the flight conditions and

achieve the purpose of assessment for the ground wind tun-
nel test.

4. Conclusions

This study shows that numerical simulation can assist the test
design to improve the effectiveness of the thermal assessment
test, and the test simulation method of the arc-heated wind
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tunnel can be improved for different parameters. The com-
parative analysis of the high enthalpy flowfield around a
spherical cylinder reveals the following findings:

(1) Under the free stream conditions with similar
enthalpy and calibrated heat flux, the stagnation
point heat flux on the fully catalytic wall in the
ground test conditions is lower than that in the corre-
sponding flight conditions with the radiation balance
temperature boundary. This shows that the test sim-
ulation method cannot assess the heat flux on the
model surface. However, for the noncatalytic wall,
the difference between the flight and ground test con-
ditions is negligible

(2) With similar enthalpy and calibrated heat flux, the
oxygen atom mass fraction after the shock wave in
the flight conditions is generally lower than the oxy-
gen atom mass fraction under the corresponding
ground test condition, resulting in a different gradi-
ent near the wall surface. In this case, the ground test
cannot properly simulate the oxidative damage of the
thermal protection material

(3) To simulate the surface heat flux and the oxygen
atom mass fraction near the wall of the flight condi-
tions, it is necessary to reduce the enthalpy or
increase the total pressure in the arc-heated wind
tunnel test
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