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Abstract: At an extremely high Mach number, the regenerative cooling of traditional kerosene cannot
meet the requirement of the heat sink caused by aerodynamic heating and internal combustion in a
scramjet propulsion system. As a supplement of traditional regenerative cooling, supercritical CO2

is regarded as an effective coolant in severe heating environments due to its excellent properties
of heat and mass transportation. In this paper, the heat transfer and flow structure characteristics
of regenerative cooling in a rectangular channel using supercritical CO2 are analyzed numerically
using a validated model. The effect of heat flux magnitude, nonuniform heat flux, acceleration
and buoyancy and flow pattern are considered to reveal the regenerative cooling mechanism of
supercritical CO2 in the engine condition of a scramjet. The results indicate that the heat transfer
deterioration phenomenon becomes obvious in the cooling channel loaded with relatively high heat
flux. Compared with the cooling channels loaded with increased heat flux distribution, the maximum
temperature increased for the channel loaded with decreased heat flux distributions. When larger
acceleration is applied, a relatively lower wall temperature distribution and higher heat transfer
coefficients are obtained. The wall temperature distribution becomes more uniform and the high-
temperature region is weakened when the coolants in adjacent channels are arranged as a reversed
flow pattern. Overall, the paper provides some references for the utilization of supercritical CO2 in
regenerative cooling at an extremely high Mach number in a scramjet.

Keywords: regenerative cooling; supercritical CO2; heat flux; acceleration; flow pattern

1. Introduction

Due to its sharply varied thermophysical properties including density, thermal capac-
ity, thermal conductivity and viscosity near the critical point, supercritical CO2 has superior
heat and mass transfer capabilities [1–3]. In addition, as a type of nontoxic and harmless
working medium, its accessible and low-cost characteristics make it widely used in power
plants and nuclear reactors, as well as in many industrial and engineering applications [4,5].
In recent years, the complex thermal and hydraulic phenomena for supercritical CO2
flowing in the channels have attracted a lot of attention [6,7]. The pressure–temperature
diagram of supercritical CO2 is shown in Figure 1.

Many researchers have carried out fundamental investigations in simplified tubes to
analyze the flow and heat transfer characteristics of supercritical CO2 [8–18]. Yan et al. [8]
numerically investigated the convective heat transfer characteristics of supercritical CO2 in
vertical tubes loaded with uniform and nonuniform heat flux. They found that by adopting
nonuniform heat flux, the wall temperature is reduced due to smaller thermal resistance
which can be explained by pseudo-phase transition theory. Khalesi et al. [9] numerically
studied the flow and heat transfer characteristics of supercritical CO2 in a rectangular
microchannel loaded with uniform heat flux. They pointed out that the Nusselt number
was not affected by the Reynold number in the laminar regime at high operating pressures.
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Pandey et al. [10] improved the two-layer model for the heat transfer of supercritical
CO2 in a heated pipe by taking acceleration and buoyancy effects into consideration.
Additionally, the results were refined and validated using direct numerical simulation data
and experimental data. It was found that thermal conductivity and viscosity have a limiting
effect on heat transfer. Zhang et al. [11] numerically investigated the mechanisms for the
heat transfer behaviors of supercritical CO2. They analyzed the formation mechanism
of the heat-transfer-enhanced phenomenon for low mass flux cases and heat transfer
deterioration (HTD) phenomenon for normal mass flux cases. The results indicated that
the heat conduction process of the boundary layer played an important role in the overall
heat transfer of supercritical CO2.
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In addition to fundamental research, many researchers also performed investigations
of supercritical CO2 applied in heat exchangers [19–21], heat sinks [21–23] and other
industrial devices [24–26]. Chu et al. [21] carried out experiments based on a supercritical
CO2–water experiment platform to test the thermohydraulic performance of a printed
circuit heat exchanger. The results indicated that the supercritical CO2 had better heat
transfer ability than water and the printed circuit heat exchanger had better heat transfer
performance under a higher pressure condition. Awais et al. [23] employed supercritical
CO2 as a coolant to enhance the heat transfer performance of minichannel heat sink instead
of water fluid. The results revealed that using supercritical CO2 as a coolant brought
about better performance and lower pressure loss compared with water. Cheng et al. [24]
experimentally investigated the heat transfer performance of a precooler for the supercritical
CO2 Brayton cycle. The effects of the inlet Reynold numbers and temperature on thermal–
hydraulic characteristics and pressure loss were analyzed. The effectiveness of the precooler
was also attained. Muto and Kato [26] optimized a cycle scheme of a direct cycle using a
dual-expansion supercritical CO2 gas turbine cycle for nuclear power generation. Evan
P. et al. [25] conducted a numerical study of a high-temperature regenerator within a
supercritical CO2 recompression Brayton cycle.

As the main component of a hypersonic vehicle, the scramjet operates in severe ther-
mal environments [27]. Using fuel as the coolant, regenerative cooling is regarded as being
an effective and reliable cooling method with a lot of channels arranged inside the com-
bustor wall [28,29], as shown in Figure 2. The fuel flows through the channels absorbing
excess heat from combustion chambers and then enters the chamber to proceed with the
combustion process [30]. Many works have been conducted to investigate the cooling
performance of regenerative cooling using supercritical hydrocarbon fuel in terms of effects
of nonuniform heat flux [30–32], flow pattern [33] and acceleration and buoyancy [34–38].
Liu et al. [30] investigated the heat transfer performance and flow structure of supercritical
n-decane in a rectangular channel under nonuniform heat flux. The results revealed that
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the wall temperature distribution was sensitive to the heat flux distribution while the
outlet temperature was not affected by nonuniform heat flux. Zhang et al. [33] proposed a
bi-directional flow pattern in order to optimize the cooling performance of supercritical
hydrocarbon fuel. They compared the temperature distribution of the bi-directional flow
pattern with that of the traditional co-directional flow pattern and found that the adoption
of a bi-directional flow pattern can improve the cooling performance whilst maintaining
simple structures. Jia et al. [35] investigated the effects of gravity on the flow characteristics
of supercritical n-decane in a rectangular channel. By observing the streamlines perpen-
dicular to the flow direction, they found that the induced small recirculation zones which
indicated the buoyancy played an important role in the mixing of hot and cold fluids.
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However, at extremely high Mach numbers, high-efficiency active cooling technology
is urgently needed for a scramjet propulsion system [39–41]. Traditional hydrocarbon fuel
cannot supply enough heat sink for the heat load produced by Mach numbers > 8, and
supercritical CO2 is promising to act as an additional coolant for regenerative cooling.

In this work, the flow structure and heat transfer characteristics of supercritical CO2
under 8 MPa in a regenerative cooling channel with a rectangular cross-section are analyzed.
To study the effects of uniform and nonuniform heat flux distribution on flow structure
and heat transfer characteristics, different kinds of heat flux magnitudes ranging from
1.5 to 6 MW/m2 and linearly changed (increased and decreased) heat flux distributions
with the same average value of 1.5 MW/m2 are imposed on the bottom wall for a single
channel. Considering the different real flight states of regenerative cooling channels, the
effects of acceleration and buoyancy on flow structure and heat transfer characteristics are
considered at different magnitudes and direction with values ranging from −3 g to 3 g.
In addition, the effects of flow patterns on heat transfer characteristics are analyzed by
adopting two adjacent channels with the same and reversed flow directions.

2. Model Description
2.1. Geometry Description and Grid Conditions

For a typical regenerative cooling process, there are a lot of cooling channels set inside
the combustor wall to absorb excess heat from the combustion chambers. Considering
that each cooling channel is heated equally, a single cooling channel with a rectangular
cross-section was selected as the computational domain for convenience. Uniform and
nonuniform heat flux boundaries were imposed on the bottom wall of the channel to study
the effect of axial heat flux on flow structures and heat transfer performance in the cooling
channel. The cross-section size of the fluid region was 2 mm × 2 mm. The length of the
heated section was 300 mm. Additionally, two 50 mm extended sections without heat



Aerospace 2023, 10, 564 4 of 18

flux loaded were, respectively, set at the beginning and the end of the channel to ensure a
fully developed flow process. Taking the influence of fluid–solid coupling and the actual
geometry of the regenerative cooling channel into account, there were four solid walls
placed around the fluid region, with a height of 1 mm (z-axis) and width of 0.5 mm (y-axis),
as shown in Figure 3.
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Structural grids were used to discretize the computational domain, and the cross-
section is shown in Figure 4. To meet the accurate and reliable requirement, the size of the
first layer and the growth rate of the system were set as 0.01 mm and 1.1, respectively. Addi-
tionally, the corresponding wall y+ of the simulation was below 1 to meet the requirement
of the k-ω SST turbulence model.
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2.2. Solution Methods and Convergence Criterion

The commercial software ANSYS FLUENT 19.2 was employed to carry out the sim-
ulations. The governing equations included mass, momentum and energy conservation
equations. The finite volume method was adopted to discretize the governing equations.
A double-precision pressure-based steady solver was applied to obtain the flow and heat
transfer performance of supercritical CO2 in the cooling channel. In addition, the second-
order upwind scheme was adopted for spatial discretization. The SIMPLEC algorithm was
used to couple the velocity and pressure.

The simulations were regarded as being converged when the residuals of the continuity
equation, velocity components, turbulent kinetic energy and specific energy dissipation
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rate items were less than 10−5 and the residual of the energy equation was less than 10−8.
It took about 10,000–20,000 iterations before reaching convergence.

2.3. Boundary Conditions and Thermophysical Properties

Three-dimensional flow and heat transfer was performed in the rectangular chan-
nel introduced in Section 2.1. The mass flow rate of the inlet was set as 0.0032 kg/s
(Reinlet = 26,000) with an initial temperature of 270 K. The gauge pressure of the outlet
was set as 8 MPa and the effect of pressure variations on thermophysical properties was
neglected. The average heat flux was imposed on the bottom heated with a value of
1.5 MW/m2–6.0 MW/m2 and the other walls were set as adiabatic walls. To better an-
alyze the flow structure in the passage, gravity and acceleration were considered in the
streamwise–normal section (x-z section). Additionally, the basic case was named Case A1.
Four kinds of influence factors including heat flux magnitude, nonuniform heat flux distri-
bution, acceleration and buoyancy effects and flow patterns under engine-like conditions
were studied in this paper.

To study the effect of heat flux magnitude and distribution on flow structures and the
heat transfer characteristics of supercritical CO2 in regenerative cooling channels, different
kinds of heat flux magnitudes (Cases A1–A3), increased heat flux distribution (Cases B1–B3)
and decreased heat flux distribution (Cases B4–B6) were imposed on the bottom wall for a
single channel. The heat flux magnitude ranged from 1.5 to 6 MW/m2 for Case A1 to Case
A3. For nonuniform heat flux distributions, with the same average heat flux of 1.5 MW/m2,
the linear variation ratios for the heat flux distribution function were different. Under the
consideration of different real flight environments, the effects of acceleration and buoyancy
were considered at different magnitudes and directions with values ranging from −3 g
to 3 g, named as Cases C1 to C7, respectively. Finally, the effects of flow patterns on the
temperature distribution and heat transfer characteristics were analyzed by adopting two
adjacent channels with the same (Case D1) or reversed (Case D2) flow directions. The
details of the heat flux distribution, acceleration values and flow pattern of all of the cases
are listed in Table 1.

Table 1. All of the cases considered in the paper. A: Effect of heat flux magnitude; B: effect of heat
flux distributions; C: effect of acceleration and buoyancy; D: effect of flow pattern.

Study
Variables

Case
Name

Heat Flux Function/
Correlation (MW/m2)

Channel Form and Flow
Pattern Acceleration Value (m/s2)

Uniform
heat flux

distribution

A1 Uniform, q = 1.5 Single az = −9.81
A2 Uniform, q = 3 Single az = −9.81
A3 Uniform, q = 6 Single az = −9.81

Nonuniform heat
flux distribution

B1 Increased, q = 0.75 + 3.75x
Increased, q = 1 + 2.5x

Increased, q = 1.25 + 1.25x
Decreased, q = 2.25 − 3.75x

Decreased, q = 2 − 2.5x
Decreased, q = 1.75 − 1.25x

Single az = −9.81

B2
B3
B4
B5
B6

Acceleration and
buoyancy effects

C1

Uniform, q = 1.5 Single

az = 0
C2 az = −9.81
C3 az = −19.62
C4 az = −29.43
C5 az = 29.43
C6
C7

ax = 14.715, az = 25.487 (30◦)
ax = 25.487, az = −14.715 (60◦)

Flow pattern D1 Uniform, q = 1.5 Adjacent, same direction
az = −9.81D2 Adjacent, reversed direction
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The thermophysical properties of supercritical CO2 including density, thermal capacity,
thermal conductivity and viscosity near the supercritical point change sharply, which may
cause complex flow and heat transfer performance. The corresponding property data
were from SUPERTRAPP software developed by the National Institute of Standards and
Technology, the United States [42]. The piecewise linear interpolation method was applied
to input the thermophysical properties, including thermal capacity, thermal conductivity,
density and viscosity. More than 100 piecewise linear functions were used for interpolations
in the range of the temperature variations. Additionally, the details of the thermophysical
properties of supercritical CO2 under 8 MPa are shown in Figure 5.
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The material of the solid walls was Steel 304. The density and the thermal capacity are
7930 kg/m3 and 500 J/(kg·K). The linear correction of the thermal conductivity of Steel 304
is 16.3 W/(m·K) at 373 K and 21.5 W/(m·K) at 773 K.

2.4. Model Validation and Mesh Independence Study

It is significant to verify the reliability of the turbulence model and determine the
sensitivity of the mesh systems for a turbulence flow calculation. To verify the reliability
of the turbulence model, the experimental results in the previous work [43] were used
for comparisons, which used supercritical CO2 as the working fluid in a circular tube.
A circle tube with a diameter of 2 mm and a heated section of 290 mm was adopted to
perform verification, as shown in Figure 6a. The inlet temperature and Re were 298.15 K
and 9000, respectively. The heat flux was uniform with a value of 13,626 W/m2. Three
kinds of turbulence models, i.e., k-ε RNG, k-ω SST and Transition SST, were selected to
carry out numerical simulations. Additionally, the values of the wall temperature along the
streamwise direction were obtained as shown in Figure 6b.

As seen in Figure 6b, the wall temperature predicted by the k-ω SST turbulence model
has good agreement with the experimental results obtained by Li et al. [43] compared with
the other turbulence models. The prediction error of the k-ω SST model is within ±0.13%.
Larger error is found at the beginning of the heated region due to the different boundary
effects in the experiment and simulation. In addition, the k-ω SST turbulence model has
shown great advantages in dealing with the transmission of turbulent shear force and wall
bounded flow. Overall, the k-ω SST turbulence model provided enough accuracy in the
simulations. Therefore, k-ω SST turbulence was selected for the simulations below.
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Figure 6. (a) The circular tube used for simulation; (b) Verification of the turbulence model.

Mesh independence was performed using the k-ω SST turbulence model, and Case A
was selected to evaluate the mesh sensitivity. Four kinds of mesh regimes were built, re-
spectively, with grid numbers of 2.38, 3.30, 3.67 and 5.35 million. They were named Mesh 1,
Mesh 2, Mesh 3 and Mesh 4, respectively. Thirty points were built on the center line of the
heated surface along the streamwise direction and the area-weighted average temperature
distribution was obtained, as shown in Figure 7a. As shown in Figure 7a, the center line
temperature distributions overlap together. Therefore, the maximum temperatures on the
center line for all of the meshes are extracted and compared in Figure 7b, i.e., Point A, Point
B, Point C, Point D. They have relatively close values especially for Mesh 3 and Mesh 4.
When the grid numbers increase from 3.67 M to 5.35 M, the maximum temperature has no
changes. Comprehensively considering the simulation accuracy and computational effort,
Mesh 3 was selected.
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3. Results and Discussions

For the convenience of analysis, the HTC is defined as follows:

h =
q(

Tw − Tf

) (1)

where Tf is the bulk fluid temperature and is calculated as follows:

Tf =

∫
A

ρuCpTdA∫
A

ρuCpdA
(2)

where A is the area of the fluid cross-section, and ρ, u, Cp and T are the local density, velocity,
thermal capacity and temperature of supercritical CO2 in the same region, respectively.

3.1. Effect of Heat Flux Magnitude

Figure 8 shows the temperature and HTC distributions along the x-axis for the cases
loaded with different heat flux magnitudes. To display the distributions, a total of 61 y-z
sections of solid and fluid regions were created along the streamwise direction from x/H = 0
to x/H = 150, respectively, and each data point was obtained by area-weighted averaging
all of the results in the section. As shown in Figure 8a, the bulk fluid temperature almost
always rises with flow developing in the channel. It is noted that with an increased heat
flux value, the increased trend of fluid temperature becomes strong in the downstream
region. There is a relatively “weakened” region in Figure 8a in the region of 40 < x/H < 80,
where the fluid temperature increases much more slowly along the cooling channel. The
“weakened” region is caused by the core part of the mainstream which is close to the critical
point, although the average temperature is much larger than the critical temperature which
is mainly determined by the high-temperature regions close to the heated bottom wall. As
shown in Figure 5a, when fluid temperature is near the critical point, supercritical CO2
possesses a high thermal capacity. It takes more heat for the core part of the fluids to
increase the temperature; so, the temperature of the whole cross-section increases much
more slowly. The phenomenon is much clearer for the cases with the increased heat flux
magnitude, from Case A1 to Case A3. As seen in Figure 8b, a phenomenon of HTD is
observed with the increased wall temperature in the region of 80 < x/H < 120. The HTD
becomes obvious for the case with the largest heat flux magnitude, i.e., Case A3. The HTC
firstly decreases and then increases, as shown in Figure 8c. Additionally, when the flow
is near the end of the heated section, the HTC increases strongly. In a certain range of
heat flux from 1.5 MW/m2 to 3 MW/m2, the HTC increased with the increased heat flux.
However, with the heat flux increased to 6 MW/m2, the HTC decreases. The phenomenon
of HTD is also clearly presented in Figure 8c, especially in the case with the largest heat
flux (Case A3).

3.2. Effect of Nonuniform Heat Flux Distributions

To present the nonuniform distribution more clearly, a diagram of nonuniform heat
flux distribution about x/H is shown in Figure 9, which is consistent with Table 1. Among
them, Cases B1–B3 are loaded with increased heat flux distributions with different increase
rates, while Cases B4–B6 are loaded with decreased heat flux distributions.
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heat flux distributions); (b) For Case B4–B6 (loaded with decreased heat flux distributions).

Figure 10 displays the temperature and HTC distributions along the streamwise
direction for the cases loaded with nonuniform heat flux (Cases B1–B6). From Cases B1 to
B3, the increased heat transfer flux distributions are loaded with the gradually weakened
variations while keeping the same average heat flux. Additionally, for Cases B4 to B6, the
decreased heat transfer distributions are loaded with the gradually weakened variations.
As shown in Figure 10(a1), the bulk fluid temperature displays an overall increased trend
except for a “weakened” region of 80 < x/H < 120 where the core part of the fluid approaches
the critical point. If the inclination ratio of the increased heat flux distribution decreases, i.e.,
the variations weaken, the bulk fluid temperature in the upstream region increases and that
in the downstream region decreases. The cases with increased heat flux distribution reduce
the “weakened” region which decrease the overall heat transfer. The wall temperature
distributions increase sharply and then decrease slowly after reaching the maximum value,
as shown in Figure 10(a2). With the inclination ratio of heat flux decreasing, the maximum
wall temperature increases and occurs earlier in the channel. For the cases loaded with
the decreased heat flux distributions, the bulk fluid temperature demonstrates a relatively
fast increase and then a relatively slow decrease followed by a relatively slow increase,
as presented in Figure 10(b1), which enlarges the effect where the fluid approaches the
critical point. Comparing Figure 10(a2,b2), the maximum wall temperature for the cases
with decreased heat flux distributions is higher than that for the cases with increased heat
flux distributions.



Aerospace 2023, 10, 564 10 of 18

Aerospace 2023, 10, x FOR PEER REVIEW  10  of  19 
 

 

wall temperature distributions increase sharply and then decrease slowly after reaching 

the maximum value, as shown in Figure 10a2. With the inclination ratio of heat flux de-

creasing, the maximum wall temperature increases and occurs earlier in the channel. For 

the cases  loaded with  the decreased heat flux distributions,  the bulk fluid  temperature 

demonstrates a relatively fast increase and then a relatively slow decrease followed by a 

relatively slow increase, as presented in Figure 10b1, which enlarges the effect where the 

fluid approaches the critical point. Comparing Figure 10a2,b2, the maximum wall temper-

ature for the cases with decreased heat flux distributions is higher than that for the cases 

with increased heat flux distributions. 

 

Figure 10. Temperature and HTC distributions for cases with nonuniform heat flux distributions. 

(a1) Fluid temperature for cases with increased heat flux distributions; (a2) average wall tempera-

ture  for cases with  increased heat flux distributions;  (a3) HTC  for cases with  increased heat flux 

distributions; (b1) fluid temperature for cases with decreased heat flux distributions; (b2) wall tem-

perature for cases with decreased heat flux distributions; (b3) HTC for cases with increased heat 

flux distributions. 

According to the energy principle of energy conservation, the fluid temperature at 

the outlet remains the same regardless of the different heat flux distributions for Case B1–

Case B6. As shown in Figure 10a3, the HTC firstly decreases quickly and then increases 

relatively slowly for the cases loaded with increased heat flux distributions. HTC increases 

quickly in the region of 120 < x/H < 150, which is more obvious in cases with decreased 

heat flux, as shown in Figure 10b3. It is also indicated that the cases with the decreased 

heat flux distributions can improve the heat transfer in the downstream region. 

Figure 11 exhibits the temperature contours of the bottom heated wall loaded with 

nonuniform heat flux distributions. Obviously, all of the cases present a firstly increased 

and  then decreased  temperature distribution, which  is  consistent with Figure 10a2,b2. 

Overall, the temperature distributions for Case B1–Case B3 are relatively more uniform 

than those for Case B4–Case B6. For Cases B1–B3, the gradually increased heat flux distri-

butions delay the occurrence of the high-temperature regions. However, a much stronger 

high-temperature region  is found  in the upstream region for the cases  loaded with the 

decreased heat flux distributions, due to the larger heat flux and the core part being far 

from the critical point. 

Figure 10. Temperature and HTC distributions for cases with nonuniform heat flux distributions.
(a1) Fluid temperature for cases with increased heat flux distributions; (a2) average wall temperature
for cases with increased heat flux distributions; (a3) HTC for cases with increased heat flux distribu-
tions; (b1) fluid temperature for cases with decreased heat flux distributions; (b2) wall temperature for
cases with decreased heat flux distributions; (b3) HTC for cases with increased heat flux distributions.

According to the energy principle of energy conservation, the fluid temperature at
the outlet remains the same regardless of the different heat flux distributions for Case B1–
Case B6. As shown in Figure 10(a3), the HTC firstly decreases quickly and then increases
relatively slowly for the cases loaded with increased heat flux distributions. HTC increases
quickly in the region of 120 < x/H < 150, which is more obvious in cases with decreased
heat flux, as shown in Figure 10(b3). It is also indicated that the cases with the decreased
heat flux distributions can improve the heat transfer in the downstream region.

Figure 11 exhibits the temperature contours of the bottom heated wall loaded with
nonuniform heat flux distributions. Obviously, all of the cases present a firstly increased
and then decreased temperature distribution, which is consistent with Figure 10(a2,b2).
Overall, the temperature distributions for Case B1–Case B3 are relatively more uniform than
those for Case B4–Case B6. For Cases B1–B3, the gradually increased heat flux distributions
delay the occurrence of the high-temperature regions. However, a much stronger high-
temperature region is found in the upstream region for the cases loaded with the decreased
heat flux distributions, due to the larger heat flux and the core part being far from the
critical point.

The streamlines and temperature contours on the y-z sections for Case B1 (loaded
with increased heat flux distribution) and Case B4 (loaded with decreased distribution)
are shown in Figure 12a and Figure 12b, respectively. The sections range from x/H = 25 to
150. As shown in Figure 12, the low-temperature regions are located in the core part of
the mainstream and the temperature close to the walls is very high due to the high heat
conduction from the solid materials. When the fluid in the core part of the mainstream
approaches the critical point, large heat absorption happens to weaken the increased trend
of the fluid temperature which corresponds with the “weakened” region in Figure 10(a1,b1).
From the figure, when the flow develops along the channel at the section of x/H = 75, the
core part is close to the critical point. A pair of counter-rotating vortices is found in most
contours which are formed from the buoyancy effects. As seen in Figure 5, the density of
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the supercritical fluids decreases with increased temperature. In the presence of density
difference, the vortices are driven by the gravity. It is observed that the mainstream is
downward flow at the beginning, and the flow near the sidewalls is upward.
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Figure 12. Streamlines and temperature contours on y-z sections for the cases with nonuniform heat
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As shown in Figure 12a, the fluids near the solid walls are heated fast upstream which
is related to the high wall temperature. However, the fluid temperature near the solid wall
decreases downstream along the x-axis and the overall distribution becomes uniform. It is
concluded that the wall temperature gradually decreases downstream but is always higher
than that of the mainstream. The distribution in Case B4 (shown in Figure 12b) is roughly
the same as that in Case B1, but the fluid is heated more quickly upstream due to the higher
temperature difference between the mainstream and solid walls. Additionally, compared
with Case B1, the temperature distribution for Case B4 is more uniform downstream. It is
also noted that the scale of the vortices is related to the scale of the low-temperature region.
The core of the vortices is more obvious in the section with a larger low-temperature region.
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3.3. Effect of Acceleration and Buoyancy Effects

Figure 13 displays the temperature and HTC distributions for the cases loaded with ac-
celerations at different magnitudes and directions. For Case C1 to Case C5, the magnitudes
of the acceleration range from −3 g to 3 g along the normal direction including the states of
overweight and weightlessness, respectively, 0 (Case C1), −g (Case C2), −2 g (Case C3),
−3 g (Case C4) and +3 g (Case C5). As shown in Figure 13(a1), the average temperature of
the fluid and solid decreases during the fluid approaching the critical point with increased
accelerations. The phenomenon is more obvious in the distribution of the wall temperature
distribution in Figure 13(a2). It is noted that the direction of accelerations along the z-axis
have no significant influence on the fluid and wall temperature distributions by comparing
the results in Case C4 and Case C5. The transverse accelerations along the streamwise direc-
tion are also considered in the work shown in Figure 13b. From the z-axis, the accelerations
take effect in the directions of 0◦ (Case C4), 30◦ (Case C6) and 60◦ (Case C7), respectively,
with the gradually increased transverse accelerations (ax). The transverse accelerations
have no obvious influence on the fluid temperature distributions, as seen in Figure 13(b1).
However, the wall temperature decreases with increased transverse accelerations in the
upstream region, which has benefits for the heat transfer shown in Figure 13(b2). For HTC
distribution, the variation becomes gentle when the uniform heat flux is loaded. Larger
HTC distributions are obtained via the case with the larger acceleration, regardless of the
acceleration direction. The transverse accelerations can reduce the wall temperature in the
upstream region and increase the corresponding HTCs.

Aerospace 2023, 10, x FOR PEER REVIEW  13  of  19 
 

 

 

Figure 13. Comparison of temperature and HTC distributions for cases with different kinds of ac-

celerations.  (a1) Average fluid  temperature  for cases with different acceleration magnitudes;  (a2) 

average wall temperature for cases with different acceleration magnitudes; (a3) HTC for cases with 

different acceleration magnitudes; (b1) fluid temperature for cases with different acceleration direc-

tions; (b2) wall temperature for cases with different acceleration directions; (b3) HTC for cases with 

different acceleration directions. 

Figure 14a,b present the streamlines and temperature contours on the y‐z sections for 

cases with accelerations in the states of overweight (Case C4) and weightlessness (Case 

C5). It is found that the temperature and streamline distributions for Case C4 and Case C5 

are almost symmetrical along the acceleration directions, although the  loaded accelera-

tions show the reversed directions. This also indicates that the heating and temperature 

condition are similar for the bottom heated wall and the other three walls due to the quick 

heat conduction inside the solid material. Different from the streamlines in Figure 12, the 

second pair of vortices are formed from x/H = 75 and then gradually disappear at x/H = 

125 due to the strengthened buoyancy effect at the  larger accelerations. It  is speculated 

that the mixing of cold and hot fluids becomes stronger at the larger accelerations. 
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Figure 14a,b present the streamlines and temperature contours on the y-z sections for
cases with accelerations in the states of overweight (Case C4) and weightlessness (Case C5).
It is found that the temperature and streamline distributions for Case C4 and Case C5 are
almost symmetrical along the acceleration directions, although the loaded accelerations
show the reversed directions. This also indicates that the heating and temperature condition
are similar for the bottom heated wall and the other three walls due to the quick heat
conduction inside the solid material. Different from the streamlines in Figure 12, the second
pair of vortices are formed from x/H = 75 and then gradually disappear at x/H = 125 due to
the strengthened buoyancy effect at the larger accelerations. It is speculated that the mixing
of cold and hot fluids becomes stronger at the larger accelerations.
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3.4. Effect of Flow Pattern

To investigate the effect of flow pattern on heat transfer performance, adjacent channels
with the same and reversed flow directions were designed to obtain the flow and heat
transfer characteristics, i.e., Case D1 and Case D2. The computation domain contained two
rectangular channels, as shown above. The total width was 6 mm and the height was 4 mm.
Because the existence of extended sections may affect the temperature variations under the
pattern of the two channels, the length of the channels was designed without upstream and
downstream extended channels. The other boundary conditions were consistent with Case
A1, including the mass flow rate, heat flux, operation pressure and inlet temperature. The
gravity effect was also considered.

The fluid temperature contours in the spanwise–normal (y-z) sections for the cases
with the same (Case D1) and reversed (Case D2) flow directions are shown in Figure 15
at an interval of x/H = 15 along the streamwise direction. Two identical fluid temperature
distributions were obtained in Case D1, as shown in Figure 15a. From the fluid temperature
distribution near the wall, it is indicated that the wall temperature firstly increases and
then decreases, which also has agreement with Figure 12. It is observed that the fluid
temperature approaching the bottom heated wall is higher than the fluid near the other
sidewalls in the upstream region, and the difference gradually decreases in the downstream
region. With flow developing along the channel, the fluid temperature becomes more
uniform and a maximum average temperature is obtained at the outlet. Slightly different
from Figure 15a, the fluid temperature distributions in Channel 1 (CH1) and Channel 2
(CH2) are symmetrical along the streamwise direction, as seen in Figure 15b. Compared
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with Figure 15a, the fluid temperature near the walls for the case with the reversed flow
direction is lower, which indicates the decreased wall temperature for Case D2.
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The temperature and HTC distributions along the x-axis in adjacent cooling channels
with the same (Case D1) and reversed (Case D2) flow directions are presented in Figure 16.
Due to the symmetrical distribution of Case D1, the results for one channel are plotted and
shown in Figure 16a. Using the flow pattern of the reversed flow directions, the “weakened”
region disappears due to the transverse heat conduction of two adjacent channels and
the fluid increases along the streamwise direction more smoothly. The wall temperature
distributions exhibit great differences in Figure 16b. For Case D1, the wall temperature
first increases to the maximum value and then gradually decreases. However, for Case D2,
the maximum temperature is much lower and the distributions become more uniform. It
is indicated that heat conduction inside solid materials is more dominant in determining
the wall temperature compared with the convective heat transfer from the fluid due to the
excellent thermal conductivity of the steel. Overall, the pattern of reversed flow directions
greatly promotes the heat transfer between the two adjacent solid channels and avoids
local high-temperature regions in Case D1. For HTC, Case D1 exhibits a trend of firstly
decreasing and then quickly increasing, as shown in Figure 16c. For the pattern with
reversed flow directions, the fluctuations in HTC are relatively gentle, despite showing the
same trend.
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To further analyze the bulk fluid and average wall temperature distributions for
Case D1 and Case D2, the maximum temperature, average temperature and distribution
standard deviations of each channel were extracted from Figure 16 and compared in Table 2.

Table 2. Maximum temperature, average temperature and distribution standard deviations of y-z
sections in Case D1 and Case D2.

Temperature
Type Case Name Maximum

Temperature (K)
Average

Temperature (K)

Distribution
Standard

Deviation (K)

Bulk fluid
temperature

Case D1 411 335 36
Case D2 411 (0) 328 (−2.09%) 39 (+8.33%)

Average wall
temperature

Case D1 1192 971 137
Case D2 973 (−18.37%) 946 (−2.57%) 23 (−83.21%)

For bulk fluid temperature, the maximum temperatures in Case D1 and Case D2 are
relatively close. The average temperature in Case D2 is lower than that in Case D1 by 2.09%,
but the standard deviation is slightly higher than that in Case D1 by 8.33%. For average
wall temperature, the maximum temperature in Case D2 reduces by 18.37% compared with
Case D1. The standard deviation for Case D2 is much lower than that in Case D1 by 83.21%,
which indicates the great improvements in wall temperature uniformity. It is concluded
that the adoption of an adjacent channel with reversed flow direction can improve the
uniformity of the wall temperature associated with the reduced maximum temperature.

4. Conclusions

In this paper, flow structures and heat transfer characteristics of supercritical CO2 in a
rectangular cross-section regenerative cooling channel were investigated under engine-like
conditions. The effects of heat flux magnitude, nonuniform heat flux, acceleration and
buoyance and flow patterns were considered. The mechanism of heat transfer and three-
dimensional flow structure were comprehensively analyzed. The paper provides a good
insight into supercritical CO2 used as a coolant for regenerative cooling in a scramjet at
an extremely high Mach number. Some significant conclusions from this study are listed
as follows:

(1) With the effect of sharply varied thermophysical properties of supercritical CO2, the
wall temperature displays obvious fluctuations in the temperature variation range,
especially regarding the core part of the fluid temperature close to the critical point.
The phenomenon is more obvious in the case with a higher heat flux magnitude
associated with the phenomenon of HTD in the downstream region of 80 < x/H < 120.

(2) The cases with the linear decreased heat flux distributions enlarge the “weakened”
region, which has benefits for heat transfer in the region of 70 < x/H < 90. HTC
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increases with the increased heat flux in the considered range of 0.75 MW/m2 to
2.25 MW/m2. Compared with channels loaded with increased heat flux, the maximum
temperature increases for the cases loaded with decreased heat flux.

(3) The average temperatures of the fluid and solid both decreased during the period
of the fluid approaching the critical point with increased accelerations. Larger HTC
distributions were obtained via the case with the larger acceleration, regardless of the
acceleration direction. Transverse accelerations can reduce the wall temperature in
the upstream region and increase the corresponding HTCs.

(4) Compared with the case of adjacent channels arranged in the same direction, the
wall temperature distribution becomes more uniform for the case arranged with
reversed flow directions. It is indicated that heat conduction inside solid materials
is more dominant in determining the wall temperature compared with convective
heat transfer from the fluid, due to the excellent thermal conductivity of the steel.
The maximum temperature decreased by 18.37% and the uniformity of the wall
temperature field improved by 83.21%.
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Nomenclature

Latin characters
a acceleration (m/s2)
Cp fluid thermal capacity (J/kg·K)
d diameter of the tube (m)
g gravity (m/s2)
h heat transfer coefficient (W/m2·K)
H height of the channel (m)
k turbulent kinetic energy (m2/s2)
P pressure (Pa)
q heat flux (W/m2)
T temperature (K)
x streamwise direction
y spanwise direction
z normal direction
Greek symbols
β thermal expansion coefficient (W/m·K)
λ thermal conductivity (W/m·K)
µ fluid dynamic viscosity (Pa·s)
ρ fluid density (kg/m3)
ω specific energy dissipation rate (s−1)
Subscripts
f fluid
s solid
Abbreviations
HTC heat transfer coefficient
HTD heat transfer deterioration
Re Reynolds number
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