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There is currently a lack of efficient heat transfer analysis methodologies for spiral channel regenerative cooling that has been
increasingly applied in liquid rocket engines. To figure out the heat transfer characteristics of the spiral channel regenerative
cooling thrust chamber, a simple 1D method based on the traditional semi-empirical formula after correcting the flow velocity
is proposed. The accuracy of this approach is verified by the 3D numerical simulation. The verified method is further used to
analyze the distribution of inner wall temperature in the test case and optimize the channel’s parameters. The research shows
that the maximum inner wall temperature cooled by the spiral channel is 8.5% lower than that of the straight channel under
the same channel size and boundary condition, indicating that the application of the spiral channel significantly improves the
cooling effect. In addition, the 1D model combined with the second-order response surface model is employed to optimize the
channel width, channel height, pitch, and inner wall thickness aiming for the best cooling effect. The calculated maximum
temperature of the inner wall after the structure optimization is 586.6 K, which is 29.8% lower than the initial structure before

optimization.

1. Introduction

Liquid rocket engine has been widely used in space propul-
sion system because of its advantages of high thrust, high
reliability, and low cost [1]. As the key subassembly of a
rocket engine, the thrust chamber provides thrust by acceler-
ating the hot gas to supersonic velocity across the throat.
During its operation, the temperature and pressure of a
modern high-performance thrust chamber are as high as
3500K and over 20 MPa, respectively. Hereby, an efficient
cooling design is a prerequisite for ensuring structural integ-
rity under such extreme thermomechanical loads [2]. As an
efficient and economical cooling method, regenerative cool-
ing is mostly used in the current thrust chamber of a liquid
rocket engine by flowing a liquid propellant into the cooling
channels machined in the inner liner [3, 4].

Limited by traditional processing methods, the regenera-
tive cooling channels generally adopt straight channels.
While by increasing the coolant velocity, the spiral cooling
channels are believed to achieve a better cooling effect. As
early as the 1930s and 1940s, the Soviet ORM-65 and RD-

1-150 engines both exploited the spiral channel structure
[5]. Milling is the main manufacturing method for these
costly and difficult-to-machine spiral channels [6-8]. With
the development of additive manufacturing technology, the
spiral channel is expected to be applied on a larger scale.
For example, NASA 40 K-IBf nozzle with spiral channels is
manufactured by a typical additive manufacturing technol-
ogy, namely, LP-DED [9]. The advantage of additive
manufacturing is that complex spirals can be machined
more easily on the one hand. On the other hand, joint
methods such as welding and electroforming can be avoided,
so that it is more difficult for connecting parts to fail. Besides
the research on the manufacturing technology of the spiral
channel, a comprehensive understanding of heat transfer
characteristics within the chamber is of utmost importance
to quantitatively analyze thermomechanical loads and
improve the performance of propulsion systems [10, 11].
At present, there are few related studies on the spiral
channel regenerative cooling analysis of the thrust chamber
[12]. Heat transfer analysis is basically concentrated on the
straight channel, which has formed two categories: the 1D
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semi-empirical analytical method and 2D/3D numerical
simulation based on CFD/FEM. The traditional thrust
chamber heat transfer calculation during the preliminary
design essentially adopts the 1D method, which is based on
the Nusselt-type empirical relations for both hot gas and
coolant sides [13]. Bartz first proposes an empirical formula
for evaluating the convection heat transfer of hot gas in the
thrust chamber [14]. From then on, the Bartz formula com-
bined with the inner wall heat conduction and the tube flow
forced convection heat transfer of coolant is widely applied
in the thrust chamber heat transfer analysis [15, 16]. With
the development of computational fluid dynamics and finite
element methods, numerical simulation is more likely to be
used to solve the heat transfer problems because of its accu-
racy and more comprehensive information [17]. Betti et al.
[18] employ a numerical procedure to predict the wall tem-
perature and heat flux as well as coolant flow characteristics
in a regeneratively cooling thrust chamber. Their results
show a reasonable agreement in terms of coolant pressure
drop and temperature gain with the published results for
the space shuttle main engine (SSME). Furthermore, numer-
ical simulation can also couple the thrust chamber heat trans-
fer and propellant combustion processes together to obtain
more accurate thermal load information [19]. A methodol-
ogy for the prediction of coupled heat transfer of combustion
and regenerative cooling is proposed by Song and Sun [2] ina
typical LOX/methane thrust chamber. They have shown that
hot-gas-side wall heat flux and temperature are nonuniform
and vary periodically in the circumferential direction. Rahn
et al. [20] conduct the heat transfer simulation based on the
frozen nonadiabatic flamelet combustion model. The good
agreement with experimental heat load data confirms the
accuracy of this conjugate heat transfer simulation.

In the process of conducting the straight channel heat
transfer analysis, researchers find that the parameters of
the cooling channel affect the thrust chamber thermal load
significantly [21, 22]. Riccius et al. [23] discover that
decreasing the inner wall thickness, width, and height of
the cooling channel will improve the cooling effect. In order
to minimize the thermal load of the regenerative cooling
thrust chamber, it is necessary to design the cooling channel
parameters through various optimization algorithms [24,
25]. Ji and Sun [26] use three different optimization
methods, namely, the response surface method, combined
with the line search method and the conjugate gradient
method, to optimize the size of the regenerative cooling
channel. The optimized structures have the same character-
istics of a higher aspect ratio and thinner wall thickness. Xu
et al. [27] establish an optimal design model based on the
backpropagation (BP) neural network method and the
global search algorithm to attain the optimal design results
of the regenerative cooling structural parameters. The opti-
mized SSME-MCC regenerative cooling channel reduces
both the maximum wall temperature and the coolant pres-
sure loss. Judging from the existing literature, whether it is
heat transfer analysis or optimization, researchers pay atten-
tion to straight channel regenerative cooling. However,
related research on the spiral channel regenerative cooling
is quite scarce.
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In short, there is a lack of research on the heat transfer
and optimization design of spiral cooling channels at pres-
ent, which directly leads to the inability to quantitatively
evaluate the improvement of the cooling effect brought by
the spiral channel structure, and the inability to complete
reasonable design of channel parameters. In response to
the above problems, this paper proposes a 1D calculation
method for spiral channels based on the simplified semi-
empirical formula. Moreover, a 3D numerical simulation is
applied to verify the accuracy of the proposed 1D method,
in addition to obtaining the temperature distribution over
the entire inner wall domain. At last, to obtain the cooling
channel parameters with the best cooling effect, a second-
order response surface model is established for optimization.
The optimized maximum temperature of the inner wall is
reduced by 29.8%.

This paper is arranged as follows: a 1D heat transfer cal-
culation model is proposed in Section 2. In addition, the
basic theory of 3D numerical heat transfer simulation that
will be used is also introduced. In Section 3, after designing
the spiral channel regeneration cooling thrust chamber, we
use the 1D method to analyze the heat transfer characteris-
tics and verify its accuracy by 3D numerical simulation.
Afterwards, the optimal configuration of the spiral channel
parameters is designed by the second-order response surface
model in Section 4. Lastly, the main conclusions are stressed
in Section 5.

2. Methods

Because of its unique geometric configuration, the flow char-
acteristics of the coolant in the spiral channel are different
from those in the straight channel, so the heat transfer anal-
ysis is also distinguished from that of the straight channel.
This section will propose a 1D heat transfer calculation
method for the spiral channel. In addition, 3D numerical
models for method validation will be presented.

2.1. 1D Heat Transfer Analysis. A comprehensive thermal
model for a regeneratively cooling thrust chamber must
account for convection from the hot gas to the inner wall,
heat conductance through the wall, and convection from
the inner wall to the coolant, as shown in Figure 1 [28].
The 1D coupled flow and heat transfer model based on the
criterion relation is a simple and efficient approach that
tends to obtain reasonable results compared to 2D/3D
numerical simulation. Due to the thin inner wall and high
thermal conductivity, this system can quickly establish ther-
mal equilibrium, so it can be regarded as a steady-state anal-
ysis without considering time effects. The following
assumptions are made:

(i) Treat the heat flow as 1D, and only propagate
through the inner wall of the thrust chamber in
the radial direction

(ii) Regard the inner wall of the thrust chamber as a flat
plate, the area on both sides of the inner and outer
walls of the thrust chamber is considered the same
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FIGURE 1: Schematic diagram of heat transfer process.

(iii) Ignore the radiation heat transfer process between
the gas and the wall

(iv) Since the heat transferred to the outside through the
outer wall is much smaller than the heat absorbed
by the coolant, it is assumed that the outer wall is
an adiabatic boundary

(v) The convective heat transfer process between the
inner wall surface and the coolant side does not
affect the combustion flow process of the propellant
in the thrust chamber

2.1.1. Convection Heat Transfer of Hot Gas. The heat transfer
from the combustion gases to the chamber walls of the
thrust chamber occurs mainly through forced convection,
which includes the heat transfer of the laminar part close
to the wall and the heat transfer of the turbulent part in
the boundary layer. The basic correlation for this compli-
cated convective heat transfer can be expressed by

qzhg(Taw_ng)’ (1)

where q is the convective heat transfer heat flux, h g is the
gas-side convective heat transfer coefficient, and T, is the

adiabatic wall temperature of the gas, which can be obtained
by [29]

1+r((k-1)/2)Ma?
T, =T = TR, 2
WS 1+ (k- 1)/2)Ma? R @)

where T is the stagnation temperature of hot gas, Ma is the
local Mach number, r is the local recovery coefficient, R is
the effective recovery coeflicient (0.90~0.98), and k is the
specific heat ratio of hot gas. The heat transfer coefficient
in equation (1) is calculated using the Bartz formula [14]:

h, =

0.026 yo‘ch (_C) 0.8 g 0.1 é 0490
DY% \ pr%¢ c* R A ’
ns

T _1 17-0-68 _1 -0.12
o= |8 1+k—Ma2 ¥ = 1+k—Ma2 ,
2T, 2 2 2
3)

where D,, A,, and A denote diameter at the throat, area at
the throat, and local cross-sectional area, respectively. o,
¢*, and R denote dimensionless factor, characteristic veloc-
ity, and throat radius of curvature, respectively. p,. is the
chamber pressure. The effect of the boundary layer is con-
sidered in the derivation of the Bartz formula.

2.1.2. Heat Conduction on the Inner Wall. The heat flux
transferred from the gas wall surface to the liquid wall sur-
face through the inner wall can be expressed as follows:

~

q= i(ng_wa)’ (4)

where A, is the thermal conductivity of the material of the
chamber wall and §,, is the thickness of the inner wall.

2.1.3. Convection Heat Transfer of the Coolant. In the ther-
mal boundary layer around the coolant, the heat exchange
between the coolant and the inner wall of the thrust chamber
is performed by forced convection. The heat flux can be cal-
culated by the following formula:

q=hs (T~ Ty), (5)

where hf is the convective heat transfer coefficient between

the coolant and the inner wall surface, which can be calcu-
lated by formula (6).

hf = hcnp’ (6)

where h_ is the heat transfer coeflicient between the coolant
and the wall surface without ribs, which can be calculated by
equation (7), and 1, is the rib coefficient, which can be cal-

culated by equation (8) [30].

Nuld
ho=_—"1,
¢ d

e
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In the formula, a is the channel width of the cooling
channel, b is the rib width of the cooling channel, and & is
the channel height of the cooling channel. Nu is the Nusselt
number, which can be calculated by [30]

(7)
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FI1GURE 2: Schematic diagram of equivalent coolant velocity in spiral channel. (a) Spiral channel regenerative cooling. (b) Straight channel

regenerative cooling.

where Pr; and Pr,, are the Prandtl number of the coolant and
the Prandtl number of the coolant on the wall, respectively.

2.1.4. Analysis of Coolant Flow in Spiral Channel. Since the
thrust chamber is segmented into relatively small sections
along the axis direction in the 1D analysis, every section of
the spiral channel can be treated as an equivalent straight
channel following the law of mass conservation as shown
in Figure 2. The equivalent flow per axial length of the spiral
channel can be expressed as

Q1_ Q2

" cos @ (10)

where 0 is the angle between the spiral channel and the thrust
chamber axis. Q; and Q, are the total flow mass of coolant in
the spiral channel and straight channel, respectively.

Within the same time ¢, the total coolant flow mass
through the spiral channel and the straight channel can be
expressed as

Q, = pAv;t, (11a)

Q, = pAw,t, (11b)

where A is the cross-sectional area of the cooling channel
and v, and v, are the flow velocities of coolant in the spiral
channel and straight channel, respectively. According to
equations (10) and (11a) and (11b),

V)

(12)

v, = .
17 cos 6

Therefore, the equivalent flow velocity in the spiral chan-
nel is faster than that of the straight channel, which is also a

manifestation of the improved cooling effect for the spiral
channel.

2.1.5. Solution Methodology. Based on the analysis of the
above three heat transfer processes and the flow characteris-

tics in the spiral channel, a calculation program is developed
in the Fortran language. As shown in the flow chart of
Figure 3, the main processes are summarized as follows:

(i) Input the thrust chamber design parameters, and
divide the chamber into multiple sections

(ii) Calculate the thermodynamic parameters of hot gas
per section such as the Prandtl number, specific heat
capacity, and the Mach number by the Rocket Propul-
sion Analysis (RPA) Lite Edition [31]. Besides, the
coolant parameters under different temperatures are
obtained by establishing the interface of REFPROP
(NIST) [32]

(iii) An initial hot-gas-side wall temperature T/wg is
assumed to calculate heat transferred from the gas
to the inner wall, as well as the convection heat
transfer from the inner wall to the coolant

(iv) According to the inner wall heat conduction for-
mula, the hot-gas-side wall temperature T, is
updated. The calculation will iterate until the error
between T'Wg and T, is within the acceptable
range

(v) After completing the solution of the above section,
update the temperature and pressure of the coolant
to solve the following sections. Finally, the distribu-
tion of inner wall temperature is acquired

2.2. 3D Numerical Heat Transfer Analysis. The main pur-
pose of the 3D numerical heat transfer simulation in this
paper is to verify the accuracy of the proposed 1D steady-
state method; therefore, only the steady-state flow and heat
transfer in the thrust chamber are considered. In the numer-
ical simulation of heat transfer, the hot gas at the inlet is
assumed to be completely combusted, and the atomization,
vaporization, and combustion processes of propellant are
not considered. The continuity, momentum, and energy
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FiGURE 3: Flow chart of 1D heat transfer calculation.

equations governing the compressible and stable 3D flow of
hot gas and coolant are given by [33]:

Ve(pv) =0,
Ve(pvv) = =Vp+Ve (?) R (13)

Ve(v(pE +p)) = Vs (keffVT - (teff-v)) +S,

The shear stress f in the preceding equations can be
expressed as

t=u [(VV+VVT) - iV-vI} . (14)

The standard k-epsilon equation is used for the turbulent
flow of gas and coolant:

2 o[ ok ) ok
at(Pk)Jraxj[P”jaxj(f’”ak)axj—ﬁijsij pe+ dps

0 0 u\ oe| e &
A ox; {P”Jf <F‘ + U_s) a_xj =Ca g TSy~ P * e
(15)

In the process of fluid-solid coupling heat transfer, the
fluid domain and the solid domain follow different govern-
ing equations. In order to realize the exchange of data in dif-

ferent domains, the fluid and solid interface must meet the
continuous boundary condition, namely, [34]
T

=T (16a)

interface | solid interface ‘ fluid’

(&), )
on solid on

The above-governing equations of the fluid domain are
discretized by the finite volume method. The viscous term
and convective term are calculated by the central difference
scheme and the second-order upwind scheme, respectively.
The pressure-based coupled algorithm is applied to solve
the heat transfer process.

(16b)

fluid

3. Analysis of Heat Transfer Results

This paper takes a cryogenic liquid oxygen/methane engine
thrust chamber as the research object, and its main design
parameters are shown in Table 1. The engine is preliminarily
designed for hot run testing, and liquid nitrogen is the best
choice acting as the coolant considering our laboratory con-
ditions. In this section, the spiral channel cooling configura-
tion of the thrust chamber is designed according to the spiral
equation. The 1D simplified algorithm is applied to analyze
the results of spiral channel regenerative cooling, mainly
the temperature distribution of the inner wall and the cool-
ant. Also, the 3D temperature distribution of the thrust
chamber of the spiral channel is analyzed. Finally, the
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TABLE 1: Main parameters of the thrust chamber.
Project Designed value
Fuel/oxidant Liquid methane/oxygen

Inner wall material CuAgZr
Mixture ratio O/F 3.6
Chamber pressure (MPa) 3
Coolant Liquid nitrogen
Mass flow of the coolant (kg/s) 1.5

Inlet temperature of the coolant (K) 70
Contraction ratio/expansion ratio 9/5.5

Throat diameter (m) 0.0274

accuracy of the proposed 1D simplified calculation method
is verified by the results of the 3D method.

3.1. Geometric Model Design. As to the design of the thrust
chamber spiral channel, the trajectory of the spiral must be
determined first. The schematic diagram of the spiral is
shown in Figure 4(a) with the center of the nozzle inlet as
the origin and the axial direction as the x-axis. The spiral
line can be regarded as the spiral motion trajectory of point
P on the thrust chamber. The motion of this point can be
divided into three directions, namely, the linear motion v,
along the x-axis and the circular motions v, and v, perpen-
dicular to the x-axis. v, is a linear motion with uniform
velocity, while the motion perpendicular to the x-axis is a
circular motion with uniform angular velocity. Under the
circumstances, the trajectory of point P is the spiral, which
can be expressed by equation (17) in the Cartesian coordi-
nate system:

y:f(x) cos 7’ (17)

In the formula, /' is the pitch of the spiral, that is, the
distance of point P moving along the x-axis after making a
circular motion. Double arc nozzle is adopted in this article.
This kind of nozzle configuration is suitable for the thrust
chamber in this paper with relatively small shrinkage. The
function of the double arc nozzle profile f(x) is shown in

\/R12_<x_x01>2+y01’ Lc<x<L2>
Yoo =\ R = (x=xp)%  Ly<x<lLs,

flx)= (18)
Yos ~\/ R’ = (x=x55)% Ly<x<Ly
\/R42—(x—x04)2+y04, L,<x<L.

The parameters of the cooling channel refer to the regen-
erative cooling design results of similar thrust chambers. The
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number of cooling channels is determined to be 30. Accord-
ing to the restriction relation between cooling channel
dimensions and preliminary heat transfer calculation, the
inner wall thickness and cooling channel width and height
are 1 mm, 1.8 mm, and 3.5mm, respectively. This size will
be used for subsequent 1D and 3D heat transfer analyses.
Based on the above-designed spiral and channel parameters,
a 3D model of the thrust chamber of the spiral channel
regenerative cooling is established by using a 3D modeling
software, as shown in Figure 4(b).

3.2. 1D Heat Transfer Result. The heat transfer characteris-
tics of the designed spiral channel thrust chamber are ana-
lyzed using the 1D simplified algorithm. The designed
thrust chamber is divided into 100 sections along the axial
direction, and the thermodynamic parameters of the hot
gas in each section are firstly calculated by the Rocket Pro-
pulsion Analysis (RPA) Lite Edition. Table 2 lists the main
parameter values of typical sections.

Figure 5 shows the calculation results of the intercepted
convergence and expansion sections. Since there is no sud-
den shrinkage and expansion in the cooling channel, the
changes in temperature, heat flux, and pressure are very
smooth. As shown in Figure 5(a), the heat flux increases
first, reaching the maximum value upstream of the throat,
and then decreases along the axial direction, which is in line
with the general distribution law of thrust chamber heat flux.
Figure 5(b) demonstrates the temperature evolution of the
hot-gas-side inner wall (T,,) and the coolant inner wall

(T\5)- Both share the same trend and reach the maximum
value of 835.5K and 730.8 K upstream of the throat, which
is consistent with the location of the maximum heat flux.

The coolant continuously absorbs heat in the process of
flowing from the nozzle outlet to the inlet and gradually
increases its temperature by 71.44K. As illustrated in
Figure 5(c), the fastest heating rate is located in the throat
region. At the axial position of about 31 mm, the coolant is
in a supercritical state, which persists until the coolant exits.
In addition, due to the existence of flow resistance, the cool-
ant endures a pressure loss of 0.071 MPa, as shown in
Figure 5(d).

3.3. 3D Numerical Result. The 3D numerical simulation is
employed to calculate the heat transfer result of the spiral
channel. In addition to verifying the accuracy of the pro-
posed 1D heat transfer calculation method for the spiral
channel, a more detailed inner wall temperature distribution
in 3D space can also be obtained. After that, the temperature
distribution of the whole solid domain is studied, which pro-
vides a more comprehensive understanding of the heat
transfer characteristics.

3.3.1. Grid Generation and Grid Independent Test. Different
from the straight channel regenerative cooling thrust cham-
ber, the spiral channel regenerative cooling thrust chamber
is not circumferentially symmetrical, which requires a full
3D simulation model. In addition, the unstructured tetrahe-
dral volume grid is mainly applied because of the complex
shapes of the hot gas domain, coolant domain, and inner
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FIGURE 4: Spiral channel design. (a) Schematic diagram of spiral line. (b) 3D configuration of spiral channel.

TaBLE 2: Thermodynamic parameters of typical sections.

Axial coordinate (mm) Gas temperature (K) Ratlol’?:astgeaﬁC Mach number Xlgf ;s:-ts}; Spec1ﬁ(§ /ﬁgigp acity :;:;Seti
0 3448.78 1.1251 0 1.1437 2278.4 0.5649
20.5 3442.70 1.1250 0.192 1.1422 2278.0 0.5651
47.3 3287.31 1.1213 1.000 1.1040 2267.5 0.5716
79.8 278391 1.1125 2.332 0.9785 2225.3 0.5940
111.64 2648.67 1.1122 2.635 0.9444 2210.7 0.6000

wall domain. To obtain a high-quality heat transfer solution,
the boundary layer grid is set at the interface of the fluid and
solid domains. The meshing result is shown in Figure 6.

In the simulation, both the parameters of the cooling
channel and the boundary conditions such as the coolant
mass inlet flow rate are the same as those of the 1D calcula-
tion. The inner wall thickness and cooling channel width
and height are 1mm, 1.8mm, and 3.5mm, respectively.
The boundary conditions are set as shown in Figure 6. The
inlet pressure of hot gas is 3 MPa, and the total temperature
is 3449 K. The mass fractions of CO,, H,0, and CH, are
0.5381, 0.4402, and 0.0217, respectively. The inlet mass flow
rate of coolant is 0.05kg/s, and the temperature is 70 K. The
physical parameters of liquid nitrogen, such as the density,
specific heat, viscosity, and thermal conductivity, are
imported from the National Institute of Standards and Tech-
nology (NIST) data library. The no-slip boundary condition
is specified for the thrust walls, and the fluid-solid interfaces
are set as coupling conditions [32].

It is necessary to perform the grid independence test
after grid discretization. In this paper, three different levels
of fineness of meshes are used, namely, coarse grid, base
grid, and fine grid. They are different in the element size of
the three computational domains and the number of mesh
layers in the boundary layer. Taking the inner wall as an
example, the sizes in these three grids are 1 mm, 0.5mm,
and 0.3 mm, respectively. Figure 7 presents the calculated
maximum gas-side wall temperature along the axial direc-
tion for various grid levels. It can be seen that the coarse grid
will overestimate the inner wall temperature, while the cal-
culation result of the fine grid is consistent with the basic
grid with an error below 1%, which proves that the basic grid

solution is independent of the grid. Therefore, the base grid
shown in Figure 6 is adopted for subsequent studies. There
are 8,450,544 elements and 2,349,038 nodes in the base grid.

3.3.2. Results of 3D Numerical Simulation. Figure 8(a)
depicts the temperature distribution of the hot-gas-side
inner wall surface. Along the spiral trajectory of the coolant,
the wall temperature exhibits a regular feature; that is, the tem-
perature is the lowest at the coolant inlet and reaches the max-
imum upstream of the throat. In addition, the temperature
results of these 30 cooling trajectories are consistent, and they
can be considered to follow a spiral symmetry law. These laws
are similar to the general regenerative cooling thrust chamber
wall temperature in Reference [2].

We also analyze the temperature distribution of the
entire inner and outer wall domains. The 3D structure is sec-
tioned along the radial direction to the 2D result shown in
Figure 8(b). During the stable operation of the thrust cham-
ber, the outer wall maintains a relatively low temperature,
whose maximum value is only about 320 K. Regardless of
the axial position, the maximum temperature of the inner
wall is located in the center of the cooling channel. Since
the tangent plane is not in the direction of the cooling chan-
nel spiral, the temperature change in the axial direction is
not completely continuous. Also, it can be seen from the
subplot that the temperature gradient of the inner wall and
the rib along the radial direction is relatively large, especially
at the connection between the inner wall and the rib.

3.4. Result Analysis and Verification. The distributions of
gas-side wall temperature between the 1D simplified calcula-
tion method and the 3D simulation are compared for
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FIGURE 5: Spiral channel regenerative cooling results. (a) Convective heat flux. (b) Inner wall temperature. (c) Coolant temperature. (d)

Coolant pressure.

method validation. Moreover, to validate the improvement The 1D calculation method of the straight channel
of the cooling effect of the spiral channel structure, the 1D regenerative cooling is similar to that of the spiral channel,
and 3D thrust chamber models with straight channels are  except that the processing of the equivalent velocity in equa-
constructed. The model shares consistent coolant tempera- tions (10)-(12) is omitted. The 3D numerical solution of
ture, mass flow, cooling tank parameters, etc. with that of  straight channel regenerative cooling also undergoes a

the spiral channel.

grid-independent check. The relevant solution settings are
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the same as the spiral channel regenerative cooling. Figure 9
shows the temperature distribution of the hot-gas-side wall
and the 2D solid domain obtained by straight channel regen-
erative cooling. It can be found that the temperature distribu-
tion along the axial direction is similar to that of the spiral
channel regenerative cooling; that is, the temperature reaches
a maximum value upstream of the throat. The biggest differ-
ence between the two is that the temperature distribution of
the straight channel cooling is circumferentially symmetrical.

The temperature data of the entire hot-gas-side surface in
spiral and straight channel regenerative cooling obtained by

3D simulation are compared in Figure 10. We extract the tem-
perature distribution data along the axial direction of the
entire hot-gas-side wall, forming a wide band of data. The cor-
responding results calculated from the 1D methods are also
plotted in Figure 10. The two methods share the same temper-
ature evolution and the locations of the dangerous cross-
section. However, it is clear that the 1D method using the
Bartz formula overestimates the temperature of the inner wall,
which is consistent with the conclusions in previous literatures
[2, 35, 36]. A possible reason for the overestimation is that the
Bartz formula does not take into account the effect of thickness
variation of the boundary layer on the gas heat flux [29, 37]. In
the 1D method, the temperature of the dangerous cross-
section upstream of the throat decreased from 913.9K to
835.5K, a decrease of 78.4 K, after using the spiral channel rel-
ative to the straight channel regenerative cooling. In the 3D
numerical simulation, the corresponding dangerous cross-
section temperature decreased by 76.9K from 686.6K to
609.7 K. The deviation of the inner wall temperature reduction
calculated by these two methods is only 1.95%, which verifies
the accuracy of the 1D method proposed in this paper.

The cooling effect of the spiral channel is better than that
of the straight channel in the entire axial range of the thrust
chamber. For example, at the dangerous cross-section, the
inner wall temperature using the spiral channel is 78.4K
(8.6%) lower than that of the straight channel. Furthermore,
the thermal and mechanical loads of the thrust chamber can
be significantly reduced by using the spiral channel. It
should also be noted that the improvement of the cooling
effect by adopting the spiral channel is at the cost of a greater
coolant pressure drop. In this case, the coolant pressure
drops of the spiral channel and straight channel are
0.071MPa and 0.044 MPa, respectively. Therefore, the
advantages and disadvantages of spiral channels should be
considered comprehensively in practice.
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FiGure 8: The inner wall temperature distribution of spiral channel obtained by 3D simulation. (a) Hot-gas-side wall temperature
distribution. (b) 2D slice temperature of the whole solid domain.

4. Optimization Design structure to minimize the thermal load of the inner wall.

This section begins with an introduction to the methods
The structural parameters of the cooling channel have a sig-  and principles used in optimizing the design. After that,
nificant influence on the regenerative cooling effect. It is nec-  the proposed method in Section 2.1 is employed to optimize

essary to optimize the spiral channel regenerative cooling  the main parameters of the spiral channel.
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4.1. Theory of Optimal Design. In order to obtain the struc-
ture of the spiral channel under the best cooling effect, the
optimization design research is carried out by taking the
channel width, channel height, pitch, and inner wall thick-
ness as design variables and inner wall temperature as objec-
tive functions. For the cooling channel optimization, the
response surface method is commonly used, because the

relationship between design variables and design objective
is highly nonlinear and cannot be represented by an explicit
function. As an optimization method that combines experi-
mental technology and applied mathematical statistics, the
response surface method can obtain an accurate approximation
function relationship in a local range through fewer experi-
ments. A hypersurface response surface function is constructed
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by the least squares method. The typical second-order poly-
nomial response surface approximate function is expressed
as follows:

n n n
y' =a,+ Z ox; + Z Z XX (19)
i=1

i=1 j=1

where « is the polynomial coefficient, n is the number of
design variables, and x is the design variable.

For the purpose of obtaining a reliable response surface
function, it is vital to select suitable sample points. The Latin
hypercube experimental design method (LHD) is employed
here to determine the initial sample points. This method
can effectively reflect the overall distribution of random var-
iables through sampling values. In addition, the method can
better fit nonlinear relationships while possessing effective
space-filling ability. The basic principle of LHD is that for
n mutually independent random variables x,, x,, --+, x,,, each
random variable is divided into M intervals. The sample x,,
extracted from the m interval segment in random variable
X is as follows:

afm-1 u
Xem = Fyi —r T u) (20)

Referring to the optimization algorithm, the nonlinear
programming by quadratic Lagrangian (NLPQL) is adopted
because of the nonlinear and continuous characteristics of
the cooling channel optimization problem. The algorithm
assumes that the objective function is continuously differen-
tiable, thereby expanding the objective function into a
second-order Laplace equation and linearizing the con-
straints. Finally, the optimization calculation is transformed
into a nonlinear quadratic programming problem to acquire
the minimum value of the objective function. The second-

13
TaBLE 3: Value range of each parameter.
Parameter Channel Channel Pitch Inner wall
height width thickness
Range 1.5-5.0 0.8-30  180.0-400.0  0.8-3.0
(mm)
TABLE 4: Specific parameters of each sample point.

Points Channel height ~ Channel Pitch Inner wall

(mm) width (mm) (mm) thickness (mm)
1 1.5 2.093 289.4 1.541
2 1.518 1.176 3514 2.292
3 1.535 1.231 226.4 2.259
4 1.553 0.811 191.1 2.657
5 1.57 1.297 287.2 2.127
200 5.0 1.894 275.1 0.944

order equation is improved by the quasi-Newton formula,
and the stability of the algorithm is improved by linear
search. The mathematical model of the optimization prob-
lem in this paper is written as

min W(x),

nmin < 7’] < qmax’ (21)

! .
x;<x<xf, (i=1,2,-+,n),

where W represents the objective function, # represents the
constraints, and x represents the design variables.

4.2. Optimization Results and Analysis. An optimization
design study is carried out in order to obtain the structural
parameters of the spiral channel with the best cooling effect.
A second-order response surface model is employed for fit-
ting. The ranges of the design variables take into account
the constraints among dimensions, the processing capacity
of our laboratory, basic strength requirements, and other
constraint conditions. Table 3 gives the specific value range
of each parameter.

The heat transfer analysis method uses the proven 1D
method proposed in Section 2.1. It is simple and efficient,
which can improve the efficiency of the optimal design. In
order to obtain a reliable response surface function, the Latin
hypercube experimental design method is used to design the
initial sample points. The number of collection points is 200,
and the specific parameters of each point are shown in
Table 4.

Figure 11(a) shows the effect of channel width and chan-
nel height on the maximum inner wall temperature when
the pitch and the wall thickness of the thrust chamber are
constant. It can be seen from the figure that the larger the
channel width and the smaller the channel height, the lower
the maximum inner wall temperature. The results could be
explained that both the increase in channel width and the
decrease in channel height reduce the flow area with other
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FIGURE 11: Response surface for parameter effects. (a) Effect of channel width and channel height on the maximum temperature of inner
wall. (b) Effect of pitch and wall thickness on the maximum temperature of inner wall.

parameters unchanged. As a result, the coolant flowing
velocity increases. According to equation (9), the convective
heat transfer coefficient on the coolant side will increase with
the increase of the flow velocity. In addition, it can be found
that the effect of the channel height on the maximum tem-
perature of the inner wall is less than that of the channel
width. This is owing to the reduction of the channel height
that will also generate an opposite effect; that is, the reduc-
tion of the channel effect coefficient in equation (8) leads
to a decrease in heat dissipation.

Figure 11(b) depicts the effect of pitch and wall thickness
on the maximum inner wall temperature when the channel
width and channel height are kept unchanged. It is clear that
the smaller the pitch, the smaller the wall thickness, and the
lower the maximum temperature of the inner wall. When
the wall thickness is reduced, on the one hand, the heat flux

conducted by the inner wall is larger, and on the other hand,
the temperature of the side wall surface of the coolant
increases. Both factors lead to an increase in the convective
heat transfer intensity of the coolant, which improves the
cooling effect. When the pitch is reduced, the angle 6 in
equation (12) increases and the coolant velocity accelerates,
resulting in a better cooling effect. In addition, we can find
that the influence of the inner wall thickness on the maxi-
mum temperature of the inner wall is greater than that of
the pitch.

The influence of the four independent variables of the
spiral channel regenerative cooling on the maximum tem-
perature of the inner wall is analyzed, as shown in
Figure 12. Since the second-order response surface is used
in this paper, there are 14 parameter items in total. In the
figure, blue indicates a positive correlation, and red indicates



International Journal of Aerospace Engineering

15

Pitch-inner wall thickness

Channel width-inner wall thickness
Channel width-pitch

Channel height-inner wall thickness
Channel height-pitch

Channel height-channel width
Inner wall thickness?

Pitch?

Channel width?

Channel height?

Inner wall thickness

Pitch

Channel width

Channel height

10 15 20 25 30 35
Influence rate (%)
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a negative correlation. Most of them are positively correlated
with temperature; that is, the higher the value, the higher the
temperature. Obviously, the height and width of the cooling
channel have the greatest influence on the maximum tem-
perature of the inner wall, while the influence of the pitch
is not obvious.

The optimization design is carried out using the nonlin-
ear programming by quadratic Lagrangian (NLPQL) algo-
rithm introduced in Section 4.1. The final optimization
results are as follows: the channel height is 5.0 mm, the
channel width is 0.8 mm, the pitch is 180.0mm, and the
inner wall thickness is 0.8 mm. Under this set of design
parameters, the maximum temperature of the inner wall is
586.6 K. Compared with the calculated result of 835.5K
before optimization, the temperature has dropped by
29.8%. It should be noted that these optimization laws and
results are only applicable to the thrust chamber in this
paper. The prerequisites have a great influence on the
results, such as the specific mass flow rate, equivalence ratio,
chamber dimensions, the type of propellants, and the mate-
rial of the thrust chamber. In conclusion, by carrying out the
optimal design of the spiral channel, the correlation between
the inner wall temperature and the main design parameters
has been clarified. What is more, the cooling effect of the
optimized spiral channel has been greatly improved, which
is of great significance to its design improvement.

5. Conclusions

Although spiral channel regenerative cooling has been used
increasingly, there is no effective heat transfer analysis
method. Aiming at this problem, this paper proposes a sim-
plified 1D inner wall temperature prediction method for spi-
ral channel regenerative cooling. Based on the traditional
semi-empirical formula, the method corrects the flow veloc-
ity of the coolant according to the characteristics of the spiral
channel. The proposed method is verified by 3D numerical
simulation based on a pressure-based coupled algorithm

and a conjugate manner. The two methods are consistent
in predicting the magnitude of the temperature reduction
at the dangerous cross-section of the inner wall with an error
of 1.95% in the test case. The characteristics of spiral channel
regenerative cooling are analyzed by the proposed 1D
method and the 3D numerical simulation, and the optimal
design of the spiral channel is studied by the 1D method.

For the spiral channel regenerative cooling, the inner
wall temperature first decreases and then increases along
the axial direction, reaching the maximum value upstream
of the throat. Then, it gradually decreases to its minimum
at the gas outlet. Under the same structural parameters, the
maximum temperature of the inner wall surface cooled by
the spiral channel is 835.5K, which is 8.5% lower than the
maximum temperature of 913.9K of the straight channel.

While using the 3D method for method validation, the
temperature distribution of the entire wall solid domain
is also analyzed. Regardless of the axial position, the max-
imum temperature of the inner wall is located in the cen-
ter of the cooling channel. The temperature gradient of the
inner wall and the rib along the radial direction is rela-
tively large.

Taking channel width, channel height, pitch, and inner
wall thickness as design variables and taking the inner wall
temperature as the objective function, the response surface
methodology is applied to obtain the optimal structure that
achieves the best cooling effect. For the thrust chamber
and its prerequisite in this paper, the final optimization
results are as follows: the channel height is 5.0 mm, the chan-
nel width is 0.8 mm, the pitch is 180.0 mm, and the inner
wall thickness is 0.8 mm. The calculated maximum temper-
ature of the inner wall after the structure optimization is
586.6 K, which is reduced by 29.8%.

In short, this paper proposes an efficient heat transfer
analysis method for spiral channel regenerative cooling,
which can realize an accurate prediction of the maximum
inner wall temperature. This method has strong applicability
in the early stage of thrust chamber design.
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Nomenclature

k:

Ma:
Nu:
pe
Pr:
Prf:

X015 X025 X035 X4

y:

Yo15Vo2 V035 Voat

L.sL,;Ly;L,;L:

Local cross-sectional area of nozzle (m?)
Cross-sectional area of cooling channel
(m?)

Area at the throat (m?)

Channel width (m)

Rib width (m)

Characteristic velocity (m/s)

Specific heat (J/(kgeK))

Diameter at the throat (m)

Hydraulic diameter (m)

Function of the double arc nozzle profile (-)
Channel height (m)

Pitch of the spiral (m)

Convective heat transfer coefficient in the
hot-gas side (W/(m?+K))

Convective heat transfer coefficient in the
coolant side (W/(m?eK))

Convective heat transfer coefficient in the
coolant side without ribs (W/(m?eK))
Specific heat ratio of hot gas (-)
Different axial lengths of nozzle (m)
Mach number (-)

Nusselt number (-)

Chamber pressure (Pa)

Prandtl number of hot gas (-)

Prandtl number of the coolant (-)
Prandtl number of the coolant on the wall
)

Total flow mass of coolant (Kg)

Heat flux (W/m?)

Local recovery coefficient (-)

Effective recovery coeflicient; also throat
radius of curvature (-)

Reynolds number (-)

Curvature at different positions of nozzle
(m)

Adiabatic wall temperature of hot gas (K)
Stagnation temperature of hot gas (K)
Hot-gas-side wall temperature (K)
Coolant side wall temperature (K)
Coolant temperature (K)

Time (s)

Flow velocity of coolant in the spiral
channel (m/s)

Flow velocity of coolant in the straight
channel (m/s)

X coordinate (m)

X coordinates of curvature center at dif-
ferent positions of nozzle (m)

Y coordinate (m)

Y coordinates of curvature center at dif-
ferent positions of nozzle [m]

Z coordinate (m)

Rib effect coeflicient (-)

Angle between the spiral channel and the
thrust chamber axis (rad)

International Journal of Aerospace Engineering

At Heat conductivity coefficient of the inner
wall (W/(m* K))

Ay Thermal conductivity of the coolant (W/
(m” K))

W Viscosity of hot gas (Paes)

p: Density of coolant (kg/m?)

o: Dimensionless factor (-).
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