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ABSTRACT

The need to increase the payload capacity of the rockets motivates the development of high-power rocket engines. For a chemical propulsion
system, this results in an increasing thermal load on the structure, especially the combustion chamber and nozzle must be able to withstand
the extreme thermal load caused by high-temperature and high-pressure combustion gas. In order to protect the structure from the effect of
increasing heat flux, it is necessary to counteract such effect with more advanced thermal management technology. This requires us to accu-
rately predict the aerodynamic heating of the structure by high-temperature and high-speed combustion gas. In this study, a high-temperature
combustion gas tunnel developed in the laboratory is used to produce high-speed combustion gas. Combined with the results of numerical cal-
culation, the flow and aerodynamic heating characteristics of air and hydrogen-oxygen combustion gas under the same total temperature and
pressure are analyzed and compared. The comparison revealed that the combustion gas flow in the nozzle has higher static temperature,
velocity, and smaller Mach number. When the combustion gas flows around the sphere, the shock standoff distance and stagnation pressure
are smaller than those of air, and the wall heat flux is much larger than that of air. The active chemical reaction in the combustion gas makes
the aerodynamic heating of the structure more severe. Finally, through the analysis of a large amount of data, a semi-empirical formula for the
heat flux of the stagnation point heated by a high-speed hydrogen and oxygen equivalent ratio combustion gas is obtained.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052919

I. INTRODUCTION

With the development of aeronautics and spaceflight, higher
requirements are proposed for the payload capacity of rockets.
Increasing the combustion temperature and pressure in the chamber

restricts the development of high-performance engines. This requires
more rigorous thermal protection design of all the components of the
engine, and the cooling system must be able to efficiently transfer heat
from the engine walls. An excessively small redundancy of the cooling

contributes to the achievement of higher specific impulse and increases
the compactness of the chamber, which are the main means to
improve the performance of the engine.' However, the combustion
chamber and nozzle in the rocket engine will bear a great thermal
load. In the high-speed flow where the adiabatic temperature in the
combustion chamber exceeds 3500 K, the extreme heat flow in the
nozzle can reach 150 MW/m?” Moreover, increasing the combustion
pressure and temperature of the chamber will directly lead to an
increase in heat flux, since the heat flux is approximately linearly pro-
portional to the chamber pressure: Qw~P*%.” The huge thermal load
reduces the structural strength and increases the risk of damage, which

system will compromise the safety of the spacecraft, while a too large
redundancy will increase the load and reduce the payload of the
rocket. A reasonable design of the cooling system requires accurate
prediction of the thermal load, that is, the heat flux of aerodynamic
heating of the chamber and nozzle by high-temperature and high-
speed combustion gas." °

Currently, the research on the heat flux of the chamber and
nozzle is mainly conducted through rocket engine combustion experi-
ments and numerical calculations. The methods of heat flux measure-
ment mainly include calorimetric method, inverse heat transfer
method, etc. The calorimetric method assumes that the cooled
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structure is in thermal equilibrium, and then the heat flux entering the
structure is equal to the heat flux entering the cooling medium,
thereby indirectly measuring the heat flux on the wall of the rocket
structure. Since this method ignores the natural convection on the
outer walls of the structure, there is a certain error, and the result is
usually the average result of a certain cooling area, so the spatial reso-
lution is generally low.”” The inverse heat transfer method is based on
the inverse solution of the heat conduction problem, by optimizing the
program to estimate the measuring temperature with the experiment,
to obtain the best match of the value of the unknown boundary condi-
tions, but since the inverse heat transfer problems are a known class of
ill-posed problems, there are no unique solutions.” "> As a result, since
most of the combustor and nozzle materials do not have constant heat
transfer characteristics, there are some errors in the results of the
inverse heat transfer method. In addition to certain limitations of the
measurement methods, rocket engine tests are costly and have strong
relevance for the specific gas, model, and material tests, so their con-
clusions are difficult to be generalized."” "> Currently, there are a few
quantitative experimental studies on high-temperature high-speed
combustion gas flow and aerodynamic heating. Computational fluid
dynamics (CFD) plays an important role in the early stages of the
design of rocket engines. However, due to the complexity of combus-
tion in rocket engines, involving turbulence, numerous elementary
reactions, complex cavity models, mixing, etc., the computational effi-
ciency is rather low. Therefore, researchers need to reduce the com-
plexity of numerical calculation by simplifying the combustion
process,  such as by laminar flamelet and frozen flamelet methods'”
and Probability Density Function (PDF) integration algorithm.'® This
directly accelerates the calculation but at the same time introduces cer-
tain errors. Therefore, relatively accurate quantitative experiments are
needed to assist the results of numerical calculation and improve the
accuracy of prediction.

Compared with air, combustion gas has more components, a
lower activation energy of the reaction, and more drastic changes in
components. Its thermodynamic characteristics and transport charac-
teristics are far more complex than those of air, so it is difficult to gen-
erate high-speed flow of combustion gas at a specific state
(temperature, pressure, and components). To this end, the JF-14 high-
temperature combustion gas tunnel was developed through debugging
at the Chinese Academy of Sciences Institute of Mechanics State Key
Laboratory of High Temperature Gas Dynamics. The JF-14 can pro-
duce a high-temperature gas total temperature of 2000 to 4500K,
which is within the scope of different types of fuel (hydrogen, hydro-
carbon, etc.) of the high-speed combustion gas, and the flow field uni-
form stability with long enough test time can meet the needs of
quantitative experiments. Due to the advantages of clean combustion
and large specific impulse, liquid hydrogen is often used in core boos-
ters'””” and is one of the most widely used fuels for liquid rocket
engines. Therefore, in this study, the JF-14 is used to conduct experi-
mental research on the flow and aerodynamic heating characteristics of
high-temperature and high-speed hydrogen-oxygen combustion gas.
The flow in the rocket combustion chamber involves multiple physical
processes, such as mixing and combustion, which are pretty complex.
This paper focuses on the basic study of high-speed hydrogen-
oxygen combustion gas flow and aerodynamic heating, so a simple
model can help us to study the major problems. Due to the high-speed
gas flow around the sphere, only the windward forms a bow shock,
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and there is a peak heat flux at the stagnation point, which provides
important reference for the thermal/structural design of the engine.
Accordingly, in this paper, the flow and aerodynamic heating charac-
teristics of high-temperature and high-speed hydrogen-oxygen com-
bustion gas are studied by measuring the heat flux at the stagnation
point of the sphere and its vicinity, in combination with CFD. At pre-
sent, there are many studies on the aerodynamic heating of the sphere
by high enthalpy air, with abundant achievements related to its flow
and heating characteristics.”’ " The relevant conclusions are mature
and reliable. In order to facilitate the understanding of the flow and
heating characteristics of the hydrogen-oxygen combustion gas, the
calculation and test results of the hydrogen-oxygen combustion gas in
this study are compared with those of the air under the same total tem-
perature and pressure.

Il. RESEARCH METHODS
A. Experiment

The JF-14 high-temperature combustion gas tunnel, which is
based on the backward-running detonation driving technique, its
structure, and wave diagram, is shown in Fig. 1. It consists of a driving
tube of 15 m in length, a driven tube of 11 m in length with an attached
axisymmetric Laval nozzle, a vacuum tank, and a 3-m long damping
section. The inner diameter of the driving and driven tubes amounts
to 224 mm. A premixed hydrogen-oxygen-nitrogen explosive gas is
filled into the evacuated driving tube and ignited with a 520-V electric
spark close to a 1-mm thick steel main diaphragm, which separates
the driving and driven tubes. Then, after an experimental gas is filled
into the evacuated driven tube and the pressure of the gas in the driv-
ing tube jump across the detonation wave causes a fast rupture of the
main diaphragm, the high-pressure gas enters the driven tube and
forms an incident detonation wave. When the incident detonation
wave ruptures the second diaphragm separating the driven section
and nozzle, a shock wave is simultaneously reflected, which further
compresses and stagnates the detonation products in the driven tube,
forming the high-temperature and high-pressure combustion gas in
the nozzle inlet. As the diaphragm ruptures, a quasi-steady nozzle flow
is established after a short starting transient.”” The structure of a high-
temperature combustion gas tunnel is the same as that of a shock
tunnel, and the only difference is that a shock tunnel generates high-
temperature and high-pressure air through an incident shock wave
and reflects a shock wave compression,”* ** while a combustion gas
tunnel generates test gas through an incident detonation wave and
reflects a shock wave compression.

The high-pressure and high-temperature combustion gas of the
JE-14 is produced by a detonation wave and a reflected shock wave
and the principle is different from that of the shock tunnel. The mov-
ing detonation gas in the driving tube provides a moving boundary
condition to weaken the expansion wave generated after the incident
detonation wave in the driven tube. When the expansion wave gener-
ated after the detonation wave is completely eliminated, the high-
temperature combustion gas tunnel is in a critical running state.”” For
this case, the gas in zone 2 is in the state of Chapman-Jouguet (CJ)
point, which can be determined by the initial state and the detonation
velocity of the mixture,
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FIG. 1. Schematic diagram of the high temperature combustion gas tunnel structure.
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Then, by the moving shock wave relation, it is obtained that™’
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where V, is the velocity of the reflected shock wave.
The state parameters of zone 5 can be obtained from the above
variables,
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B. Numerical calculation

In order to describe the parameter distribution of the flow field in
more detail, numerical calculation was performed for the experiment
due to the limited information obtained by the experimental measure-
ment approach. The two-dimensional axisymmetric compressible
Navier-Stokes (N-S) equation and the total-variation-diminishing
(TVD) shock capturing scheme are used in the calculation. For air
flow and aerodynamic heating, the chemical nonequilibrium reaction
model of seven-components (O,, N,, O, N, NO, e, and NO™) is
used. For combustion gas, a nine-component (H,O, O,, H,, N, OH,
H, O, H,0,, and HO,) chemical nonequilibrium reaction model is
used. The thermodynamic parameters were fitted using the McBride
polynomial, and the viscosity coefficient was fitted by the
Sutherland-Wilke equation.

Considering that the nozzle is a rotating body, the calculation
area of 1/2 cross section can maintain the accuracy while improving
the calculation efficiency. The number of nozzle mesh grids is
1200 x 100, and the normal size of the grids near the wall is 1.0
x 107> m. A sphere with a radius of 20 mm was used in the experi-
ment. Considering that the sphere is a three-dimensional rotating
body, the calculation model can be simplified to a 1/4 circle, the num-
ber of mesh grids is 313 x 300, the wall normal mesh grid size is 1.0
x 10~° m (the Reynolds number of the wall mesh grids is less than 20,
which meets the heat flux calculation requirements), and the wall is
orthogonal to the near-wall mesh. The wall boundary conditions are
nonslip constant temperature wall (T = 300.0 K).

Under the test conditions, the chamber pressure is about 15 atm,
the temperature is about 3500 K, and the characteristic length of the
nozzle is 0.3 m (outlet diameter). According to the isentropic expan-
sion relationship of the nozzle [Egs. (8)], the Re of the nozzle flow is
calculated to be about 1.03 x 10, so the Spalart-Allmaras turbulence
model is used for the nozzle flow. The Re of the flow around the
sphere is about 8.26 x 103, so the laminar model is used for the flow
around the sphere,

(8a)

L, P= — . (8h)
2 —1 =1
L+ Ma; (1+V . Ma§>

Ill. EXPERIMENTAL RESULTS AND ANALYSES
A. The pitot pressure distribution in test section

In the ideal experiment, the high-speed gas flow field from the
nozzle remains uniform and stable during the effective time. However,
due to the complexity of the flow in the Laval nozzle, the actual state
of the flow field may be different from that of the design, so the flow
field should be tested before the experiment.

In this experiment, the uniformity of the flow field was tested by
measuring the pitot pressure in different areas at the nozzle outlet. A
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FIG. 2. Pitot harrow (left) and sensor distribution (right).

TABLE . Inflating parameters of the high-temperature combustion gas tunnel.

Deriving tube P,/MPa Ts/K Driven tube P, /KPa T, /K Ps/MPa Ts/K
Case 1 2H, + O, + 1.6N, 0.3 298 2H, + O, 4 3.76N, 41 298 1.475 3211
Case 2 2H, + O, + 0.5N, 0.3 298 2H,; + O, + 1.6N, 40 298 1.6 3501
Case 3 3H, + O, 0.3 298 2H, + O, 30.2 298 1.55 3838

pitot harrow, as shown in Fig. 2, was used for the experiment. The
pitot harrow is fitted with nine SN-3 piezoresistive sensors, each
50 mm apart, facing and attached to the nozzle outlet.

The above tunnel and pitot harrow are used to test the quality of
the flow field of the high-temperature combustion gas tunnel. The
inflation parameters of the driving and driven tubes of different cases
are listed in Table I. The reservoir region pressure values of case 1,
case 2, and case 3 were measured at 1.475, 1.6, and 1.55 MPa, respec-
tively. Based on the detonation wave velocity and the initial compo-
nents of the driven section, the total temperature values were
calculated as 3211, 3501, and 3838 K, respectively, through the equilib-
rium chemical reaction.”” The reservoir region pressure curves of the
three cases are shown in Fig. 3, and the effective test times are all
greater than 10 ms.

The outlet diameter of the nozzle used in the experiment is
300 mm, the throat diameter is 30 mm, and the expansion ratio is 100.
The nozzle nominal Mach number for air is 6. The test pressure traces
from each of the sensors and calculated results of the pitot pressure at
the nozzle outlet are shown in Figs. 4(a)-4(c). These results reveal that
the pitot pressure at the nozzle outlet is evenly distributed, and the
measured value is basically consistent with the numerical calculation.

Through the analysis of the pitot pressure, the combustion gas
flow field of the different cases is uniformly and stably distributed
within the measurement range, and the test time is more than 10 ms,
which meets the experimental requirements. Moreover, the experi-
mental data and the numerical calculation results are very consistent,
indicating that the high-speed combustion gas generated by the high-

temperature combustion gas tunnel is consistent with the expectation.
The detailed nozzle exit data are shown in Table II.

B. Heat flux at the stagnation point and nearby

In this experiment, three stainless-steel spheres with a radius of
20 mm, as shown in Fig. 5 (left), are used, and five E-type coaxial

3.0
] ——2H,+0,

25 ——2H,+0,+1.6N,

——2H,+0,+3.76N,

2.0+

1.5

P5 (MPa)

1.0

0.5+

0.0

t (ms)

FIG. 3. Reservoir region pressure curves.
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(a) 70 TABLE II. Nozzle outlet parameters.
60 Sort P (Pa) T (K) U (m/s) M
50 Case 1 1065 769 3045 5.1
E Case 2 1355 1142 3551 4.7
40+ Case 3 1475 1503 4679 4.5
= ]
2 30
= 204 Sensor: ——NO.1 thermocouple heat flux sensors are installed on the surface of each
] NO.2——NO.3 sphere at an interval of 15°. The three spheres are installed side by side
104 —NO4——NO.5 in the horizontal direction of the pitot harrow, at an interval of
] —NO.6——NOJ 100 mm from each other, and the front end of the sphere is flushed
0 NO.8——NO.9 with the nozzle outlet. The field installation is shown in Fig. 5 (right).
— The test was conducted according to the inflation parameters
2 4 6 & 10 12 14 16 shown in Table I and the typical heat flux curve is shown in Fig. 6.
t (ms) Influenced by the starting waves of the nozzle, the heat flux data
tended to be stable after experiencing drastic changes.
As shown in Fig. 7, the supersonic flow forms a bow shock wave
(b) 704 on the upwind side of the sphere, thereby compressing and slowing
1 down the gas. The temperature and pressure rise rapidly across the
604 shock wave, and a large temperature gradient is formed near the wall
] surface. Driven by the temperature gradient, the thermal is conducted
%07 to the wall. The high temperature environment after the shock wave
40_- shifts the chemical reaction in the endothermic direction, which leads
E directly to the decomposition of combustion products (H,O), and the
2 50 gas, driven by the concentration gradient, diffuses toward the wall.
£ ] There are three wall conditions: noncatalytic wall, finite catalytic wall,
204 NO2 — NO3 and catalytic wall. When the wall surface is noncatalytic, the composi-
. — NOA4 NO.5 tion of the wall surface is determined by the rate of the nonequilibrium
10 o — NO6 NO.7 chemical reaction, and the wall heat flux is usually the minimum.
1 ———NO.8——NO0.9 When the wall surface is completely catalyzed, the chemical reaction
01 reaches equilibrium instantly at the wall surface, that is, the products
T T T T T decomposed due to the high temperature after the shock wave quickly
2 4 6 8 10 12 14
compounds on the wall surface and releases a large amount of thermal,
t(ms) at which time the heat flux reaches the maximum. The finitely cata-
lyzed wall heat flux condition is between the two.
©) 702 Heat flux sensors on the sphere are installed at both sides at 0°,
] 15°, and 30°, as shown in Fig. 5. Through the analysis of the test
60 - results and comparison with the numerical results under different wall
- conditions, it is found that the measured heat flow value of the
50 hydrogen-oxygen combustion gas is close to the result of the
completely catalyzed wall, and the error between the average measured
= 404 heat flux of the four tests and that calculated under the condition of
v 1 complete catalytic wall is about 5%. The test results confirm the accu-
< 304 . . .
P | racy of nu@erlcal cal.cul.atlon. The resylts also reveal that the stainless-
204 Sensor:  ——NO.1 steel material has a significant catalytic effect on the hydrogen-oxygen
] NO.2 NO.3 combustion gas, as shown in Figs. 8(a)-8(c).
—NO.4-——NO.S
104 ~ NOS6 NO.7 IV. FLOW AND AERODYNAMIC HEATING
1 —NO.8——NO.9 CHARACTERISTICS OF HYDROGEN AND OXYGEN
07 COMBUSTION GAS
LA B B B S B L B T

T
3 4 5 6 7 8 9 10 M
t (ms)

T T T T
12 13 14 1

As a result of the great differences in chemical reactions of the
different combustion gases, it is very difficult to generate high-speed
flow at the same total temperature and pressure in the test. In order to

intuitively compare the flow and aerodynamic heating characteristics
of different combustion gases, the flow in the nozzle and wall heat flux

FIG. 4. The pitot pressure traces for the different cases. (a) 2H, + O, + 3.76N,,
(b) 2Hz + O, + 1.6N,, and (c) 2H; + O,.
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210

FIG. 5. Sensor distribution (left) and spheres (right).

of the sphere aerodynamically heated by different combustion gases at
the same total temperature and pressure are calculated. The nonequi-
librium chemical reaction model is used to calculate the flow in the
nozzle of different gases at a total pressure of 15.5 atm and a total tem-

perature of 3838 K. The outlet parameters of the nozzle are listed in T
Table III.

The gas expands in the nozzle, resulting in a rapid drop in tem- 4500
perature, shifting the chemical reaction in the exothermic direction, 4300
that is, the reaction producing water. When the molar ratios of Hy, O,, 1 4100
and N, were 2:1:3.76, 2:1:1.6, and 2:1:0, the mass fraction of H,O 3900
increased by 7.6%, 11.5%, and 20.3%, respectively, as the gas flowed 3700
through the nozzle. In contrast, when air at the same total temperature 3500
and pressure flows in the same nozzle, the O, mass fraction only 3300
increases by 4.7%. The mass fraction of O, in the air and H,O in the 3100
combustion gas on the axis of the nozzle is shown in Fig. 9, which also 2900

1 2700
31 ‘ { 2500
1 1 2300
30+ ! —1 2100
_ 25_' 1900
(\El _Nozzle startup waves 1700
§ 204 interferenc 1500
s | | 1300
5 454 1100
T 900
:‘i:«’: 10 Stable Heat Flux data 700
1 500
54
04
T T T T T T T 1
2 4 6 8 10 12 14 16 18
t (ms)
FIG. 6. Typical test heat flux curve. FIG. 7. Temperature contour.
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TABLE Ill. The nozzle outlet parameters.

Gases P (Pa) T (K) U (m/s) M
Air 866 727 2985 5.5
2H, + O, 4 3.76N, 1195 1073 3589 4.9
2H, + O, + 1.6N, 1294 1240 3923 4.7
2H, + O, 1475 1503 4679 4.5

reveals that the mass fraction of the components does not change in
the process of air flow in the expanding section of the nozzle and is in
a frozen state. In the process of the combustion gas flow in the expand-
ing section of the nozzle, the components still change slightly, the flow
is just close to the frozen state, and with the increase in the H, and O,
content, the expanding section gradually shifts away from the frozen
state. When different gases at the same total temperature and pressure
flow through the nozzle, since the combustion gas products react and
release more heat, the combustion gas has a higher temperature and
speed, and this trend is made more obvious by the increase in the H,
and O, content.

The outlet parameters of the aforementioned gas at the same total
temperature (3838 K) and pressure (15.5 atm) flowing out of the Laval
nozzle were taken as the boundary conditions, and the flow around
the sphere with a radius of 20 mm was calculated. In order to compare
the effects of chemical reactions on the flow, the freezing chemical
reaction and nonequilibrium chemical reaction models were used,
respectively. The results show that the shock standoff distance
decreases with the increase in the H, and O, content in both models.
Compared with the flow of the frozen chemical reaction, the shock
standoff distance calculated by the nonequilibrium chemical reaction
model is smaller, and this phenomenon is more obvious in high-speed
combustion gas than in air. When the flow is air, the disintegration of
the gas after the shock wave reduces the shock standoff distance by
0.8%, while when the flow is the combustion gas with H, and O,
equivalent ratio, it decreases by more than 10%, as shown in Table I'V.
The temperature variation of the stagnation line is shown in Fig. 10, in
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o
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FIG. 9. Variation of the nozzle axis components.
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TABLE IV. Shock standoff distances of different gases unit: mm.

Component Frozen reaction Nonequilibrium Variation
Air 2.52 2.5 —0.8%
2H; + O, + 3.76N, 2.28 242 —5.7%
2H, + O, + 1.6N, 2.37 2.17 —8.44%
2H, + O, 2.26 2.03 —10.18%

which this phenomenon can be observed intuitively. Since the temper-
ature rises rapidly after the shock wave, the reaction shifts in the endo-
thermic direction, and the H,O in the combustion gas is endothermic
and decomposes, thus reducing the temperature. However, the chemi-
cal reaction has little effect on the pressure, leading to the increase in
the gas density after the shock wave, which further leads to a decrease
in the shock wave standoff distance. When the flow is air, the tempera-
ture rises after the shock wave and O, begins to dissociate. However,
only a small part of the O, begins to dissociate under this temperature
condition. Therefore, the effect of chemical reactions in the air on the
shock standoff distance is insignificant.

The thermal conductivity coefficient of the gas is related to its
composition and temperature. With an increase in the H, and O, con-
tent, the thermal conductivity coefficient of the gas increases and is
much larger than that of air, as shown in Fig. 11. Compared with the
calculation results of the freezing chemical reaction, the decomposition
of H,O after the shock waves in the chemical nonequilibrium model
concurrently reduces the thermal conductivity coefficient and the tem-
perature, leading to a decrease in the temperature gradient near the
wall. When the wall catalysis is not taken into account, the decrease in
the temperature gradient directly leads to a decrease in the heat flux
on the wall. When the flow is air, the O, is not completely dissociated
when the condition of the total temperature is less than 4000 K, so the
temperature change caused by the gas dissociation after the shock
wave is very small, and the chemical reaction has little influence on the
heat flux. The dissociation of the combustion gas after the shock waves
reduces the temperature and thermal conductivity coefficient, so that

70007 ——f— — 2H,+0, -nonequilibrium/nonreaction
1 —/ —2H+O,+1.6N, -nonequilibrium/nonreaction
60004 ——— — 2H,+0,+3.762N, -nonequilibrium/nonreaction
|l =———f— —air -nonequilibrium/nonreaction
5000
4000 —
<
= 3000+
2000 —
1000 —
0 T T T T T T T T T T T 1
0.0 0.5 1.0 1.5 2.0 25 3.0

x (mm)

FIG. 10. Temperature distribution of the stationary line of the R20 sphere (x:
distance from stagnation point).
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FIG. 11. Distribution of the thermal conductivity coefficient in the stagnation line (x:
distance from the stagnation point).

the wall heat flux calculated by the nonequilibrium chemical model is
about 14% smaller than that of the frozen chemical reaction model,
while that of air shows little difference, as shown in Fig. 12. This indi-
cates that the chemical reaction has a great influence on the combus-
tion gas aerodynamic heating.

For the noncatalytic wall, the active chemical reactions in the
combustion gas can reduce the heat flux, but as the experimental
results reveal, the stainless-steel materials show complete catalytic per-
formance for H, and O, combustion gas. Therefore, it is necessary to
study the wall heat flux under the assumption of complete catalytic
wall to provide the maximum possible heat flux for the cooling system
design. The analysis of the numerical results shows that the wall heat
flux increases sharply under the completely catalyzed wall hypothesis.
The heat flux distribution on the surface of the sphere is shown in
Fig. 13, and the heat flux at the stagnation point of the catalyzed/

5 ——/= =2H,+0, -nonequilibrium / nonreaction
———/= = 2H,+0,+1.6N, -nonequilibrium / nonreaction

S o - — /= = 2H,+0,+3.76N, -nonequilibrium / nonreaction

44 NT /= = air -nonequilibrium / nonreaction

Heat Flux (MW/m?2)

0 T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90

angle (°)

FIG. 12. Heat flux distribution on the surface of the R20 sphere (nonequilibrium
and nonreaction).
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Heat Flux (MW/m2)

0 10 20 30 40 50 60 70 80 90
angle (°)

FIG. 13. Heat flux distribution on the surface of the R20 sphere (catalytic and non-
catalytic wall).

noncatalyzed wall of a different gas is shown in Table V. Under the
same total temperature and pressure, the heat flux at the stagnation
point of aerodynamic heating by the H,-O,-N, combustion gas is
much larger than that of air. For the equivalent ratio of H, and O,, the
heat flux at the completely catalyzed wall is nearly twice as large as
that at the completely noncatalyzed wall, indicating that the higher the
H, and O, content in the gas, the greater the influence of the wall cata-
Iytic conditions on the aerodynamic heating of the combustion gas.

The essential difference between air and the combustion gas is
the composition. Under the high-temperature environment, the disso-
ciation reaction of O, and N, occurs in the air, while in the combus-
tion gas the decomposition reaction of H,O occurs. Since the
activation energy of the H,O decomposition reaction is lower, the
reaction is more likely to occur, and, besides, there is a large amount of
H,O in the gas after combustion. Although the temperature and pres-
sure of the H, and O, combustion gas in the reservoir region are the
same as those of air, the gas in the chemical equilibrium state contains
more chemical energy, and the chemical energy is released as the com-
bustion products react in the flow of the nozzle, so the combustion gas
at the nozzle outlet has a higher temperature, pressure, and speed. In
addition, the combustion gas is sensitive to the catalytic performance
of the materials. Most metal materials and some metal oxide materials
exhibit complete catalytic performance to the components of hydro-
gen and oxygen gas. The active chemical reactions in gas make
the aerodynamic heating of the combustion gas more severely than
that of air.

The common metal materials show catalytic properties for H,
and O, combustion gas. In the case of ignoring radiation, the surface

TABLE V. Heat flux at the stagnation point unit: MW/mZ.

Gas/heat flux Noncatalytic Catalytic Variation
Air 2.3 2.71 +17.8%
2H, + O, + 3.76N, 2.82 4.16 +47.5%
2H, + O, + 1.6N, 3.11 5.19 +66.7%
2H, + O, 3.85 7.63 +98.2%

ARTICLE scitation.org/journal/phf

heat flux in the chemically reacting viscous flow of high-temperature
and high-speed combustion gas is caused by thermal conduction and
diffusion. The conduction heat flux is the thermal conduction driven
by the temperature gradient, which can be calculated by the Fourier
thermal conduction theory. The diffusion heat flux means that the dis-
sociated gas diffuses to the wall under the drive of the component con-
centration gradient, and the chemical energy is brought to the wall
through the compound reaction. Under the condition of complete
catalysis of the wall, the gas components reach equilibrium state, the
combustion products are completely compounded, and a large
amount of heat of formation is released,

oT Oc;
qw = (k8_y> + <pDIZZhi 8_;> . %)

By decomposing the heat flux into conduction heat flux and dif-
fusion heat flux, we can see the contribution of the chemical reaction
to the heat flux under the condition of completely catalyzed wall.
Through a large number of calculations of the gas in the total tempera-
ture range of 3000-5500 K, the change of the proportion of diffusion
heat flux with the total temperature is summarized in Fig. 14. These
results reveal that with an increase in the total temperature, the pro-
portion of diffusion heat flux gradually increases, and when the total
temperature remains constant, the proportion of diffusion heat flux
also increases with an increase in the H, and O, content. This is due
to the dissociation of more gas at higher temperatures. In this example,
when the total temperature is 3800 K, the mass fraction of H,O in the
combustion gas after the shock wave decreases by about 16%, while
when the total temperature rises to 4900 K, 44% of H,O dissociates.
Additionally, as the temperature increases, the degree of H,O dissocia-
tion still increases. In contrast, the change in the mass fraction of O, in
air is similar to the change in the percentage of water at the corre-
sponding temperature. However, due to the high content of water in
the gas, the variation of water in the gas is quite large, and the heat of
formation of water is relatively large. Therefore, in the combustion
gas, the compound heat release of H,O will transfer a large amount of
heat to the wall, thus increasing the proportion of diffused heat flux.
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FIG. 14. Proportion of diffusion heat flux at the stagnation point.
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For air, we have accurate theoretical formulas to calculate the 9.0
stagnation point heat flux, such as the famous Fay-Riddell stagnation E =  CFD data
point heat flux formula,”* which has long been experimentally verified. 8.8 Linear Curve Fit
Research according to the requirement of the engineering design of 1
the Fay-Riddell formula was improved, and it is concluded that the 8.6 |
De Filippis-Serpico formula is a semi-empirical formula (10),”" but _
this formula applies only to air. As a result of the gas and air in the S 84
vast difference between the transport properties and chemical reac- ]
tions, directly using this formula to calculate the stagnation point heat &:g 8.2
flux of an object in a high-speed combustion gas flow will produce a o
large error, as shown in Fig. 15. The principle of aerodynamic heating = 80
of combustion gas and air is the same, both of which are caused by
thermal conduction and mass diffusion. Therefore, the structure of the 7.8
De Filippis-Serpico formula remains unchanged, and what needs to 1
be modified is the coefficient, 7.6 T . ' , ' . ' , : . '

16.0 16.2 16.4 16.6 16.8 17.0
Gwo = 2.75 x 1075 - \/? CHYY. (10) In(hy-h,)
n

For the convenience of analysis, the De Filippis-Serpico formula Al A TC L DEL ST e

is transformed into a linear formula, as shown in the following equa-
tion, by deformation:

In [—2° \ —10(2.75 x 1075) + 1.17H,, (11)

E 2
Ry,

where qyo is the heat flux of the stagnation point, Py, is the pressure of
the stagnation point, R, is the radius of the sphere, and Hj is the total
enthalpy of the combustion gas.

Assuming that the formula of the heat flux at the stagnation point
of the sphere is heated by combustion gas is shown in the following

The complexity of the gas aerodynamic heating also lies in the var-
iable composition of the gas. For various types of engines fueled by H,
and O,, the H, and O, ratio depends on the specific situation. In order
to simplify the problem, the stagnation point the heat flux of the sphere
aerodynamic heating by hydrogen and oxygen equivalent ratio fuel is
first studied. When the sphere is heated by high-speed air, the wall
enthalpy is low, which is small compared with the total enthalpy, and
can be ignored in general. However, if the sphere is heated by high-
speed H, and O, combustion gas, under the condition of catalytic wall,
all unreacted gases and dissociated gases at the wall react to generate

equation:
qwo

& 2
Ry,

In

where K is the heat flux coefficient and N is the enthalpy difference
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FIG. 15. De Filippis—Serpico formula and the CFD results.

| =k+n-H, (12)

H,O and release a large amount of thermal. In this case, the wall
enthalpy is not negligible compared with the total enthalpy of the
incoming flow. Therefore, when the De Filippis-Serpico formula is
modified, the wall enthalpy term is added, i.e., Hy is written as (Ho-H;,).
Taking the high-performance hydrogen-oxygen rocket engine as
an example, the total temperature of the combustion chamber is usu-
ally 3000-4500 K, and the heat flux value at the stagnation point of the
aerodynamic heating of spheres with different radii by the combustion
gas with a H, and O, equivalent ratio is calculated within this temper-
ature range. After sorting out the calculated results and using the least
squares method, the slope is 1.15 and the intercept is —10.69 (Fig. 16).
The heat flux semi-empirical formula of the stagnation point of the
aerodynamic heating of the sphere by combustion gas with H, and O,
equivalent ratio was obtained, as shown in the following equations:

2
Guwo = 2.2786 X 1075 - ,/%(HO —H,)""®, (13)
H, = Z Cihp;. (14)

V. CONCLUSIONS

In this paper, the flow and aerodynamic heating characteristics of
high-speed hydrogen and oxygen combustion gas are studied by calcu-
lation and experiment.

First, the uniformity of the tunnel flow field is tested and compared
with the numerical results. It is demonstrated that the high-speed
hydrogen and oxygen combustion gas flow generated by the JF-14 high
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temperature combustion gas tunnel is stable and uniform. The aerody-
namic heating of the sphere by combustion gas with different hydrogen,
oxygen, and nitrogen contents was also studied experimentally and
numerically. The accuracy of the numerical calculation was confirmed
by the comparison of experimental and calculation data.

Then, the flow of air and combustion gas with different hydro-
gen, oxygen, and nitrogen contents in the nozzle at the same total tem-
perature and pressure is calculated. For combustion gas, in the process
of flow in the spreading section of the nozzle, although the change of
the component concentration is small, there is still a change, and with
an increase in the hydrogen content, the change increases. Since this
process is a compound exothermic process, the temperature, pressure,
and speed of the combustion gas flow in the nozzle are higher than
those of air but the Mach number is slightly lower.

When the air and combustion gas at the same total temperature
(3838 K) and pressure (15.5atm) expand and accelerate to supersonic
velocity through the Laval nozzle and then act on the sphere with a
radius of 20 mm, a bow shock wave will be formed on the windward
side of the sphere. The high-temperature environment after the shock
wave dissociates into a large number of combustion products, so more
heat is absorbed, the temperature is significantly reduced, and the ther-
mal conductivity coefficient of the combustion gas is concurrently
reduced. Under the condition of noncatalytic wall, the wall heat flow is
lower than that calculated by freezing flow. The wall heat flux heated
by combustion gas is significantly greater than that of air and the wall
heat flux gradually increases with an increase in hydrogen and oxygen
content. Compared with air, the catalysis wall has a greater influence
on the heat flux of the wall heated by combustion gas, and the heat
flux of the sphere heated by a high-speed equivalent ratio of hydrogen
and oxygen combustion gas, when the wall is catalytic, the heat flux is
nearly twice as large as that of the noncatalytic wall. The results show
that the stainless-steel shows partial catalysis for air and complete
catalysis for the hydrogen and oxygen combustion gas. The active
chemical reaction in the combustion gas intensifies the aerodynamic
heating of the object. For the structures heated by the high-speed
hydrogen and oxygen combustion gas, more reliable thermal protec-
tion measures should be taken.

Finally, through the analysis of a large amount of data, a semi-
empirical formula for the heat flux of the stagnation point heated by a
high-speed hydrogen and oxygen equivalent ratio combustion gas is
obtained [Egs. (13) and (14)].

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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