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Abstract

In this paper, theoretical analysis, numerical simulation and experimental testing methods will be used
to study the thermal boundary conditions of the engine wall. Which is one of the key technologies in
liquid engine design. The paper carried out an experimental study on a gas-oxygen kerosene liquid
rocket with the oxy-fuel ratio of 1:1(the total flow of mass is 120g/s). The study shows that the heat
flow calculated by the bartz formula(0.76 MW/m?) is higher than the experimental value. However,
the heat flow value calculated by the simulation of the gas thermal property parameters is the lowest
(0.22 MW/m? at point3 and 0.24 MW/m? at point5). The main reason is that the numerical simulation
ignores the effect of carbon deposition on heat transfer. The experiment measured 0.69 MW/m? at
point3 and 0.74 MW/m? at point5, and found that carbon deposition can effectively reduce the heat
transfer of gas to the wall. In the case of carbon deposition, the experimental results show that the heat
flux values are respectively measured. It is 0.55 MW/m? and 0.27 MW/m?, indicating that the closer to
the engine outlet, the more serious the carbon deposition, and the lower the heat transfer efficiency of
the gas to the wall.
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1 .Introduction

Studying the thermal effect of gas on the engine wall plays a key role in the design of liquid rocket engines. However,
due to the complexity of its mechanism, although countries have already carried out research on the heat transfer
mechanism in the combustion chamber, especially the heat transfer mechanism between gas and solid, the
mechanism of gas and engine wall action for each type of liquid rocket engine has not been systematically
established so far. The model comes out, the existing model can only play a certain predictive role.

Lai et al. M studied the convective heat transfer between the inner wall of the combustion chamber and the gas and
the flow of the coolant in the regenerative cooling channel by means of fluid-solid coupling numerical simulation.
The interface between solid and fluid was treated by coupling wall. Wang Xiaowei et al 2% made a heat sink type
combustion chamber using copper as the material, and used the thermocouple to obtain the inner wall temperature of
the thrust chamber and the heat flow value of the gas to the wall surface. Combined with the unsteady numerical
simulation of combustion in the combustion chamber, the internal flow field in the combustion chamber is obtained
and compared with the experimental data. It is found that the calculation model is in good agreement with the
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experimental results. Marco Pizzarelli et al. [ established a two-dimensional model for liquid oxygen/methane
engines (external runner cooling) and used simulations to estimate the internal gas flow, coolant flow and gas-to-wall
heat transfer. The wall heat flow, gas temperature and gas sidewall temperature calculated by the Bartz formula are
higher than the simulation results (about 10% to 20% higher), while the combustion chamber pressure is lower than
the simulation results. In addition, the paper also found that only the two-dimensional result of the gas wall surface
temperature is higher than the one-dimensional result, and other parameters (wall heat flow, gas temperature and
combustion chamber pressure) are basically the same. Betti [ established a model that can efficiently predict the
wall temperature, heat flow and coolant pressure loss of regenerative cooling liquid rocket engines, and uses the CFD
solver to calculate the two-dimensional model. The wall temperature is close to the experimental value. Celano [
studied the heat transfer process of a gas-oxygen/methane propellant combination in a single-component coaxial
shear nozzle combustion chamber. Through experimental measurements, and comparing the results with the
one-dimensional simplified model, two-dimensional model and three-dimensional finite element and finite difference
model calculation results, it is found that the one-dimensional model calculates the heat flow is high, and the
three-dimensional results are the closest to the experiment. D. Suslov et al. [l conducted experimental and numerical
simulations on the heat transfer characteristics of the inner wall of the combustion chamber in the combustion
chamber of liquid oxygen (LOX)/liquid methane (LCH4) rocket engine. By comparing the two cases of liquid film
cooling and liquid film cooling, the heat flux of the gas to the gas wall is significantly reduced. The simulation
results are consistent with the actual situation, the pressure deviation is less than 1%, and the heat flow deviation is
larger, and higher than the experimental situation. Peter C. Ma et al. ©® proposed a flame-based combustion model to
predict the heat transfer of the gas to the engine wall and the combustion of the cold wall against the combustion
chamber. By setting the thermal boundary conditions, the flame structure under non-adiabatic conditions was
obtained, and the performance of the model was analyzed by direct humerical simulation (DNS) to calculate the
diffusion flame of hydrogen and oxygen under isothermal wall conditions. It is found through research that the model
can predict the heat of gas, the composition of gas and the heat transfer of gas to the engine wall.

From the perspective of national studies, in the measurement and calculation of the near-gas wall surface temperature
of the combustion chamber and the heat transfer heat flow of the gas to the wall, the experimental method is to
arrange the thermocouple in the wall of the combustion chamber and test the temperature at different depths. Further
derivation of the near gas wall surface temperature and the heat flow of the gas to the engine wall. The simulation
method can be divided into group classification according to the different inlets, that is, the components of several
gas are defined, regardless of combustion, and the components are mostly derived from the CEA calculation results;
and the other is a single gas type, that is, the calculated gas is used. Physical parameters define a single gas for
calculation. The last one is the combustion class, which is calculated by simplifying the consideration of the main
step or the multi-step chemical reaction. In the theoretical calculation method, the Bartz formula is used more, and
the method is mainly used to calculate the steady state heat flow value.

2. Zero-dimensional wall heat flow steady state calculation

The combustion inside the liquid rocket engine is more complicated, and the physicochemical properties of different
regions are different. From the engine head to the nozzle, the combustion chamber can be divided into three regional
atomization zones, evaporation zones and blending combustion zones. In order to simplify the theoretical calculation
process, it is necessary to appropriately simplify the combustion process of the rocket, so the following assumptions
are adopted:

(1) The gas is evenly distributed along the circumference of the engine;

(2) The gas is in a chemical equilibrium state in the combustion chamber;
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(3) The gas component is evenly distributed along the axial direction and the radial direction, and the change of the
pressure with the axial position is not considered.

2.1 Thermal calculation

The chemical reaction of the gas-oxygen/kerosene propellant combination engine is complicated, and there are many
gas components, which can reach dozens. This paper uses the more mature NASA CEA (Chemical Equilibrium with
Application) for calculation. The calculation was carried out using experimental conditions (fuel is JP10, oxidant is
gas oxygen; combustion chamber condition is 17 bar; ratio is 1:1). The main parameters of the calculated gas are
shown in Table 1. The main components of the calculated gas are shown in Table 2.

Table 1: Main physical property parameters of gas

the name of the parameters the number of the parameters
temperature To/K 1764.65
Pressure pc/Pa 1700000
Characteristic velocity Cth*/m/s 1471.19
constant pressure specific heat ratio Cp/ (kj/(kg * K)) 2.5637
Prandtl number 0.4824
dynamic viscosity u/(kg/(m ¢ s)) 5.75X10%
specific heat ratio k 1.2878
density p (kg/m3) 1.776

Table 2: Main components of gas

components Mole fraction
H> 0.48413
(6{0)] 0.44640
C(ar) 0.06390
H.0 0.00134
CO, 0.00034
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2.2 convective heat transfer

The convective heat transfer between the near wall gas and the engine wall is calculated using the relationship (1):

de. = hg(Taw - ];;g) (1)

gc is the heat flow per unit area of the gas flowing to the engine wall per unit area, W/m?;

hg is the convective heat transfer coefficient of gas to engine wall, W / (m2 -K);

Taw is the adiabatic wall temperature, because the speed in the combustion chamber is small, less than 0.3Ma, so the
approximate treatment here is the gas temperature TO, K;

Tuwyg is the gas side wall temperature in K.

The convective heat transfer coefficient is related to the composition and physicochemical properties of the gas.
Different types of injectors will also cause different combustion types in the combustion chamber, which will lead to
changes in the convective heat transfer coefficient. For the simplified calculation, the influence of factors such as
combustion details is neglected, and the calculation model adopts the uniform gas hypothesis I, Di Lianshun et al. 1
proposed a near-experimental correction in his book "Rocket Engine Principles”. The formula for calculating the
convective heat transfer coefficient between the wall gas and the engine wall (2), namely the Bartz correlation:

0.026 ¢, (p ) (4)"
]]g = : 0z X 0.6p X i B o 2
d, Pr c, A

d: is the throat diameter of the engine, the unit is m, where 0.012m is taken;

Ay is the engine throat area, the unit is m2, here is 1.131x<10“m?;

A is the cross-sectional area of the combustion chamber, the unit is m2, here is 3.6<10°m?;

d is the correction coefficient established to introduce the influence of the change of the lateral airflow property of
the boundary layer on the heat transfer coefficient. The calculation formula is as shown in (3):

7 k-1 O A
S=|21+— " |+ - 1+ —— Ma* 3)
o, 9 2 9

Where k is the specific heat ratio of the gas; Ma is the Mach number in the combustion chamber, which is

approximately 0.3.

Since the Bartz correlation is an empirical formula based on the turbulent boundary layer, the Reynolds number
flowing in the combustion chamber should be calculated before use to analyze whether the internal flow is turbulent.
The calculation formula is as shown in (4):

Re = — (4)

d is the equivalent diameter of the inner cavity of the combustion chamber, the unit is m, here is 0.0667m;
V is the axial velocity of the gas, here is 333.09 m/s;
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v is the kinematic viscosity of the gas, expressed in m?/s, calculated from p/p and is 3.356x10°m?/s.

It is calculated that the Reynolds number of the gas in the pipe is 672000, which is higher than 2300. Therefore, it is
considered that the gas flow in the combustion chamber is turbulent, and it can be explained that the convective heat
transfer coefficient can be solved by Bartz correlation.

2.3 Radiation heat transfer

The calculation of radiant heat flow is still based on the calculation formula of radiant heat flux density of

uniform gas (5):
4 4
qr = gW,efO-(gg];) - aWEP%’) (5)

qr is the radiant heat flux density of the gas to the wall, in units of W/m?;

ewer IS the effective blackness of the wall;

o is the Stephen-Boltzmann constant with a value of 5.67>108 W/(m? K*);

gg is the gas blackness;

aw is the wall absorption rate.

The material used in the experimental engine of this study was 1Cr18Ni9Ti, so it was found that the blackness &y of
the material was 0.41*3 Estimate the effective blackness of the wall using the simplified formula (6), Substituting the
data, the value is 0.3.

Eper = : )

The ability to emit and absorb radiation varies from one gas to another. For the components in the gas, monoatomic
gases (O, H, etc.) and non-polarized diatomic gases (H., etc.) are not capable of emitting and absorbing radiation
below 3000K, so the blackness of the gas is mainly affected by its internal polyatomic and polarized diatomic gases,
namely CO2, H,0, and CO. At present, the main research is to consider only the radiation of CO, and H2O. However,
under the working conditions involved in this paper, the specific gravity of CO is very large. Therefore, in the
treatment, the three gas components of CO2, H,O and CO will be affected. In the calculation, the geometrical average
of the blackness of CO2, H,0, and CO is used to represent the gas blackness, that is,

E, = &y T Ep, Y €y — Eyoa, — Ew,Ew — Cwuo t Enolm,Ew (7

The last four terms in the formula are the result of taking into account that the overlapping portions of the spectra of
the three gases CO,, H20, and CO are mutually absorbed. The blackness values of the three gases CO2, H,O and CO
were obtained from the FLUENT database, which were 0.43, 0.54 and 0.17. The calculated blackness of the gas is
0.7824. It is assumed that the gas wall surface can be regarded as a diffuse gray body, that is, its absorption ratio and
blackness are constant at a certain temperature, and the absorption ratio is consistent with the blackness at the same
temperature 012,
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2.4 Total heat flow calculation

The total heat flow of the gas to the engine gas wall side is the sum of the convective heat flow and the radiant heat
flow(8). Assuming a gas wall surface temperature of 650 K, the total heat flow of the gas to the wall is 0.78 MW/m2,
and the radiant heat flow accounts for 16.38% of the total heat flow (typically 15% to 20% [13]). The total
convective heat transfer coefficient of the gas to the wall is 700 W/(m? K).

q=q.+4q, (8)

3. Numerical simulation
3.1 Model simplification and numerical simulation

The experimental engine model is shown in Fig. 1. The model is simplified during the numerical simulation, which
only the combustion chamber housing portion and its internal gas flow passage portion are considered, and the
simplified model is in Fig. 2.

Figure 1: experimental engine modle Figure 2: Simplified geometric model

There are four types of mesh for the simplified model: 0.35 million, 0.61 million, 1.08 million, and 1.62 million. The
pressure values in the combustion chamber calculated by the four types of grids and the temperature curves on the
midline of the interface at 20s are compared as shown in the figure5. It can be seen from the results that the pressure
difference of these four types of grids is within 1%, and the temperature curves calculated by 1.08 million and 1.62
million grids are closer, the maximum temperature difference is 2.2%. (Constant gas thermal property parameter),
3.6% (fixed gas component). This shows that the calculation using the 1.08 million grid is the best.

From the temperature comparison curve of the two, it is easy to see that after the gas passes through the inlet, the
temperature drops rapidly, then slowly rises, and near the nozzle, the temperature rises again rapidly. The monitoring
line is on the boundary line between the innermost grid of the wall and the outermost grid of the gas, so the
temperature value here is the average of the gas temperature and the wall temperature.

At the inlet, the temperature boundary layer of the gas is not formed, so the average temperature is higher.
Subsequently, due to the temperature boundary layer, the near-wall gas temperature is significantly lower than the
mainstream gas temperature, resulting in a decrease in the average temperature.
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Figure 3: the mesh of the solid part Figure 4: the mesh of the gas part
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Figure5 Mesh independence analysis (according to the pressure)
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Figure6 Mesh independence analysis (according to the temperature)

3.2 Numerical simulation results

The temperature at 1 micron (within the first grid) in the wall is selected to represent the wall temperature, and the
wall temperature as a function of time is shown in Fig. 7. During the simulation, the monitored point distances are
shown in Table 3. At the same time, by monitoring the temperature of the point at the same axial position as point 3
and point 5 but at a distance of 2 mm and 4 mm from the gas wall, and using Fourier's law (9), the heat flow value

7
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and point 3 and point 5 can be derived. The temperature value is shown in Figure 8.

AT )

It can be seen from Fig. 7 that whether the gas thermal property parameter is defined or the gas component is defined,
the wall temperature gradually decreases from the inlet to the outlet. The heat flow distribution calculated by
monitoring the temperature at points at different depths also conforms to this rule. The reason for this phenomenon is
that the temperature boundary layer is not completely formed at the inlet, so that the temperature of the gas near the
wall at the inlet is higher, and then the temperature rises faster.

Table 3: the distance of the monitoring points from the inlet

The number of the point The distance from the inlet/mm
1 30
2 68
3 106
4 144
5 182
6 220
7 258
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Figure 7: the temperature of the monitoring points
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Figure 8: the calculated heat flow and the temperature of point3 and point5

Due to the gradual formation of the temperature boundary layer, the gas temperature near the wall Basically
unchanged, the temperature at the monitoring point in the middle is getting slower and slower toward the entrance,
and the temperature at the last monitoring point is more severe. This is due to the presence of a boss at the rear end of
the engine.

The cloud map shows that the appearance of the boss causes the temperature boundary layer at the tail to thicken,
which in turn affects the temperature at that point. However, since the position of the point 7 is still a certain distance
from the tail boss, the effect of the temperature rise due to the local temperature rise caused by the gas stagnation is
not so significant. It can also be seen from Fig. 7 that at 10s, the temperature change of the engine wall tends to be
linear, which indicates that the heat transfer from the gas to the wall tends to be constant at this time. It can be seen
intuitively from Fig. 8 that at 10s, the heat flow value tends to be constant, which is consistent with the conclusions
obtained in Fig. 7. At the same time, Figure 8 also shows that the temperature of the axial monitoring point
calculated by Fourier's law is lower than the temperature of the monitoring point, and the difference is about 15K.
This is because at the same time, the temperature distribution at the same axial position is not linear with the radial
position. The closer the temperature difference is to the inner wall of the engine, the more the temperature should be
reversed when using the temperature at different depth points.The wall temperature cloud map, the gas temperature
cloud map, and the heat flow transmitted by the gas to the wall are calculated as shown in Figs. 9, 10, and 11.
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Figure 9: the temperature field cloud picture of the solid
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Figure 10: the temperature field cloud picture of the gas
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Figure 11: the heat flow field cloud picture of the couple wall

It can be clearly seen from Fig. 9 that the temperature rise in the front section of the engine casing is faster, the
middle part is relatively slow, the tail is re-accelerated, and the development of the gas temperature boundary layer
along the axial direction and the tail due to the boss. Local temperature changes caused by flow stagnation. As can be
seen from Fig. 11, the heat flow value gradually decreases from the inlet and is significantly lower at the extreme end,
mainly due to the thicker gas temperature boundary layer here, as shown in Fig. 10.

It can also be seen from the simulation results that the gas-to-wall heat transfer obtained by the calculation of the gas
component is significantly higher than the definition of the gas thermal property parameter. This is mainly due to the
fact that when the gas component is defined for calculation, the thermal conductivity of the mixed gas is calculated
by weighting the thermal conductivity of various gases, instead of being considered as a function of temperature. As
a result, the coefficient is higher(0.0757W/(m K)), which is higher than the value(0.031 W/(m K)) calculated by
CEA.

4. Thermal test experiment research

In order to obtain more accurate engine wall heating conditions, two experiments were carried out in this study. The
experimental conditions are shown in Table 4. The experimental system of this experiment is shown in Figure 12. In
the experiment, the orifice was used for current limiting to obtain the flow rate of the desired oxidant and fuel. At
this part, the wall temperatures of the pointl-7 are measured by the thermocouples. And the heat flow of point3 and
point5 are measured by the intelligent heat flow meter. The pressure of the combustion chamber can prove that the
rocket engine is working normally. And the other pressure of the experimental system can prove that the mass flows
of the oxygen and fuel are as expected.

10
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Table 4: experimental conditions

The name of the parameters The number of the parameters
Pc/MPa 1.7
Mass flow/g/s 120
O/F 1
Throat diameter/mm 12
Case A: no
Carbon deposit
Case B: yes
HIGH PRESSURE 0L ENOID
CP INTAKE VALVE VALVE
. Q (P
VALVE —
4><)—< OXYGEN @ =
HOLE

FILTER DECOMPRESSOR  p|ATE

CHECK
VALVE

= DX
VALVE HOLE
g PLATE Sc:}:LNVCé'D SOLENOID
2 VALVE
- [
DECOMPRESSOR S%'—:I'_\'VCQ'D (\ﬂf\c’g

Figure 12: experimental device system

4.1caseA

By monitoring the pressure of the fuel tank, the pressure before and after the orifice, the pressure before injection and
the pressure of the oxygen tank, the pressure before and after the hole plate, and the pressure before injection, it is
judged whether the supply system has achieved the function of stably supplying fuel and oxygen. In the normal
working section of the combustion chamber, the pressure of the oxygen storage tank decreases linearly, and the
remaining pressure values remain constant. During the test, the chamber pressure value was monitored to be 1.4 MPa,
which was lower than the design value. This was mainly due to the heat transfer in the actual process, resulting in a
decrease in gas pressure in the combustion chamber.

11
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Figure 13: The main pressure monitoring points Figure 14: The temperature of the point1,3

The experiment found that the temperature at pointl reached stable operation shortly after the normal operation of
the engine. The measured temperature was 51.8 <C at equilibrium. This is mainly because the axial distance of pointl
is the mixing and atomization stage of the engine, so the temperature is low. While the temperature measured by
point3 is higher, and the temperature is still not stable when the engine is finished, which is much higher than the
temperature obtained by Fourier's law, about 300 <C. This is mainly because the thermocouple has protruded into the
gas by about 1 mm, causing that the measured temperature is not the wall temperature.
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Figure 15: The heat flow and the derived temperature of point3

It can be seen from the test of the heat flow densitometer and the calculation using Fourier's law that the heat flow is
close to approximately 10 s, and the measured heat flow value is about 0.69 MW/m? .

4.2caseB

Considering that there is a large amount of carbon generated when the engine is working. In order to analyse the
effect of carbon deposition on the heat transfer of the gas, under the same working conditions, the experiment is
carried out again, and the working time of the combustion chamber is extended to 15s. The pressure data is shown in
the figure. According to the experimental data, it is easy to see that in the working stage, the fuel and oxidant flow
rate is basically stable, and the pressure in the combustion chamber is 1.5 MPa. Compared with the previous
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experiment, the pressure is slightly increased, This is because the amount of external heat transfer is small.
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The temperature data mainly monitored in this experiment is shown in the figure. It can be seen from the temperature
trend in the figurel7 that the position of the thermocouple head is well controlled that almost all of them are near the
wall surface, only point 5 is slightly higher than the wall surface, because it penetrates into the gas. Point 7 is in the
wall and is not completely exposed, resulting in the lower temperature.

In this experiment, the point 5 point heat flow value measured by the heat flow densitometer is 0.74 MW/m?, which
is slightly higher than 0.69 MW/m? in the previous experiment, indicating that between point 3 and point 5, the
reaction in the combustion chamber is further carried out, and the heat release is further increased. . However, it is
easy to see that the heat flow at the point 3 and 5 is 0.55 MW/m? and 0.27 MW/m? calculated by using Fourier's law.
The existence of carbon deposition leads to the reduction of gas-to-wall heat transfer, and the closer to the tail of the
engine, the product The more serious the carbon.

4.3 Comparative analysis

In the first experiment, Fourier's law and the measured temperatures of two different depth points were used to
estimate the engine gas wall surface temperature. It was found that when the value was stable, the temperature at
point3 reached 271.8 <TC. In the second experiment, the temperature at point 5 was directly obtained at 561.95 <C.
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Using these two temperatures, the theoretical calculations of the heat flow values at point 3 and point 5 are calculated
to be 0.76 MW/m? using the Bartz formula, indicating that the 650K assumption is reasonable in this study, but The
theoretically calculated value is a little large.

It can be seen from the comparison between experiment and simulation that the experimental heat flow (0.69 MW/m?
at point3 and 0.74 MW/m? at point5) is significantly higher than the simulation result (0.22 MW/m? at point3 and
0.24 MW/m? at point5). Mainly because the influence of carbon deposition on heat transfer is neglected in the
simulation, the carbon deposition attached to the wall of the combustion chamber will additionally introduce heat
conduction heat flow, and the generation of carbon particles will increase the blackness of the gas and engine wall,
and further increase the radiant heat flow.

5 Conclusion

In this paper, the effects of gas on the wall surface heat transfer of rich coal-fired oil-gas oxygen liquid rocket engine
are studied by using theoretical calculation, simulation research and experimental research. The research finds:

(1) The 650K wall temperature assumption used in the theoretical calculation is reasonable while the calculated heat
flow value is 0.78 MW/m?, which is almost the same as the calculation(0.76 MW/m?) when the experimentally
measured wall temperatures at point 3 and point 5 are introduced. And the value is slightly higher than the value
measured by the experiment;

(2) Simulation calculation When the gas component is defined, the gas thermal conductivity is prone to be high,
which will lead to the increase of gas to the wall. Therefore, Using the CEA calculation first, and then defining the
gas thermal property parameter is reasonable;

(3) For the research object of this paper, the fuel-fired oil-gas oxygen liquid rocket engine is simply calculated by the
simulation calculation of the gas thermal property parameters, which is far from the actual situation, which mainly
ignores the influence of carbon deposition;

(4) 1tis also found that carbon deposition can effectively reduce the heat transfer of gas to the engine wall, and the
closer to the nozzle, the more serious the carbon deposit, the more obvious this effect.
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