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The objective of this paper is to develop and compare multidisciplinary, multidimensional, numerical
methodologies to predict the hot-gas-side and coolant-side heat transfer in regeneratively-cooled rocket engine thrust
chamber. The first methodology used empirical equations to simulate the hot-gas convective and radiative heat
transfer; the second methodology used computational fluid dynamics to simulate the hot-gas convective and
radiative heat transfer; heat transfer in the coolant and in the cooling channel was solved in a conjugate manner for
the two methodologies. Systematic parametric studies on effects of combustion chemistry, radiation coupling, and
grid refinement were performed and assessed. The methodologies were assessed by existing data from Arnold
Engineering Development Center high-enthalpy nozzle tests and hot-firing test of a LO,-LH, thrust chamber.
Results indicate that the second methodology with finite-rate chemistry employed in this study can be an effective
method for predicting the flow and heat transfer in regeneratively-cooled thrust chamber, but needs further

modifications.
Nomenclature b, = Reynolds stress model pressure-strain redistribution
A = cross-sectional area , term
a = absorption coefficient &2 = solid gngle . .
c, — heat capacity w = chemical-species production rate
C, = turbulence-modeling constants )
D = diffusivity, diameter Subscripts
D;; = Reynolds stress model diffusion term _ . hamb
E = total energy, empirical constant ¢ - CORVECIIve, Caaml ﬁr
h = enthalpy, heat transfer coefficient P _ ceél. a@]acent to wa
I = is radiation intensity " - 1at11ve, ;ecove;lry
J; = diffusion flux of species ! = rbulent flow, throat
L w = wall
n = refractive index w - hot-vas-side wall
P;; = Reynolds stress model stress production term g &
Pr = Prandtl number
R = recovery factor .
r = position vector I. Introduction
S = direction vector N ORDER to optimize combustion process and ensure integrity
K = path length of thrust chamber there is a need to perform a comprehensive
s’ = scattering direction vector thermal analysis, it is especially important for the design of reusable
T = temperature engines. Adequate understanding and accurate prediction of heat
u, v, w = mean velocities in three directions transfer characteristics, heat pickup, and wall temperature in the
X = Cartesian coordinates thrust chamber is prerequisite for reusable design. The continuous
Y = species concentration demand for the higher performance engines has resulted in higher
yt = dimensionless distance to the wall pressure and temperature for the thrust chambers and the need for
3 = emissivity coefficient more sophisticated cooling methods, such as regenerative cooling
& = Reynolds stress model dissipation term [1,2]. Thermal analysis of rocket engines is a coupled heat transfer
R = combustion efficiency problem of hot gas, chamber wall and the coolant.
K = turbulent Kinetic energy The traditional method of evaluating those characteristics in thrust
A = thermal conductivity chamber was mainly based on one-dimensional analysis with
I = viscosity Nusselt-type empirical equations [3-5]. Such traditional methods
P = density require some tuning parameters to realize consistent heat load and
o = Stefan-Boltzmann constant pressure drop with experimental data. Computational fluid dynamics
lop = scattering coefficient (CFD) technique was considered to be an effective approach to
(t;j))er = deviatoric stress tensor improve the traditional thrust chamber design and evaluation. There
P = phase function were some CFD studies about the heat transfer characteristics in
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thrust chamber. Wang and Luong [6] developed a multidisciplinary
computational methodology which incorporated an axisymmetric
CFD for the hot-gas thermal environment, three-dimensional heat
conduction model for the liner and one-dimensional hydraulic model
for the coolant channel to predict the hot-gas-side and coolant-side
heat transfer in film cooling assisted, regeneratively-cooled liquid
rocket engine combustors, the predicted wall heat flux compared well
with that measured from a 40 k calorimeter thrust chamber. Liu et al.
[7] conducted a fully coupled multidisciplinary CFD simulation with
heat conduction computation model and quasi-one-dimensional


http://dx.doi.org/10.2514/1.47701

156 KANG AND SUN

fuid @ 1,

interface

Input:Tyand T
Compute T,

]

|

|

Fluid Zone
Input:7,,

Compute: Ty

Solid Zone
Input:7,,

Compute: T

solid . T,

a) Schematic

Convergence

b) Procedure

Fig. 1 Schematic and procedure of conjugate heat transfer.

water cooling channel model for a water-cooled thruster nozzle, the
calculated temperatures at cooling channel outlet compared
favorably with experimental data. Naraghi et al. [8] developed a
model with conjugating two proven rocket thermal analysis codes,
TDK and RTE, via an interface file to design and analyze of
regeneratively-cooled rocket engine, the accuracy of that model was
examined by comparing its results to those of other methods. Naraghi
and Jokhakar [9] presented a computational methodology for
thermal analysis of hot-gas-side and coolant-side of regeneratively-
cooled liquid rocket engines, their model was composed of an
axisymmetric CFD model for the hot-gas-side flow and RTE for the
coolant flow and wall conduction, the integrated CFD-RTE model
was validated by comparing its results with the published data. In
high aspect ratio cooling channels the flow exhibits strongly
three-dimensional features, in [6-9] studies, they neglected three-
dimensional combustion and coolant flowfield and had not consid-
ered the flames from injector elements. Negishi et al. [10,11] carried
out subscale thrust chamber heat transfer simulations considering
atomization process with discrete phase model and hydrogen—
oxygen finite-rate chemical reactions using hot-gas-side wall temper-
ature distribution evaluated from experimental results, the computed
hot-gas-side wall heat flux showed good agreement with that from
experiment, in their studies, the hot gas, chamber wall, coolant heat
transfer were decoupled and paid no attention to radiation heat
transfer.

The main objective of this study is to propose two computational
methodologies for regenerative cooling coupled flow and heat
transfer analysis. The difference of the two methodologies was the
mode to simulate the hot-gas convective and radiative heat transfer.
The first methodology used empirical equations, while the second
methodology used CFD. Heat transfer in the coolant and in the
cooling channel was solved in a conjugate manner for the two
methodologies. For the second methodology, the hydrogen-oxygen
finite-rate chemical reaction were evaluated by eddy dissipation
concept (EDC) model for nonequilibrium hot-gas flow, radiative heat
transfer was solved with discrete ordinates (DO) model. In this study,
numerical simulations have been performed using the FLUENT
solver. Both methodologies were performed and assessed by existing
data from Arnold Engineering Development Center (AEDC) high-
enthalpy nozzle tests which recorded bulk temperature rise and hot-
firing test of a LO,-LH, thrust chamber which recorded coolant
pressure drop and bulk temperature rise.

II. Computational Methodology
A. System of Governing Equations

The equations governing the coolant flow are the continuity,
momentum, and energy equations:

d
ox (Pu) =0 (1)

_dp | 97
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The equations governing the hot-gas flow are the continuity
equation as Eq. (1), momentum equation as Eq. (2), species contin-
uity equation as Eq. (4), and energy equation as Eq. (5):
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The shear stress 7;; in the preceding equations can be expressed as

ou; Ou; 20u;
=+ ) (3 + W_ 58_99{8’7) (6)

The Reynolds stress model (RSM) was used to simulate the
coolant and hot-gas turbulence. The RSM closes the Reynolds-
averaged Navier—Stokes equations by solving transport equations for
the Reynolds stresses, together with an equation for the dissipation
rate:

d(puit;u
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Fig. 2 Schematic of first and second methodology procedure.
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Fig. 3 Schematics of regenerative cooling thrust chamber and boundary condition at a typical cross section.

For the cooling channel, the heat conduction is governed by

0 aT
i () =0 ®

In the hot-gas flow region, numerical simulations were carried out
using the density-based solver, while the pressure-based solver was
used in the coolant flow region numerical simulations and SIMPLE
was used as the pressure-velocity coupling method. The convective
terms were evaluated by the second order upwind, viscous terms
were evaluated by the central differencing.

Both six-species, nine-reaction and six-species, seven-reaction
reduced reaction mechanism [12] were used to describe the finite-
rate, hydrogen/oxygen afterburning chemical kinetics, the EDC
model was used to include detailed chemical reaction mechanisms in
turbulent flow. The six-species are H,, O,, H,O, H, O and OH.

A modified standard wall function approach, which can consider
the wall roughness effect on flow and heat transfer was employed to
provide wall boundary-layer solutions that are less sensitive to the
near-wall grid spacing. The convective heat transfer using modified
standard wall function approach can be calculated as

(T, = Tp)pe, Gy
q. = = ©)

Where T* is the nondimensional temperature.
The radiative heat transfer is analyzed by solving the radiative
transfer equation (RTE):
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b) Cooling channel

Discrete-ordinate method was used to solve the RTE, and H,O is
the major radiating medium. The total emissivity and absorptivity of
H,O was calculated by the method supplied by [13].

B. Empirical Method

For the empirical method, the third kind of thermal boundary
conditions with heat transfer coefficient and recovery temperature
were imposed at the hot-gas-side wall. Heat transfer coefficient
combines convective and radiative heat transfer coefficient, recovery
temperature takes into account imperfect combustion as well as
incomplete heat recovery and was defined as

T, =T, + R(Tyni — T) an

Hereby the recovery factor R is an empirical value depending on
the gas Prandtl number on the boundary-layer status.

The convective heat transfer from the hot gas to the hot-gas-
side walls was calculated using Nusselt-type correlations. Two
approaches for the tube flow model were considered: a) the Bartz
equation [14]

0.026 [ u’2c PO (A0
h,=—=2) = — 12
¢ = po2 (PAO,6 . (C* 1) ° (12)
and b) the Cinjarew equation [15]
AOI8 . (ine, Y082 (T \035
h,=0.01975 ——2 | =~ 13
¢ D}'lllgz (ng) ( )

Values of viscosity, specific heat and conductivity are computed at
amean temperature 7' = (T, + T,,,)/2.

Radiative heat transfer coefficient can be defined in the following
way [16]:
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Fig. 4 Layout of numerical gird (close-up at the cylinder part of thrust chamber).
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Fig. 5 AEDC nozzle geometry.
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C. Numerical Method

The heat transfer in regenerative cooling thrust chamber under
operating conditions involves a) heat transfer from the hot gas to
inner wall, b) heat conduction through chamber wall, and ¢) convec-
tive heat transfer from chamber wall to coolant. To accurately predict
the temperature in the cooling channel, particularly on the hot-gas-
side wall, one needs to simultaneously compute all three domains,
but such a procedure can be unstable. In the present study, we solve
the coolant flow field along with heat transfer in the cooling channel
in a conjugate manner, while the temperature and wall flux exchange
between hot gas and inner wall was controlled by UDF, in such a way,
we can couple the flow and heat transfer in all three domains.

For conjugate heat transfer, the coupling of fluid and solid domains
is accomplished through a common interface temperature 7', which
ensures the balance of heat flux at interface, as shown in Fig. 1a and
Eq. (16), the fluid zone is on the top and the solid zone is on the
bottom in this figure. The algorithm for performing conjugated heat
transfer is shown in Fig. 1b. Firstly, compute the wall temperature
along the solid-fluid interface by setting the heat flux for the fluid face
equal to that for solid face as Eq. (16). Secondly, solve the fluid zone/
solid zone using the computed interface temperature as boundary
condition, new fluid/solid temperature at adjacent grids of interface
can be obtained. From the fluid and solid temperature computed at
adjacent grids of interface, a new interface temperature distribution
can be obtained through Eq. (16). This completes one iteration cycle,
the solver solves both the fluid and solid domains and updates the
temperature at interface at each iteration. This algorithm proceeds
iteratively until the convergence is achieved:

Table 1 AEDC nozzle run conditions

Runl Run2 Run3 Run4

Py gatm 1265 1370 1044 943
T, an K 5000 5240 4600 5100
Mo kg/s 5234 5234 3216 3204

Twe K 309 307 289 289

Table 2 AEDC nozzle grid distribution

Domain Number of nodes
Air flow
Segment 1 47 x 45 x 17
Segment 2 51 x27x7
Solid
Segment 1 47 x9x7
Segment 2 51x9x7
Water flow
Segment 1 47 x 18 x 11
Segment 2 51x18 x 11

Fig. 6 AEDC nozzle grid layout.

wa = Tsw = Tw (15)
oT oT
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Figure 2 shows the schematic of first and second methodology
numerical procedure. For the first methodology, the total heat transfer
coefficient i, + h, and recovery temperature T, were imposed at the
hot-gas-side wall, simultaneously compute the cooling channel heat
conduction and coolant flow. For the second methodology, an initial
hot-gas-side wall temperature distribution was assumed to start the
calculation of the hot-gas flow region governing equations until
convergence, then the hot-gas-side wall heat flux distribution can be
obtained and used as the boundary condition for cooling channel/
coolant conjugate heat transfer, after the calculation was converged, a
new hot-gas-side wall temperature distribution was obtained. The
iteration proceeded until the hot-gas-side wall heat flux and temper-
ature became almost unchanged.

For the first methodology, the empirical equations were imposed at
hot-gas-side walls via user defined functions (UDF). For the second
methodology, hot-gas/inner wall common boundary data exchange
was controlled by UDF. The hydrogen thermophysical properties
were implemented in the solver via UDF.

III. Computational-Grid Generation
and Boundary Conditions

The chamber wall is cooled by hydrogen flowing in the opposite
direction to the hot gas flow. There are 300 milled axial coolant
channels that are closed out by an electroforming precess which
deposits a copper barrier, followed by a nickel closeout over the
coolant channels. Because of the axisymmetric configuration of
the thrust chamber, the simulation was carried out only for 0.6 ° in the
circumferential direction assuming the symmetry condition at the
circumferential boundaries.

Figure 3 shows the boundary condition scheme of the two
methodologies. Fixed total conditions were used at the inlet of the
thrust chamber, the total pressure was 10.2 MPa, total temperature
was 3605 K, and total mass flow rate was 156 kg/s. The mass
fractions of H2, 02, H, O, OH, and H20 are 0.0287,0.0164, 0.0024,
0.0061, 0.0687, and 0.8778; each chemical species at thruster was
calculated by the one-dimensional chemical equilibrium calculation
program CEA [17]. At the coolant inlet boundary, static pressure was
15.9 MPa, static temperature was 35 K, and mass flow rate was
20.81 kg/s. No-slip boundary condition was specified for the thrust
walls, coupling walls surface roughness was specified as 3.2 um
(typical value obtained during manufacturing of the channels).

Figure 4 shows the grid scheme of the two methodologies.
nonconformal grid system was employed, hexahedral/tetrahedral
mesh was used as grid topology in hot-gas region, hexahedral mesh
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Table 3 Measured and computed water temperature rise of the second segment

Numerical coolant temperature rise

Percent error

Run  Experimental coolant  Frozen flow Nonequilibrium  Frozen flow Nonequilibrium
number  temperature rise flow flow
1 139K 123K 145K —11.5% 4.3%
2 15.0K 135K 16.1 K —10% 7.3%
3 189K 155K 175K —17.9% —7.4%
4 20.0K 157K 185K —21.5% —7.5%

was used as grid topology in chamber wall and coolant region. For a
good resolution of the boundary layer that develops along coupling
interface, the grids were clustered in the vicinity of coupling interface
with wall y* between 30 and 300, as shown in Fig. 4. These computa-
tional grids were generated using the software package GAMBIT.
For the first methodology, the cooling channel and coolant grid
were adopted. For the second methodology, the hot gas, cooling
channel and coolant grid were adopted. The hot-gas, inner wall,
rib, nickel closet, and coolant were discretized with nodes distri-
bution in axial x radial x circumferential directions as 255 x 50x
7, 255 x5 x 10, 255 x 38 x 4, 255 x5 x 7, and 255 x 33 x 15,
respectively.

IV. AEDC High-Enthalpy Nozzle Verification

The water-cooled high-enthalpy, supersonic wind nozzle analyzed
by Shope [18] has been simulated using the second numerical
scheme, it has been used as a verification in [19,20]. The nozzle
configuration is shown in Fig. 5. The run conditions implemented in
the simulation are provided in Table 1, and provide direct comparison
to experiment. Water inlet pressure was 68 atm for each run. When
assume nonequilibrium flow, the arc-heated air is modeled here as
nonvitiated, five-specie reacting air (O,,NO, O,N,N,) using the
chemical kinetic provided by [21]. The initial conditions are assumed
to be in chemical equilibrium, and the specie concentrations are
predicted using chemical equilibrium calculation program.

The domain is a 5-deg azimuthal slice of the nozzle, includes air
flow region, solid and water flow region. Standard wall function was
used to bridge the viscosity-affected region between the wall and the
fully-turbulent region, RSM turbulence model was used to model the
turbulent air and water flow. Table 2 documents the grid distribution
for various regions of the nozzle, resulting in y™ values for the first
cell off wall ranging from 30 to 300. The grids/domains are shown in
Fig. 6.

Predicted coolant bulk temperature rise is listed in Table 3. In
each run, the predicted coolant bulk temperature rise using
nonequilibrium arc-heated air is within £8% of the experimentally
measured values. This is excellent agreement considering the

100
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H

complex fluid-thermal physics involved and +7% of experimental
data uncertainty. The predicted coolant bulk temperature rise using
frozen flow is lower than experimentally measured values, and the
maximum error exceeds 20%.

Figure 7 shows the results comparison obtained by present method
with references, it can be seen from the figure that the present method
provide higher heat flux and temperature. Figure 8 illustrates the
typical oxygen recombination effects taking place within the nozzle
flow. Near the hot-gas-side wall the air tends to recombine, causing
substantial increase in O, mass fraction. We conclude that the second
methodology considering finite-rate chemistry can be potentially be
used as a general predictive tool for numerical simulation of
regeneratively-cooled thrust chamber flow and heat transfer.

V. Results and Discussions
A. Thermophysical Properties of Supercritical Hydrogen

As the thermophysical properties of coolant are stored in the center
of a control volume and there are large pressure drop and obvious
stratification of the flow in cooling channel [22,23]. The density of
supercritical hydrogen varies by more than an order of magnitude
over the temperature range considered. Variations in the specific heat,
viscosity and thermal conductivity are similarly quite strong. One of
the important issues in the cooling channel is the effect of variable
properties on the heat transfer and pressure drop characteristics of the
channel. It is necessary to make the calculation of thermophysical
properties in each control volume simple and in high accuracy. The
density, specific heat, viscosity, and thermal conductivity were
solved with the Redlich—-Kwong equation of state (EOS), departure
functions related to Peng—Robinson EOS, the Lucas method, and the
TRAPP method, respectively.

Figure 9-12 represents the density, viscosity, thermal conduc-
tivity, specific heat capacity at constant pressure as a function of
pressure and temperature, respectively. It can be seen from the figures
that the density, viscosity, thermal conductivity agree well with
National Institute of Standards and Technology (NIST) data [24]
except the specific heat capacity at constant pressure, so in low
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Fig. 7 Comparison of simulation results with refs: left, air-side heat flux distribution; right, air-side temperature distribution.
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temperature region (7' < 250 K), the values of specific heat capacity
at constant pressure are obtained by using a bilinear interpolation
from a existing P-T table with the data from NIST database.

B. Grid Verification

Grid convergence analysis has been performed by comparison of
the hot-gas-side wall heat flux and temperature obtained with the
base grid, coarse gird and finer grid (Table 4). Figure 13 illustrates
hot-gas-side wall heat flux and temperature. Both compari-
sons clearly demonstrate that the solutions with base and finer grids
are close to each other and thus to the grid converged results, there are
apparent solutions discrepancies between the coarse gird and the two
finer grids. For the base and finer grids, the solutions with finer grid
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Fig. 11 H, thermal conductivity comparison.

are less than those with base grid, the biggest discrepancies have been
noticed in convergent part of thrust chamber, the biggest difference
between the two solutions is less than 2% for both the wall heat flux
and temperature, which are shown in Fig. 13. The performed grid
verification demonstrates that the base mesh distribution is suitable to
accurately describe the regeneratively-cooled thrust chamber flow
and heat transfer.

C. Numerical Simulation Results

The run matrix is shown in Table 5. These cases were built up
systematically to understand modeling effects such as chemistry,
radiation and methodology.

Figure 14 depicts the computed H,O mass fraction, static
temperature, static pressure contours for case 1 and case 3, respec-
tively. It illustrates the typical H,O recombination effects taking
place within the thruster flow. The dissociated species tends to
recombine near the hot-gas-side wall, causing substantial increase in
H, 0O mass fraction. The H,O recombination also develops as the flow
expands and cools through the thruster. In the combustion chamber
and the convergent region of nozzle, the nonequilibrium effect is not
so obvious for the low hot-gas velocity and high hot-gas temperature,
while in the divergent region of nozzle, due to rapid gas expansion,
the nonequilibrium effect is obvious, as Fig. 14 shows. For the
formation of H,O is an exothermic reaction, there is continuously
heat release as the hot-gas flow in the thruster, so the computed
temperature and pressure for case 1 are higher than those for case 3 at
the same axial position. As shown in Fig. 14, temperatures and
pressures are not uniform along the radial direction and are higher in
the central region and lower close to the wall.
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Fig. 12 H, specific heat capacity comparison.
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Table 4 Number of various region nodes for grid verification

Grid Hot gas Inner wall Rib Nickel closet Coolant
Coarse 175 x50 x 3 175 x5 x 10 175 x 38 x 4 175 x5x%x7 175 x33 x 15
Finer 255 x70 x5 255 x7 % 16 255 x 57 %6 255 x 7 x 11 255 x 41 x 17
Table 5 Run matrix
Casel Case2 Case3 Case4d Case 5 (Bartz) Case 6 (Cinjarew)
Chemistry on on off off off off
Radiation on off on off empirical empirical

Figure 15 shows the computed radiative heat flux for case 1 and
case 3. As expected, high radiative heating occurs inside the
combustion chamber within which the high temperature and high
H,O concentration are prevalent. As the propulsive flow expands
past the throat, the temperature drops, hence the radiative heat flux is
low. In the divergent region of nozzle, although the hot-gas
temperature is lower, the radiative heat flux increase for case 1. The
reason for this is that the H,O mass fraction increases for the obvious
nonequilibrium effect of hot gas past the throat, much more H,O
participate in the radiation. Generally speaking, the radiative heat
flux is only a small part of the total heat flux, which is reasonable for a
LO,-LH, rocket engine, but it should not be neglected.

Figure 16 shows the wall heat flux distribution using seven
reaction and nine reaction. Both reaction belong to reduced reaction
mechanism, which includes the basic species as well as the inter-

[\
/ )
coarsemesh
— — — —base grid
——————— finer mesh
& &
i
E /‘
= /
S 4
T 7

b by by by by 3
0.1 0.2 0.3 0.4 0.5 0.6
x/m

a) Hot-gas side total wall heat flux

mediate species OH, H, O. It shows that the deviations of the com-
puted wall flux with both reduced reaction mechanism are very small.

Figure 17 shows the wall heat flux for all cases. The results show
that the computed wall heat flux profile for case 1, 2, 3, 4 follow the
same pattern and the maximum wall heat flux occurs upstream of
the throat. For the formation of H,O is an exothermic reaction, the
nonequilibrium thermodynamic effect is to change the effective heat
capacitance and mixture thermal conductivity near the wall, the wall
heat flux assuming nonequilibrium flow (case 1, 2) is higher than
using frozen flow (case 3, 4). The wall heat flux profile of case 5
follows the same pattern as case 6 and the maximum wall heat flux
occurs downstream of the throat. The wall heat flux calculated by
Cinjarew equation is higher than Bartz equation in the divergent part.
As there is an arc with small radius downstream the throat, which
causes rapid gas expansion after the arc and thus a subsequent
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Fig. 13  Grid verification plots.
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significant sharp reduction of wall heat flux. The hot-gas flow and
heat transfer using CFD can capture this flow features reasonably
well, while empirical equations can not capture it.

Figure 18 shows that the wall temperature distribution behave
the same trend as wall heat flux. It can be seen from Fig. 18 that the
location deviation of maximum hot-gas-side wall temperature of the
two methodologies is obvious. In flows through a curved cooling
channel, the interaction of pressure, viscous and inertial forces leads
to a secondary motion described in the literature as Dean vortices
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[25]. The coolant mass flux redistribution caused by Dean vortices
will enhance heat transfer in concave cooling channel (throat region)
and deteriorate heat transfer in convex cooling channel (the
convergent part of thrust chamber), so the maximum temperature
should occur upstream of the throat, where the curvature is convex,
that is to say the second methodology can capture this important flow
feature. At the thruster inlet, hot-gas-side wall temperature is almost
the same as its maximum value. This is because the inlet total
temperature is assumed to be equal to combustion chamber total
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Table 6 Simulated results using four different methods

Method Case 1 Case 2

Case 3 Case 4 Case 5 Case 6

8482 K 841 K
89.4 MW/m? 88.45 MW /m?

Throat wall temperature
Throat wall heat flux

725K 720K 790 K 788 K
784 MW/m? 77.9 MW/m? 7623 MW/m? 75.92 MW /m?

Pressure Drop

Numerical 1.92 MPa 1.9 MPa 1.8 MPa 1.79 MPa 2.05 MPa 2 MPa

Experimental 2.2 MPa 2.2 MPa 2.2 MPa 2.2 MPa 2.2 MPa 2.2 MPa

Percent error —12.7% —13.6% —18.2% —18.6% —6.8% —9.1%
Temperature Rise

Numerical 86.17 84.7 75.2 74.1 86.2 87.8

Experimental 85 85 85 85 85 85

Percent error 1.4% —0.4% —11.5% —12.8% 1.41% 3.3%

temperature, which leads to the inlet gas temperature being much
higher than the actual situation. Further improvements of simulation
are expected to consider the atomization process of LOX jets
emerged from injector elements and the flames from injector
elements. The cooling channel occurs sudden expansion at axial
location of 0.49 m and sudden contraction at axial location of 0.21 m,
there are vortices in the cooling channel at those two locations due to
inertia of coolant and sharp change in cooling channel geometry. The
vortices intensify friction and strike among fluid elements will
strengthen the mixing of the coolant and enhance the coolant heat
transfer, so the hot-gas-side wall temperature is low and the axial
temperature gradient is large at those two locations, which is harmful
to the integrity of thrust chamber.

Figure 19 shows the bulk coolant temperature distribution for all
cases. The coolant temperature increases continuously along the flow
direction because the coolant absorbs heat transferred from the hot
gas. The slope of temperature variation along the axial direction is an
indication of the amount of heat absorbed by the coolant. The slope is
almost constant, except for a small portion upstream of throat, where
the heat flux is the largest.

Figure 20 shows the bulk coolant static pressure distribution for all
cases. The heat transfer from the hot gas, as well as the cooling
channel influences the coolant pressure. As shown in this figure, the
pressure drop is larger in the throat region than the combustion
chamber and nozzle exit. This is due to the reduced cooling channel
width at the throat. Further improvements of simulation are expected
to include the cooling channel inlet manifold and outlet annulus
models to computational domain, which will cause large local
pressure loss.

Table 6 is simulation results for all cases, the experimental
pressure drop and temperature rise between inlet manifold and outlet
annulus are 2.2 MPa and 85 K (experimental data supplied by Beijing
Aerospace Propulsion Institute, CASC), respectively.

It seems that results of case 5 and case 6 fit better with experimental
results as far as pressure drop and temperature rise are concerned.
The empirical equations for hot-gas heat transfer assuming the frozen
chemistry and all variables are uniform along the radial direction, it is
a undesirable assumption as Fig. 14 shows, however, empirical
equations can predict the variables of interest in a fast way. Besides
the undesirable assumption, a huge database was necessary to
adapted semi-empirical factors to individual propellant character-
istics. Nevertheless it remained difficult to consider the boundary
layer, finite-rate chemistry, and thermodynamics of hot gas which
can be considered in the second methodology.

The results obtained using hot-gas frozen flow are lower than
experimental results, that is to say it is not appropriate to execute the
numerical simulation assuming frozen chemistry. From the table, we
can see that radiation coupling in the simulation process can improve
the prediction accuracy. The predicted coolant bulk temperature rise
of case 1 is larger than experimental value. As noticed already, in a
length downstream of thruster inlet, the predicted hot-gas-side wall
flux of case 1 is larger than actual situation which will cause the larger
computational coolant bulk temperature rise. It ought to include the
atomization process of LOX jets emerged from injector elements and
the flames from injector elements in the numerical procedure, in such
a way, the calculated hot-gas-side wall heat flux will be lower in a

length downstream of thruster inlet, and the calculated coolant bulk
temperature rise should be lower than current value and fit better with
experimental data. The predicted pressure drop of case 1 is smaller
than experimental value. The cooling channel geometry changes at
cooling channel inlet manifold and outlet annulus, i.e., sudden
expansion/contraction and curvature effects. As coolant flows
through sudden expansion/contraction cooling channel, there are
large local pressure loss for the strike, friction of fluid element and
collision with walls, the curving contour will also cause local
pressure loss. It ought to include cooling channel inlet manifold and
outlet annulus in the computational domain, in such a way, the
calculated pressure drop of case 1 will be larger than current value
and fit better with experimental data.

VI. Conclusions

Two computational methodologies with real gas thermophysical
properties model were presented for liquid rocket engine thrust
chamber regenerative cooling flow and heat transfer analysis. One
methodology was coupled heat transfer between cooling channel and
coolant using empirical equations to simulate the hot-gas-side heat
transfer, the other methodology was coupled heat transfer among hot
gas, cooling channel, coolant. Under the computational framework
of this study, the following conclusions could be reached:

1) The second methodology with finite-rate chemistry and DO
radiation model adopted in this study can be an effective method for
predicting the flow and heat transfer in regeneratively-cooled thrust
chamber; for higher accuracy, it ought to include the atomization
process of LOX jets emerged from injector elements, the flames from
injector elements in numerical procedure and cooling channel inlet
manifold, outlet annulus in computational domain.

2) The hot-gas flows in thrust chamber with chemical reaction, in
the combustion chamber and the convergent region of nozzle, the
nonequilibrium effect is not so obvious, while in the divergent region
of nozzle, the nonequilibrium effect is obvious which cause the
radiative heat flux increases for much more H,O participate in the
radiation; various reduced reaction mechanisms have little influence
on hot-gas heat transfer.

3) The location of maximum hot-gas-side wall flux and
temperature occurs upstream of the throat; at sudden expansion/
contraction location of cooling channel, the hot-gas-side wall
temperature is low and the axial temperature gradient is large; in
order to ensure integrity of thrust chamber, much more emphasis
should put on those regions.
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