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Regenerative cooling technology is the most widely used cooling technology in liquid rocket engines, and flow distribution is very
important for regenerative cooling heat transfer. In this work, the flow distribution characteristics of Z-type parallel channels were
studied through numerical simulation, and the effects of flow area ratio, inlet header shape, and inlet aspect ratio were analyzed.
Results showed that changing the inlet cooling header can improve the uniform distribution of flow rate effectively. The
nonuniformity coefficient and fuel temperature varied with change in the flow area ratio, inlet header shape, and inlet aspect
ratio. The maximum temperature of the wall decreased from 1334.52K to 1220.61K when the flow area ratio was changed
from 1 to 0.25. An appropriate decrement in the inlet header shape was beneficial to the uniform flow distribution. The inlet
aspect ratio should be reduced properly to ensure that each channel experiences similar pressure drop. This research has a
certain reference value for the structural design of regenerative cooling channels.

1. Introduction

Regenerative cooling technology is the most widely used
cooling technology in liquid rocket engines [1–3]. During
regenerative cooling, the coolant enters the cooling channel
at a low temperature (usually lower than the critical temper-
ature) under supercritical pressure. After heat is absorbed
from the combustion chamber, the fuel temperature gradu-
ally increases and finally reaches the supercritical state. The
process of fluid flow and heat transfer in the regenerative
cooling channels of liquid rocket engines is very complex.
In particular, fluid density [4], viscosity, specific heat, and
the thermal diffusion coefficient change dramatically [5, 6]
near the quasicritical point. The buoyancy and flow acceler-
ation caused by the change in physical parameters have a
massive effect on the heat transfer of the fluid [7–9]. Under
high temperatures, coking and carbon deposition caused by
the pyrolysis of hydrocarbon fuel can also cause the blockage
of regenerative cooling channels [10–15]. The application of

the heat released from combustion and aerodynamic heating
to the wall surface with unsteady and uneven thermal loads
[16–18] results in uneven cooling flow distribution. The
uneven flow distribution is one of the direct reasons for the
uneven temperature distribution. This will eventually cause
excessive flow deviation, temperature deviation between
channels, as well as the unreasonable utilization of fuel cool-
ing capacity and waste of finite heat sink.

Only a few studies have been conducted on inlet header
shape-related flow distribution in regenerative cooling
channels with hydrocarbon fuel as the working medium.
Ran [19] studied the flow distribution characteristics of avi-
ation kerosene RP-3 in vertical parallel U-pipes under
supercritical pressure and analyzed the effects of working
medium temperature, system pressure, and heat flux den-
sity on flow distribution characteristics. Their study showed
that uneven heat flux had a significant effect on flow distri-
bution. Flow distribution in each branch pipe was uneven
when kerosene reached the quasicritical point. Increasing
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the system pressure can effectively suppress the unbalance
of flow distribution in each branch of parallel pipes and
enhance system stability. Feng [20] took the coupling effect
of the flow and cracking processes of supercritical hydro-
carbon fuel in pipelines as the research object and estab-
lished one-dimensional and two-dimensional calculation
models for the coupling of the flow cracking of supercritical
hydrocarbon fuel. The effects of the coupling effect of flow
cracking on the heat sink of fuel, heat, and mass transfer
mechanism of the chemical reaction flow field and flow field
optimization of local special cooling structures in cooling
channels were studied. Jing [21] proposed several different
nonuniform regenerative cooling channel structures and
used numerical simulation to analyze the influence of inlet
and outlet structures and relative inlet and outlet widths on
flow and heat transfer characteristics in channels. Their
results demonstrated that when Ω = 1, violent nonuniform
flow exists in the channel near the inlet pipe, and the flow dis-
tribution is more sensitive to the inlet position than to the
outlet position. Tao [22] established a two-dimensional
numerical model of the pyrolysis of n-decane under super-
critical conditions and studied the effects of pyrolysis on
the heat transfer characteristics and flow resistance of n
-decane. Jiang [23] investigated the influences of the header
geometry on hydrocarbon fuel flow distribution in compact
parallel channels. The classical U-type configuration was
adopted for the parallel system.

Changing the distribution of thermal loads and the var-
iation of channel sections is a simple and effective design
idea for improving uneven flow distribution. Specifically, a
cooling effect can be obtained by changing the size parame-
ters of passages (wall thickness, rib width, length-to-width
ratio of the passage, and flow area) or increasing the coolant
flow rate. In this work, the regenerative cooling channel
model of liquid rocket engines is simplified, and the typical
Z-type structure is used for simulation analysis. The influ-
ence of the structural parameters of inlet header of regener-
ative cooling channel on flow distribution and cooling effect
under even heat flux is numerically simulated via the fluid–
solid/thermal coupling analysis method.

2. Model

2.1. Problem Description. For the analysis in this work, the
calculation domain of regenerative cooling adopts a typical
Z-type structure with the total width of 36.4mm and the
channel length of 300mm. A total of seven parallel channels
M1–M7 with the inlet and outlet areas of 25–75mm2 are
used as shown in Figure 1. The values of the geometric
parameters used in the simulation are shown in Table 1.
Under all the variations in parameters conducted in this
study, the outlet header dimensions and shape change as
well as the inlet header.

The effect of thermal coupling on flow distribution
under the rib is considered. The working process of the
regenerative cooling channel of liquid rocket engines is
more severe and complex than the hypersonic vehicle. For
example, it presents higher heat flux, larger fuel flow, and
more drastic physical property changes. This work mainly

focuses on the features of the nonpyrolysis zone. The fol-
lowing assumptions are adopted:

(1) The influence of fuel cracking and coking is not
considered

(2) The effect of fuel phase transition during flow is not
considered

(3) The influence of thermal load on regeneration chan-
nel deformation is not considered

(4) The influence of unsteady and heterogeneous ther-
mal loads is not considered

2.2. Numerical Method. The continuity, momentum, and
energy equations for the fluid region are listed as follows:

∇ ⋅ ρu!
� �

= 0, ð1Þ

∇ ⋅ ρu!u!
� �

= −∇p+∇ ⋅ τef f , ð2Þ

∇ ⋅ ρu!et
� �

= −∇ ⋅ λef f∇T
� �

−∇ ⋅ ρu!
� �

: ð3Þ

In Equation (3), considering that the flow velocity (rela-
tive to local sound speed, about 1500m/s) in this paper is
relatively low, the terms related to viscous dissipation are
ignored. The buoyancy effect can be determined by the for-
mula [21] Bo = Gr/Re3:425Pr0:8. When Bo is less than 5:6 ×
10−7, it can be ignored. In this work, the buoyancy effect is
not considered.

In the solid domain, the thermal conduction equation is
numerically solved.

∇ ⋅ λ∇Tð Þ = 0: ð4Þ

The commercial software Fluent 19.2 was used for simu-
lation calculation. The Reynolds number can be calculated
by the formula Re = ul/ν. Considering the low-speed flow
problem under high heat flux condition, the Realizable k −
ε turbulence model was selected for calculation. The SIM-
PLEC algorithm and second order upwind discretization
were used in the simulation process. In these works, the wall
grid of the main area is guaranteed to be y+ < 1:0, the corre-
sponding height of the first layer grid is set to 0.002mm, and
the grid is arranged in a gradient of 1.15.

The mass flow inlet condition is adopted. The mass flow
rate is calculated from the heat flux, and the total mass flow
of coolant is 202 g/s. In order to ensure that the hydrocarbon
fuel in the channel is in the nonpyrolysis zone, the outlet
pressure is set to be 0.45MPa. The wall thickness δ is
1.2mm.

Twg is the surface temperature of the gas side wall, and
the limit temperature that GH3128 can withstand is approx-
imately 1400K. Twc is the side wall temperature of the cool-
ant. The heat flux is set as 4.38MW/m2 to ensure that the
fuel is mostly in the nonpyrolysis zone. In this study, the
heat flux 4.38MW/m2 is a given value, which is obtained
from the actual engine heat flux [23]. The other wall is set
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as an adiabatic nonslip wall boundary. The coupled bound-
ary condition is adopted at the fluid-solid interface region.
The mathematical form is given in Equation (5).

hc Twc − T∞ð Þ = −λ
dT
dn

� �
w

, ð5Þ

where T∞ is the temperature of coolant, hc is the heat trans-
fer coefficient.

Kerosene is selected as the coolant. The physical param-
eters change drastically when the temperature of kerosene
exceeds the critical temperature. Density, dynamic viscosity,
and thermal conductivity decrease with the increase in tem-
perature. In this work, the physical parameters are given as
piecewise functions [24].

The density of kerosene varies with temperature, and it is
given in

ρ Tð Þ =
1003 − 0:76T , 293 < T < 613K
2596 − 3:36T , 613 < T < 723K
446 − 0:386T , 723 < T < 1000K

8>><
>>: kg/m3� �

: ð6Þ

The specific heat of kerosene varies with temperature,
and it is given in

cp Tð Þ =
0:167 − 0:0001T , 293 < T < 613K
0:4448 − 0:0007T , 613 < T < 740K
−0:1 + 0:00017T , 740 < T < 1000K

8>><
>>: J/kg ⋅ Kð Þ:

ð7Þ

The heat conductivity coefficient of kerosene varies with
temperature, and it is given in Equation (8)

λ Tð Þ =
0:697 + 0:004T , 293 < T < 613K
−32:079 + 0:0536T , 613 < T < 740K
65:66 − 0:1368T + 7:148 × 10−5T2, 740 < T < 1000K

8>><
>>: W/m ⋅Kð Þ:

ð8Þ

The material of the solid is high-temperature alloy
GH3128. The density of GH3128 is 8810 kg/m3, and the spe-
cific heat is 394 J/kg·K. The thermal conductivity coefficient
is given by the following fitting polynomial [25]:

λ = 6:765 + 0:01155T‐1:944 × 10−6T2 W/m ⋅ Kð Þ: ð9Þ

The solutions were considered as converging when the
residuals reach the minimum values after falling for more
than two orders of magnitude, and the differences of out-
let fuel temperature of all branch channels is less than
0.1K in continuous iterations. In all cases, the differences
of inlet and outlet mass flow rate of all channels are less
than 1 × 10−5 kg/s.

2.3. Analysis Parameters. Relative standard deviation (RSD)
is used to characterize the rationality of mass flow rate

Table 1: Values of the geometric used in the simulation.

Parameter Description Value

c Spacing of channel 2.6mm

h Height of channel 2.6mm

b Width of channel 2.6mm

δ Thickness of the wall 1.2mm

L Length of inlet/outlet header 63.6mm

Adiabatic wall

Heated wall

Thermally coupled

Cooling channels
h

b

C
L

Inlet header
Inlet

Z-type

OutletM1 M3 M5 M7 𝛿

Aheader

Aheader

Ainlet

Ainlet

AR = W

H
HW =1 2

H
W

3𝛼

Figure 1: The schematic of regenerative cooling channel.
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distribution. Under the condition of uniform heat flux, a
small RSD is indicative of the highly uniform distribution
of mass flow rate. The deviation of mass flow rate distribu-
tion is defined as

Φm =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n
〠
n

i=1
βi

2

s
, ð10Þ

where n is the number of the channels.
βi is the nonuniformity coefficient of each channel:

βi =
mi‐�m
�m

, ð11Þ

where mi is the mass flow rate of channel i and �m is the
average mass flow rate of all the channels. The mass flow is
calculated at the exit. The value of �m and outlet fuel temper-
ature Tout is calculated from surface integrals, ð1/AÞ Ð ϕdA
= ð1/AÞ∑n

i=1ϕijAij:

2.4. Model Validation. The turbulence model adopted for the
microparallel channels and the coupled heat transfer
between the channels must be considered to verify the accu-
racy of the numerical modeling of flow distribution in paral-
lel channels. A comparative study of various turbulence
models is made in the literature [26], and it is found that
there is little difference between the SST k -ε turbulence
model and the Realizable k -ε turbulence model. In this
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Figure 2: Verification of numerical methods.
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Figure 3: Grid independence study.
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Figure 4: Nonuniformity coefficient with different AR values.
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Figure 5: Outlet fuel temperature with different AR values.
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work, the experimental results of Wang et al. [26] are
compared with the simulation results for analysis and ver-
ification. A U-type structure is selected for comparative
analysis. The inlet header has the dimensions of 12mm
× 12mm and the total length of 120mm. Figure 2 pre-
sents the comparison between the numerical simulation
results and the literature. The results show that the Realiz-
able k -ε turbulence model selected in this work and the
fluid–solid thermal coupling model can effectively predict
the flow distribution in the parallel channel. The maxi-
mum error is approximately 6.92%.

2.5. Grid Convergence Analysis. Fine mesh size can be bene-
ficial for obtaining computational accuracy and good spatial
resolution in simulations. In this study, three different hexa-
hedral meshes, namely, 101 0857, 229 9062, and 370 6029,
are adopted for the computational domain to ensure grid
independence. The influence on outlet fuel temperature is

analyzed under the same conditions shown in Figure 3.
The outlet fuel temperatures between the 229 9062 and
370 6029 meshes are nearly the same in the parallel chan-
nels, indicating that the solution is mesh converged. There-
fore, 229 9062 grids are selected for this simulation.

3. Results and Discussions

3.1. Effects of Flow Area Ratio. The flow area ratio of the inlet
and the inlet header, which is represented by the AR value, is
an important design parameter of parallel channels. The AR
value is defined as the formula given below. During the com-
parison, the area of the inlet is kept constant, and the area of
inlet header is 30, 64,144mm2.

AR = Ainlet
Aheader

, Ainlet = const = 30mm2: ð12Þ
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Figure 6: The wall temperature contours with different AR values.
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Figure 7: The velocity fields in the center planes with different AR values: (a) AR = 1, (b) AR = 0:47, and (c) AR = 0:25.

5International Journal of Aerospace Engineering



The inlet header decreases with the AR value increases.
As inlet header increases, the velocity decreases, and the
more evenly the flow is distributed. As shown in Figure 4,
the nonuniformity coefficient shows great differences with
the change in AR. It decreases when AR declines. Therefore,
flow uniformity can be effectively improved by increasing
the area of the inlet header. Figure 5 shows that when AR
= 0:25, the outlet fuel temperature in each channel shows
little changes. Tube No. 1 exhibits the highest mass flow rate
because it has the lowest pressure drop.

The cooling effect as a function of different AR values is
shown in Figure 6. The maximum wall temperature

increases with the decrease in the AR value. The maximum
temperature of the wall decreases from 1334.52K to
1220.61K, and the overall temperature distribution shows
increased uniformity. The outlet wall temperature can also
be seen to greatly differ due to the different flow rates of each
channel. This situation indicates that the AR value is a very
effective design factor for the optimization of flow distribu-
tion and cooling.

The flow area ratio affects the flow area of the inlet and
the inlet header. The velocity distribution along the main
flow direction of the inlet and inlet header decides the veloc-
ity distribution of each channel. The channel cross-section
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decreases with the increase of flow area ratio. The velocity
fields in the center planes with different AR values is
shown in Figure 7. It can be seen that the velocity in the
inlet when AR = 0:25 is obvious higher than those of other
AR values. The change of flow area leads to the decrease
of inlet header velocity, which is beneficial to the uniform
flow distribution.

3.2. Effects of Inlet Header Shape. Geometrical structure and
operating conditions are the most direct factors affecting
flow distribution in parallel channels. The change in geomet-
ric structure leads to changes in the hydraulic diameter of
each channel, and the change in fluid velocity and flow resis-
tance affects flow distribution. The influence of inlet header
shape α on flow distribution is studied.

Figure 8 shows the nonuniformity coefficients of each
channel with a different inlet header shape α, where α = 90°
is a rectangular confluence structure. As the inlet header shape
α is decreased, the nonuniformity coefficients of each channel
decrease first and then increase. When α is 60° and 90°, the

nonuniformity coefficients show little differences. The mass
flow rate of channel No. 7 is the lowest, and the outlet fuel
temperature is the highest, as shown in Figure 9. The flow dis-
tribution in each channel mainly depends on the pressure
drop, and the change in pressure drop can be attributed to
the thermal load deviation and the geometric structure as illus-
trated in Figure 10. It can be seen that the pressure drop of
each channel changes little when α = 45°. The change of pres-
sure drop is proportional to the change of flow rate in each
channel. Therefore, under the same mass flow rate and ther-
mal load condition, the flow area decreases and the flow veloc-
ity increases with the decrease in the inlet header shape α. The
mass flow rate in each channel also increases to match the
equilibrium relationship of the inlet and outlet pressure drop.
Therefore, appropriately decreasing the inlet header shape α is
beneficial to uniform flow distribution.

3.3. Effects of Inlet Aspect Ratio. Inlet aspect ratio is another
important parameter affecting flow distribution. The aspect
ratio of the inlet is defined as follows:
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Figure 12: Outlet fuel temperature with different HW values.
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HW= H
W

, ð13Þ

where H is the height of the inlet and W is the width of the
inlet.

The aspect ratio of the inlet has a great influence on flow
conditions, such as average velocity, pressure drop, and flow
morphology. The mass flow rate remains constant as the
HW is varied. The flow velocity increases with the decrease
of HW. For the investigation of the influence of HW on flow
distribution, AR = 1 and α = 90° is kept constant. In this
paper, the value of H is 5.0mm and remain unchanged,
while the values of W are 10mm, 15mm and 20mm,
respectively.

As discussed in this section, a comparative study was
conducted on cooling channels with different HW values.
Figure 11 shows that the nonuniformity coefficient decreases
as the HW value is increased. When HW is decreased to
0.25, the uniformity of flow distribution improves effectively.
Therefore, a large inlet aspect ratio is beneficial to uniform
flow distribution. At the same time, a small HW value is
indicative of the small fluid temperature difference in each
channel as shown in Figure 12.

When the HW value is decreased, the inlet areas increase
and the flow velocity decreases. Figure 13 shows that the
velocity in the inlet when HW= 0:25 is obviously lower than
that when HW has another value. Flow distribution is uni-
form. The velocity distribution along the main flow direction
of the inlet decides the pressure drop of each branch chan-
nel. As a result, the inlet aspect ratio should be appropriately
designed to ensure that the pressure drops in each channel
are similar. Heat transfer characteristics are also improved
when the flow distribution in each channel is uniform.

As analyzed above, the uniform flow distribution caused
by geometry structure is one of the direct reasons for the
uniform temperature distribution. However, the uniform
temperature distribution could in turn makes the density
deviation. Figure 14 shows the influence mechanism of flow
distribution in parallel channels. When the fluid is heated,
the physical properties change drastically, resulting in an
increase in uniform distribution. A larger heat flux to flow
ratio leads to more serious heat transfer deterioration, and
the cooling performance is drastically reduced. It also can
be seen that a positive feedback effect exists; the uniform

temperature distribution and uniform flow distribution
together lead to the waste of fuel cooling capacity and heat
transfer deterioration.

4. Conclusions

In this work, numerical simulation was used to study the
flow distribution and heat transfer characteristics of regener-
ative cooling, and the effects of flow area ratio, inlet header
shape, and inlet aspect ratio were analyzed. Several useful
points can be obtained from this work.

(1) The nonuniformity coefficient shows great differ-
ences with the change in AR value. When the AR
value is decreased, the nonuniformity coefficient
decreases. Therefore, flow uniformity can be effec-
tively improved by increasing the area of the inlet
header. The maximum temperature of the wall
decreases from 1334.52K to 1220.61K when the
AR value is changed from 1 to 0.25

(2) As the inlet header shape α is decreased, the nonuni-
formity coefficients of each channel decrease first
and then increase. The flow distribution in each
channel mainly depends on the pressure drop. An
appropriate reduction in inlet header shape α is ben-
eficial to uniform flow distribution

(3) The nonuniformity coefficient decreases as the HW
value is increased. The uniformity of flow distribu-
tion is effectively improved when the HW value is
decreased to 0.25. The inlet aspect ratio should be
properly designed to ensure that the pressure drops
in each channel are similar

(4) This work shows the effects of inlet geometry param-
eters on flow distribution and heat transfer. In future
work, the effects of fuel cracking and coking, fuel
phase transition, and unsteady and heterogeneous
thermal loads should be considered to improve cal-
culation accuracy

Nomenclature

A: Area (m2)
AR: Flow area ratio

Physical 
parameter

Mass flow rate 
mal-distribution

Flow
resistance

Geometric 
structure

Operating 
condition

…….

Temperature
mal-distribution

Density
deviation

Positive
feedback

Irrational fuel cooling 
capacity distribution

heat transfer deterioration

Figure 14: Influence mechanism of flow distribution in parallel channels.
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b: Slot width (mm)
c: Spacing of channel
h: Height of channel
HW: Inlet aspect ratio
H: Height (m)
m: Mass flow rate (kg/s)
n: Number of the channels
P: Pressure (Pa)
q: Heat flux (w/m2)
T : Temperature (K)
W: Width (m).

Greek Symbols

α: Inlet header shape
β: Nonuniformity coefficient
δ: Wall thickness (mm)
λ: Thermal conductivity (W/m·K)
u: Velocity (m/s)
ρ: Density (kg/m3)
Ω: Scaling factor.

Subscripts

inlet: Inlet

wg: Gas side wall

wc: Coolant side wall

header: Header of inlet
w: Wall.
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