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A harsh and complex thermal environment in the combustor threatens safe working of scramjets. In this study, heat transfer and flow structures of supercritical n-decane under 3 MPa in a regenerative cooling channel loaded with non-uniform heat flux distributions are investigated, including uniform, sinusoidal, increased, and decreased heat flux distributions. A verified k–ω SST turbulence model was employed, and a corresponding mesh independence study was performed. From this work, the fluid temperature at the outlet of the heated channel is only determined by the averaged heat flux, and all the regenerative cooling channels achieve the same temperature although loaded with different heat flux distributions. Compared with the fluid temperature, the wall temperature distribution is more sensitive to the variations of heat flux distribution. The regenerative cooling channels loaded with the sinusoidal heat flux distributions exist in several high-temperature regions, and the channel loaded with linear distributions changes the trend of temperature distribution. A larger temperature gradient is found in the regenerative cooling channel wall with a lower thermal conductivity. This work provides a good insight into the characteristics of the flow and temperature field of regenerative cooling channels loaded with non-uniform heat flux considering the effect of conjugate heat transfer.
Keywords: regenerative cooling, non-uniform, material, temperature distribution, conjugate heat transfer
INTRODUCTION
As the core component of a hypersonic vehicle, a scramjet engine faces an extremely severe thermal environment because of large aerodynamic heating and combustion heat generation (Zhu et al., 2018; Zhang et al. 2020). Traditional passive cooling methods are difficult to satisfy high thermal protection requirements and ensure the operation of the hypersonic vehicles. Many researchers pay attention to active thermal protection to provide higher efficiency thermal protection for propulsion systems, especially for a scramjet engine (Ding et al., 2019; Zuo et al., 2021). Using fuel as the coolant, regenerative cooling is a typical convective cooling method with quantities of cooling channels mounted inside the combustor wall (Jing et al., 2017; Zhao et al., 2018; Jin et al., 2020). The fuel flows through the cooling passages and absorbs excess heat from the combustion chamber inner walls before entering the combustor. First, it takes away large heat generation in the chamber and avoids heat damage to the structures. At the same time, the pre-heated fuel can take part in the combustion process efficiently and adequately. Regenerative cooling fully takes advantage of the physical properties of the fuel which makes it the most prospective way for thermal protection in scramjet engines.
As a typical propulsion fuel, endothermic hydrocarbon not only has a physical heat sink with latent heat of the vaporization process but also provides a chemical heat sink in its endothermic reaction. In recent years, the heat transfer characteristics of endothermic hydrocarbon fuels has become a focus in the aerospace field (Chen et al., 2016; Xu and Meng 2016; Li H, et al., 2019; Wang and Pan 2020; Zhang and Sun 2020; Xu et al., 2021). Chen et al. (2016) numerically investigated the influence of downstream blockage flow patterns and effects of throttle on temperature distributions and heat transfer. The results indicated that resistance in the downstream region would make a difference in the pressure field and formed a transverse pressure gradient. At the same time, the throttle structure with a small diameter played an important role in resisting mass flow rate difference, and when it was set at the inlet of the branch the wall temperature of the channel tended to be uniform. Xu and Meng, (2016) studied the influence of surface heat flux and inlet fluid velocity on fluid dynamics and heat transfer characteristics of RP-3 at 5 MPa in cooling tubes and revealed that hydrocarbon fuels could improve heat transfer by absorbing heat from endothermic chemical reactions. Xu, Lin, and Li (2021) numerically evaluated flow and heat transfer characteristics of hydrocarbon fuel under both mild and terrible-cracked conditions. The flow and heat transfer characteristics in cooling channels with different lengths and heat fluxes were investigated. In addition, the researchers found the fuel flow and heat transfer characteristics of hydrocarbon varied with the fuel mass flow and heat flux, which can enhance both heat transfer and deterioration.
Many researchers focused on heat transfer enhancement technology in regenerative cooling (Ulas and Boysan 2013; Brinda and Sumangala 2016; Feng et al., 2017; Pu et al., 2018; Zuo et al., 2018; Han et al., 2021; Liu et al., 2022; Luo et al., 2022). Han et al. (2021) intended to improve the heat transfer performance of n-decane under supercritical pressure in horizontal tubes by adding ZnO nanofluids and summed up heat transfer corrections in detail. Ulas and Boysan, (2013) analyzed the thermodynamic characteristics in triangle-shaped micro-cooling channels with different aspect ratios. They found that when the aspect ratio was higher, a better performance of the heat sink was provided. Zuo et al. (2018) numerically analyzed the influence of film injection locations, film injection temperature, and film slot velocity on heat transfer and flow structures in a regenerative cooling channel. The basic performance and safe operating conditions are evaluated and analyzed when film cooling and regenerative cooling existed at the same time.
Some numerical calculation investigations have been carried out to simulate the flow and heat transfer process of liquid fuels in cooling channels (Zhang et al., 2016; Li et al., 2018; Li X et al., 2020). Zhang et al. (2016) applied the verified k–ω SST model to explore the cooling performance of the regenerative cooling channels with different aspect ratios, fin thickness, and coolant inlet temperature, and the turbulence model was validated by the experiments. The results indicated that wall temperature remained decreased when the aspect ratio of the channel was increased from 1 to 8 in regenerative cooling channels, but the reduction rate decreased slowly. With the given channel aspect ratio and flow region, the decreased fin thickness provided decreased thermal diffusion coefficients. Li et al. (2018) selected a verified k–ω SST model to analyze the influence of truncated ribs on overall heat transfer performance and pressure drop characteristics under Re = 1800–3,700. A heat transfer improvement and an increase of pressure drop are found at the same time. Li Y et al. (2020) employed a verified v2f turbulence model to study the flow characteristics and heat transfer of twelve ribbed geometrical structures with different rib heights and slit-length-to-rib-lengths. They found that low ribs with a slit provided a decreased Nusselt number and friction factor, while the phenomenon in high ribs was the opposite. It is noted that producing short slits on high ribs is a feasible way to improve thermal performance.
Some experiments are performed to study the principles of flow and heat transfer characteristics (Li Z, et al., 2019; Wörz et al., 2019; Peszynski and Tesař 2020; Yan et al., 2020). Li H et al. (2019) carried out experiments under different engine-like working conditions to investigate the dynamic characteristics of the hydrocarbon fuel at high temperatures. It was found that the settling time of fuel outlet temperature and wall temperature first increased and then decreased with the increased fuel outlet temperature. The settling time increased with the increased heat flux for both outlet fuel temperature and wall temperature. Wörz et al. (2019) first experimentally studied the heat transfer and flow characteristics for gas turbine blades and then compared them with numerical results by adopting two common algebraic models and three implemented explicit algebraic models. The results indicated that the higher-order heat flux model would bring a remarkable improvement in heat transfer. Yan et al. (2020) experimentally investigated the parameter effect on heat transfer of kerosene at supercritical pressure and made comparisons with the currently existing heat transfer corrections.
Because of the complex heat flux during the working process, the non-uniform temperature field existing in the combustor wall affects the durability of the combustor chamber. In this work, a straight rectangular regenerative cooling channel is selected with a square cross section Su et al. (2020). The flow and heat transfer characteristics of hydrocarbon fuel in the regenerative cooling channel of scramjets under high Mach number and hard thermal environment conditions are studied. Given suitable inlet mass flow and a size-specified rectangular regenerative cooling channel, the flow and heat transfer field of n-decane at 3 MPa with different heat flux distributions are investigated, including uniform heat flux, sinusoidal heat flux, and linear heat flux distributions (Ruan et al., 2017; Li X et al., 2020). In addition, the effects of thermal conductivity of the regenerative cooling channel are investigated by using different materials.
COMPUTATIONAL DOMAIN AND THERMOPHYSICAL PROPERTIES
Computational domain
In Figure 1A, a typical combustor with multiple regenerative cooling channels compacted in the walls around the combustor is displayed. Considering the symmetry and periodicity of the combustor, a single rectangular cross-section regenerative cooling channel is selected as the computational domain to save the computational efforts, as shown in Figure 1B.
[image: Figure 1]FIGURE 1 | Regenerative cooling channels and computational domain. (A) Schematic of a typical scramjet combustor. (B) Single regenerative cooling channel.
The rectangular computational domain is built with a heated length of 300 mm and a fluid region cross section of 2 mm × 2 mm. Four solid walls with a certain thickness are placed around the fluid passage, and fluid–solid coupling is considered. The heat flux is loaded from the outer wall of the combustor, i.e., the bottom wall. Along the normal direction (z-axis) and spanwise direction (y-axis), the wall thickness is, respectively, 1 and 0.5 mm. In order to ensure a fully-developed regime and exclude the effect of boundary development on heat transfer, two extended channels are arranged upstream and downstream with a length of 50 mm.
Thermophysical properties
Thermophysical properties of supercritical n-decane change greatly when the temperature approaches the critical point. It is crucial to get the exact thermophysical properties in the calculation including density, viscosity, thermal capacity, and thermal conductivity. The corresponding data are obtained by SUPERTRAPP software which was developed by the National Institute of Standards and Technology, United States (Huber, 2007). For the three physical properties of density, viscosity, and thermal conductivity, the User-Defined Function was used in FLUENT to input the related data profiles including the temperature and the corresponding physical property data, and then UDF folders were loaded. For the thermal capacity of the fluid, the piecewise-linear function in the fluid material definition panel in FLUENT 19.0 was used to input the points within the computational temperature range. The details of thermophysical properties including density, viscosity, thermal conductivity, and thermal capacity that varied with temperature are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Related thermophysical properties of n-decane at 3 MPa obtained from SUPERTRAPP software. (A) Density and viscosity. (B) Thermal conductivity and thermal capacity.
NUMERICAL METHOD AND VERIFICATION
Grid and boundary conditions
In this study, structured grids are adopted to discretize the computational domains by commercial software ANSYS ICEM CFD 19.0. The mesh details of overview and cross sections of streamwise direction are displayed in Figure 3. The k–ω SST model is adopted to solve the turbulence equations. To meet the wall y + requirement of the k–ω SST model, the height of the first layer and the growth rate in the mesh system are set at 0.01 mm and 1.1, respectively. Also, the corresponding wall y+ is less than 1 for all the considered cases.
[image: Figure 3]FIGURE 3 | Structured meshes and local mesh details. (A) Cross section of the grids. (B) Full view of the grids.
Three-dimensional turbulent flow and heat transfer are performed in the rectangular regenerative cooling channel, as shown in Figure 1. In the calculation, the mass flow rate of the inlet is 0.0028 kg/s with an initial temperature of 423 K, and the corresponding Reynolds number is 5,385. The outlet is set as pressure-outlet with an operation pressure of 3 MPa. It is noted that only the bottom wall is the heated wall with a length of 300 mm. Other sidewalls, including the upstream and downstream extended channel walls, are both set as adiabatic.
To investigate the effects of non-uniform heat flux, four kinds of heat flux distributions, namely, uniform distribution (Case A), sinusoidal distribution (Case B), increased distribution (Case C), and decreased distribution (Case D), are designed. For the sinusoidal distribution of Case B1–Case B4, the cycle of sinusoidal function is change, and amplitude is changed for Case B5–Case B7. For the increased distribution of Case C1–Case C3, the increased rate is changed but setting the same averaged heat flux. Similar to Case C, the decreased rate of Case D1–Case D3 is changed but the same averaged heat flux is maintained. The details of heat flux distribution along the heated wall are provided in Table 1. The non-uniform heat flux distributions in each case are realized by User-Defined Functions in ANSYS FLUENT 19.0. For all the cases, the averaged heat flux is set at 1.5 MW/m2 which provides the convenience for comparisons.
TABLE 1 | Wall material and heat flux density of all the cases.
[image: Table 1]In the calculation, the effects of gravity with a value of 9.81 m/s2 are considered because of the drastic change in thermophysical properties. The interface between fluid and solid domains is coupled, and stainless steel is selected as the wall material in Case A–Case E. The density and thermal capacity of the steel are 7,930 kg/m3 and 500 J/kgK, respectively. The change of thermal conductivity of solid material is also considered in the calculation, and a linear correlation of thermal conductivity is used. The linear correlation of thermal conductivity for the steel is 12.1 W/mK at 290 K and 28.5 W/mK at 1300 K.
Numerical methods and governing equations
The mass, momentum, and energy conversation equations employed are provided in Eqs 1–3, respectively (Yan and Gu 2011; Tang et al. 2020):
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The heat conduction formula is given as follows in Eq. 4 Dai et al. (2013):
[image: image]
A verified k–ω SST turbulence model is used in many previous investigations for supercritical fluids and is calculated by Eqs 5–8 Sun et al., (2019):
[image: image]
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The finite volume method is implemented to accomplish the discretization of mass, momentum, and energy conservation equations. A double-precision pressure-based steady solver is adopted to get the flow and heat transfer characteristics of supercritical n-decane. The second-order upwind scheme is applied to the discretization, including pressure, momentum, turbulent kinetic energy, specific dissipation rate, and energy. Also, the SIMPLEC scheme is employed to deal with coupling of pressure and velocity. The convergence of the calculation determines that residuals of the continuity equation, velocity components, k and ω items are below 10−5, and the residual of the energy equation is below 10−9. In addition, the temperature on the heated walls is also monitored to judge the convergence.
Model validation and mesh independence study
For numerical simulation, it is necessary to verify the reliability of the turbulence model and determine the sensitivity of the generated meshes. For this work, turbulence model validation is performed by comparing the predicted result with the result of the previous experiment carried out by Liu et al., (2015). The verification of the turbulence model is performed in a circular tube with an inner diameter of 2 mm. The boundary conditions are set the same as the experiments. Four different turbulence models, namely, k–ε reliable, k–ε RNG, k–ω SST, and transition SST, are employed, and the predicted results are compared with experimental data, respectively. The fluid temperature and wall temperature along the streamwise direction are compared in Figure 4.
[image: Figure 4]FIGURE 4 | Verification of the turbulence model. (A) Fluid temperature. (B) Wall temperature.
As shown in Figure 4, the fluid temperature predicted by different turbulence models overlaps together which is very close to the experimental results. As for wall temperature distributions, the results of the k–ω SST turbulence model also have good agreement with the experimental data, and the error of averaged temperature is less than 5%. From a mechanistic point of view, the k–ω SST model considers the transmission of turbulent tangent stresses, making the SST k–ω model more accurate and reliable to predict a wider range of flows. In addition, the k–ω SST model can predict the flow field well according to the previous research. Therefore, the k–ω SST model is selected.
Figure 5 shows the results of fluid temperature and wall temperature varied along the streamwise direction predicted by the k–ω SST turbulence model. Both the fluid temperature and wall temperature increase along the streamwise direction, and the wall temperature is larger than the fluid temperature to provide the temperature gradient. Like the other turbulence models, the fluid temperature distributions predicted by the k–ω SST model are highly consistent with the experimental data. For wall temperature, the overall relative error is below 5%, and a relatively large error is found upstream of the tube. It is expected that the large error is caused by the upstream extended channel in the simulation work. Some heat is transferred upstream of the tube by the solid wall of the upstream extended channel, and the temperature increase becomes relatively gentle in the simulations. Overall, the k–ω SST turbulence model has shown enough reliability in the simulations.
[image: Figure 5]FIGURE 5 | Comparison of the fluid and wall temperature, respectively, from the experimental results and predicted by the k–ω SST model.
A mesh independence study is also performed in this work, and Case A is selected to assess the mesh sensitivity. Also, four kinds of mesh regimes are built, respectively, with a grid number of 3.07, 4.32, 5.98, and 8.01 M. Area-weighted averaged temperature on the heated surfaces and the pressure drop between the inlet and outlet predicted by the different mesh regimes are provided to evaluate the mesh sensitivity, as shown in Table 2. From the table, the results of all mesh regimes are very close, especially for the mesh regime of 4.32 and 5.98 M. When the grid number increases from 4.32 to 5.98 M, the error of averaged temperature and pressure drop is below 0.01%. Considering calculation accuracy and computational efforts, the mesh regime of 5.98 M is selected.
TABLE 2 | Related data calculated by different mesh regimes.
[image: Table 2]RESULTS AND DISCUSSION
Comparisons of temperature distribution
Figure 6 presents wall temperature trends along the streamwise direction loaded with different heat flux distributions. Each wall temperature value is obtained by averaging the temperature in the cross section within the solid domain perpendicular to the streamwise direction. A series of cross sections are built along the streamwise direction, and the distribution of wall temperature is displayed. The bottom surfaces are heated, and the highest temperature is obtained. The heat is transferred in the solid material from the sidewalls to the top wall. Therefore, the temperature in the sidewalls (left and right surfaces) is medium, and the temperature on the top surface is the lowest.
[image: Figure 6]FIGURE 6 | Temperature distributions along the streamwise direction on channel walls loaded with different heat flux distributions. (A) Case A; (B) Case B3; (C) Case C2; (D) Case D2.
In Figure 6, four kinds of heat flux distributions are selected, respectively, Case A, Case B3, Case C2, and Case D2. As shown in Figure 6A (the case loaded with the uniform heat flux distribution), the wall temperature has a relatively constant increased ratio in most locations except for a sharp rise at the inlet. In Figure 6B (the case loaded with the sinusoidal heat flux distribution), the wall temperature distribution exhibits a trend of sinusoidal increase which is corresponding to the heat flux distribution imposed on the walls. It is noted that the period of the increased temperature distribution is consistent with the sinusoidal heat flux distribution. The heated bottom wall also provides the highest temperature distribution. In Figure 6C (the case loaded with increased heat flux distribution), the temperature increases more quickly than that in Case A downstream of the thermal boundary fully developed region. The quickly increased wall temperature is caused by the increased wall heat flux along the streamwise direction. In Figure 6D (the case loaded with a decreased heat flux distribution), the wall temperature distribution first increases quickly upstream and then exhibits stably or slowly decreases downstream.
Comparing the four cases with different heat flux distributions in Figure 6, it is found that the wall temperature is greatly affected by the heat flux different distributions. For the uniform case (Case A), the wall temperature increases slowly along the streamwise direction. The distribution trends of the wall temperature have a similarity with the heat flux distribution. When the decreased distribution of heat flux is loaded in Case D, the wall temperature displays a decreased trend after the thermal boundary is fully developed, and the high-temperature region is found upstream. This phenomenon is caused by the large thermal conductivity coefficient in the solid material, and heat diffuses around the solid materials. It is noted that the bottom wall temperature is more affected by the variations of heat flux distributions which are directly loaded with heat flux.
Bulk fluid temperature distributions along the streamwise direction of the aforementioned cases are shown in Figure 7. Each data point in the figure is obtained by area-averaging all the result points of temperature on the y-z section, and 61 y-z sections are built along the streamwise direction. The distribution of heat flux is totally different for all the cases, and the averaged heat flux is the same. Therefore, the same outlet fluid temperature is obtained by all the cases loaded with different heat flux distributions based on the principle of energy conservation. Similar to the wall temperature, fluid temperature distribution also shows the dependency on heat flux distributions. Compared with the wall temperature, the dependency on heat flux distributions is much weakened because the heat is difficult to be transferred reversed in the streamwise direction. Overall, the wall temperature distribution is more sensitive to the variations of heat flux distributions than the fluid temperature.
[image: Figure 7]FIGURE 7 | Fluid temperature distributions along the streamwise direction for cases loaded with different heat flux distributions.
Streamlines and temperature contours on y-z sections for the case loaded with sinusoidal heat flux distributions (Case B3) are presented in Figure 8. Twelve y-z sections are selected with x/H ranging from 12.5 to 150. From the figure, low-temperature regions are located at the core part of the mainstream. The high-temperature region is mainly located at the bottom. With flow developing along the channel, the high-temperature region approaches the core part of the mainstream. It is noted that the fluid near the walls is heated fast, and the temperature distribution on y-z sections becomes more symmetrical at the end of the heated region. It is concluded that the temperature contours inside the solid walls approach uniform associating with the decreased temperature difference of the heated wall and the mainstream when the mainstream is heated along the channel. Two counter-rotating vortices are found in the y-z sections in Figure 8. The pair of vortices is caused by buoyancy force generated by density variation depending on temperature and gravity effect considered in the computational model. Overall, the mainstream is downward flow in the y-z sections because of higher fluid temperature close to the bottom heated wall. The pair of vortices is pushed to the sidewalls, and upward flows are found in the region close to the sidewalls.
[image: Figure 8]FIGURE 8 | Streamlines and temperature contours on y-z sections for the case loaded with sinusoidal heat flux distributions (Case B3).
Streamlines and temperature contours on y-z sections for the cases, respectively, loaded with the increased and decreased heat flux distributions (Case C2 and Case D2) are compared in Figure 9. The same sections in Figure 8 are selected. The temperature characteristics on the y-z sections are affected by the heat flux distributions in Case C2 and Case D2. For the case with an increased heat flux distribution, a large temperature difference exists between the bottom wall and the mainstream, even at the end of the heated region. For the case with a decreased heat flux distribution, the fluid near the wall is heated fast because high heat flux is loaded upstream of the channel. After a long heat diffusion process along the channel, the temperature distribution becomes more symmetrical for Case D2.
[image: Figure 9]FIGURE 9 | Streamlines and temperature contours on y-z sections for the cases, respectively, loaded with the increased and decreased heat flux distributions (Case C2 and Case D2).
Effects of related distribution parameters
To reveal the characteristics of regenerative cooling channels loaded with different kinds of heat flux distributions, effects of related distribution parameters are studied in this section, such as the cycle and amplitude of the sinusoidal distributions and the inclination angle of the increased and decreased distributions.
Figure 10 presents temperature distribution along the streamwise direction loaded with sinusoidal heat flux distributions with different cycles and amplitudes. Each data is obtained by averaging all the data points of temperature on the y-z sections, including fluid temperature (A1 and B1) and wall temperature (A2 and B2). For all the considered cases, the averaged heat flux is set the same. As shown in Figure 10A1 and Figure 10B1, the outlet temperature is kept the same and close to 590 K based on the energy conservation principle. For the cases with different cycles shown in Figure 10A1, the number of heat transfer peaks has an agreement with the cycles of sinusoidal heat flux distributions. Overall, the fluctuations of temperature distribution along the streamwise direction become weakened with the cycles of sinusoidal distributions becoming small even though the same amplitude is applied. When the same cycle is applied, the fluctuations of temperature distribution are increased with the increased amplitude as shown in Figure 10B1. It is noted that when the fluctuation of heat flux distributions is strong enough, the fluid temperature in some regions exceeds the outlet temperature because of the conjugate heat transfer with the solid walls. Compared with the fluid temperature, the wall temperature distributions display a similar trend with stronger fluctuations as shown in Figure 10A2 and Figure 10B2, which have good agreements with the heat flux distributions. The strongly fluctuated wall temperature interacts with the fluid temperature by coupled heat transfer. Overall, the wall temperature is more sensitive to the change in heat flux.
[image: Figure 10]FIGURE 10 | Temperature distributions for cases loaded with sinusoidal distributions. (A1) Fluid temperature for cases with different cycles. (A2) Averaged wall temperature for cases with different cycles. (B1) Fluid temperature for cases with different amplitudes. (B2) Wall temperature for cases with different amplitudes.
Temperature distributions for the cases loaded with increased and decreased heat flux distributions at different inclination ratios are provided in Figure 11. Fluid temperature and wall temperature for the cases loaded with increased heat flux distributions are shown in Figure 11A1 and Figure 11A2, and the cases loaded with decreased heat flux distributions are shown Figure 11B1 and Figure 11B2, respectively. Though the same outlet temperature is obtained in all the cases, the variations in the trend of temperature along the streamwise direction are affected by heat flux distributions. For the fluid temperature, the upstream temperature increases slowly and then increases fast along the streamwise direction for the cases with increased heat flux distributions, while the cases loaded with decreased heat flux distributions show a reversed trend. The wall temperature in the outlet region changes greatly for different cases, and it mainly depends on the local heat flux. If the inclination ratio for the cases with increased heat flux distributions is increased, a larger wall temperature is obtained at the outlet of the heated region. When the heat flux distribution is decreased, the upstream wall temperature exceeds the downstream wall temperature at a larger decreased rate. For the cases with a decreased heat flux distribution, the wall temperature becomes relatively stable when a suitable decreased rate is applied.
[image: Figure 11]FIGURE 11 | Temperature distributions for cases loaded with linear distributions. (A1) Fluid temperature for cases with increased distributions. (A2) Wall temperature for cases with increased distributions. (B1) Fluid temperature for the cases with decreased distributions. (B2) Wall temperature for the cases with decreased distributions.
Temperature contours of the bottom heated walls loaded with different heat flux distributions are displayed in Figure 12. Figure 12A includes the sinusoidal heat flux distributions with the same amplitudes, i.e., Case B1–Case B4. Figures 12B–D, respectively, include Case B5–Case B7, Case C1–Case C3, and Case D1–Case D3. Effects of non-uniform heat flux distributions on wall temperature are more clearly visible in the temperature contours. Several high-temperature regions are found in the cases with the sinusoidal heat flux distributions. With the decreased cycles of the sinusoidal heat flux distributions, the temperature variations become weakened along the streamwise direction, and the overall temperature distribution becomes more uniform, as shown in Case B4. When the decreased heat flux distribution is applied, high-temperature regions move upstream. When a suitable decreased rate is applied, a relatively constant temperature distribution is achieved, as shown in Case D1.
[image: Figure 12]FIGURE 12 | Temperature contours on the heated walls for all the cases. (A) Sinusoidal distributions with different cycles. (B) Sinusoidal distributions with different amplitudes. (C) Increased heat flux distributions. (D) Decreased heat flux distributions.
Effects of thermal conductivity
Effects of thermal conductivity are also considered in this work. Fluid temperature and wall temperature loaded with sinusoidal heat flux distributions in the cooling channel with different solid materials are presented in Figure 13. Three kinds of solid materials are used, Al (202.4 W/mK), steel (18.17–26.77 W/mK), and Ti (7.44 W/mK). For the fluid temperature shown in Figure 13A, the same temperature is obtained at the end of the heated wall even with different temperature variations in the heated process. The temperature variations become stronger when a larger thermal conductivity is applied. The phenomenon is also found in the wall temperature distribution shown in Figure 13B. A more fluctuated fluid and wall temperature distribution are found for the cooling channel with low thermal conductivity, i.e., Ti. It is concluded that a larger temperature gradient is found in the solid wall with low thermal conductivity.
[image: Figure 13]FIGURE 13 | Temperature distributions of cases with different thermal conductivities, respectively, Al, steel, and Ti. (A) Fluid temperature. (B) Wall temperature.
CONCLUSION
In this work, flow structures and heat transfer of hydrocarbon fuel in the regenerative cooling channels loaded with non-uniform heat flux distributions are investigated. Different kinds of heat flux distributions are applied coupled with solid wall heat conduction, including uniform heat flux distributions, sinusoidal heat flux distributions, increased heat flux distributions, and decreased heat flux distributions. Related parameters of distribution curves are fully analyzed to reveal the flow and heat transfer characteristics loaded with non-uniform heat flux distributions. In addition, effects of gravity and thermal conductivity of solid materials are also considered in this work. Some useful conclusions that emerged from this study are provided as follows:
1) The fluid temperature at the outlet of the heated channel is only determined by the averaged heat flux, and all the regenerative cooling channels achieve the same temperature although loaded with different heat flux distributions. The wall temperature is greatly affected by the heat flux distributions and displays a similar trend with the corresponding loaded heat flux distributions. Compared with the fluid temperature, the wall temperature distribution is much sensitive to the variation of heat flux distribution.
2) The regenerative cooling channels loaded with the sinusoidal heat flux distributions exist in several high-temperature regions according to the peaks of the sinusoidal curve, and the fluctuations of temperature distribution along the streamwise direction become weakened with the cycles of sinusoidal distributions becoming small. The heat flux with linear distributions can change the trend of temperature distribution. For the cooling channel with decreased heat flux distributions, an almost uniform temperature field distribution is achieved at a suitable decreased rate of heat flux, such as Case D1.
3) For the effect of thermal conductivity, a larger temperature gradient is found in the regenerative cooling channel wall with lower thermal conductivity. This work provides a good insight into the characteristics of the flow and temperature field of regenerative cooling channels loaded with non-uniform heat flux considering the conjugate heat transfer effect.
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NOMENCLATURE
Latin characters
Cp fluid thermal capacity (J/kg·K)
d turbulent kinetic energy (m2/s2)
D outer diameter of the circular pipe (m)
H height of the channel (m)
k turbulent kinetic energy (m2/s2)
P pressure (Pa)
T temperature (K)
u velocity (m/s)
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
avg average
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