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Abstract 1 

As an effective method for heat management  of hypersonic vehicles, regenerative 2 

cooling faces a severe problem of insufficient cooling capacity under high-speed 3 

conditions. Aiming to increase the cooling capacity of a given fuel, we conducted an 4 

optimization study by considering the influence of working condition, chemical 5 

kinetics and chemical routes. Via establishing a framework of multi-physical simulation 6 

by coupling the catalytic reactions with complex heat transfer process from subcritical 7 

to supercritical status, we conducted a parametric study of the effects of working 8 

conditions (i.e., inlet temperature and inlet velocity) to reveal the influence of physical 9 

heat sink, and different chemical kinetics and chemical routes to optimize the chemical 10 

heat sink. As a limiting case study, surface coking process was also investigated. With 11 

the consideration of both physical and chemical heat sinks, the regenerative cooling 12 

capacity of a hydrocarbon fuel can be effectively increased through the optimization of 13 

the working conditions.  Using n-Decane as an example, a total heat sink value of 2.5 14 

MJ/kg is obtained under typical working conditions.  A maximum heat sink of 5.3 15 

MJ/kg could be obtained  by engineering chemical routes with ethylene and hydrogen 16 

as the final cracking products, under conditions 473 K and 0.042 m/s. Results also 17 

reveal that it is essential  to reduce the temperature of the wall to minimize  carbon 18 

deposition . For practical applications, a careful consideration of the synergies among 19 

the inlet conditions, reaction kinetics and route, and coking should be performed to 20 

optimize the cooling capacity of a HC fuel. 21 

Keywords: Regenerative cooling; Hydrocarbon fuel; Heat-sink improvement; 22 

Thermal cracking reaction routes; Surface coking. 23 
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 1 

Nomenclature 2 

𝐴   pre-exponential constant, s−1 3 

c  concentration of products, mol/m^3 4 𝐶𝑝  constant-pressure heat capacity, J/(kg ∙ K) 5 𝑑  thickness of coking layer, m 6 𝐷   diameter of the regenerative cooling passages, m 7 𝐷𝑖  diffusion coefficient of 𝑖 𝑡ℎspecies, m2/s 8 𝐸𝑎  activation energy in Arrhenius rate expression, kJ/mol 9 ℎ   enthalpy, kJ/kg 10 𝐻   heat sink, MJ/kg 11 𝑘  turbulent kinetic energy 12 𝑘𝐴  Arrhenius rate constant, 1/s 13 𝐿   distance of the regenerative cooling passages, m 14 𝑃𝐶  critical pressure, MPa 15 𝑝   pressure, MPa 16 𝑞0  volume flow of fuel at the inlet, ml/min 17 𝑅   molar gas constant, 8.314 J/(mol ∙ K) 18 𝑟   radial coordinate, 𝑚 19 𝑆   chemical source term, kg/(m3 ∙ s) 20 𝑇   fuel temperature, K 21 𝑇0  inlet fuel temperature, K 22 𝑇𝑐  critical temperature of 𝑖𝑡ℎ species, K 23 𝑢   axial velocity component, m/s 24 𝑢0  inlet axial velocity of the hydrocarbon fuel, m/s 25 𝑣   radial velocity component, m/s 26 𝑌𝑖    mass fraction of 𝑖𝑡ℎ  cracked product species, 1 27 
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 1 

Greeks 2 

𝜆   thermal conductivity, W/(m ∙ K) 3 𝜇𝑖  dynamic viscosity of an individual product species, Pa ∙ s 4 𝜌   density, kg ∙ m3 5 𝜔𝑖  product mass fraction of an individual product species, 1 6 𝜏   viscous stress, N/m2 7 

Subscripts 8 

c       coking 9 𝑐ℎ𝑒𝑚    chemical heat sink 10 𝑒𝑛𝑑𝑜   endothermic 11 𝑖       individual product species 12 

in      inlet of the tube 13 𝑚𝑖𝑥    mixture 14 

out     exit of the tube 15 𝑝𝑟𝑜𝑑   products 16 𝑝ℎ𝑦    physical heat sink 17 𝑟𝑒𝑎𝑐    reactants 18 𝑡𝑜𝑡     total heat sink 19 𝑤      wall 20 

 21 

 22 

  23 
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1. Introduction 1 

With the rapid development of hypersonic vehicles (HV) and increased requirement 2 

of heat management, the challenge of efficient cooling becomes more and more severe. 3 

Among various thermal protection measures, regenerative cooling, which uses the fuel 4 

to cool some critical components before it is burned in the combustor, is considered to 5 

be one of the most promising methods1, 2. However, as the vehicle speed increases, the 6 

demand on the cooling capacity of hydrocarbon fuels (HC fuels) also increases. It is 7 

predicted that more than 5 MJ/kg of cooling capacity3 is required at hypersonic flow of 8 

Mach 5. The cooling capacity of a HC fuel is from two components: physical heat sink 9 

and chemical heat sink. It has been shown that when the temperature of the fuel reaches 10 

around 560 ℃4, 5, the bonds of hydrocarbon molecules become broken to produce some 11 

smaller molecules. This phenomenon, known as thermal cracking or pyrolysis, is 12 

typically endothermic and can provide further cooling capacity, called chemical heat 13 

sink, and is becoming increasingly important to meet the high cooling demand under 14 

high Mach number conditions.  15 

Recent years see an increasing number of experimental studies on the thermal 16 

cracking characteristics and carbon deposition process of different HC fuels6-16, aiming 17 

to increase their cooling capacity from both physical and chemical heat sink approaches. 18 

As summarized in Table 1, the maximum physical heat sink and chemical heat sink can 19 

be achieved are around 2.3 MJ/kg15, 17, 18, and 1 MJ/kg, respectively, for pure HC fuels. 20 

As the physical heat sink is mainly decided by the initial thermophysical properties, 21 

how to enhance chemical heat sink becomes the key to further increase the cooling 22 

capacity of any HC fuels.  23 

As shown in many prior studies6, 19, 20, the chemical heat sink is strongly influenced 24 

by the conversion rate of the fuel and the distribution of reaction products. For instance 25 

the thermal cracking is typically endothermic if the products are unsaturated 26 

hydrocarbons (i.e., ethylene, propylene and butene) and becomes exothermic if the 27 
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products are saturated HCs such as methane3. Catalytic cracking is an effective way to 1 

increase the chemical heat sink of HC fuels. Properly engineered, catalytic cracking 2 

could not only increase the conversion rate, but also selectively modify the chemical 3 

routes, leading to different products. A number of catalysts have been used recently to 4 

improve chemical heat sink of different fuels18, 21-25. It is clearly shown in Table 1 that 5 

catalytic cracking could  significantly increase the chemical heat sink. The maximum 6 

heat sink achieved so far is 4.64 MJ/kg26 at 758 °C and 3.5 MPa by using a hybrid 7 

catalyst in zeolite matrix (Cooxides@ZSM-5). This value, however, is still less than the 8 

required cooling capacity for Mach>5, and the high temperature of >750 °C inevitably 9 

brings the problem of coking, which would significantly deteriorate the regenerative 10 

cooling performance. Clearly, how to further increase chemical heat sink while 11 

minimizing the coking phenomenon is a pressing question to answer. 12 

Table 1 Heat sink variations of HC fuels with different kinds of catalysts. 13 

References HC fuels Catalysts Working conditions 
𝐻𝑡𝑜𝑡 
(MJ/kg) 

𝐻𝑝ℎ𝑦 

(MJ/kg) 

𝐻𝑐ℎ𝑒𝑚 

(MJ/kg) 

Jin12 RP-3 No catalyst 6 MPa, 699 °C 2.61 / / 

Zhu15 n-Decane No catalyst 4 MPa, 670 °C 2.70 2.17 0.53 

Huang17 JP-7 No catalyst 4.14 MPa, 635 °C 2.40 2.00 0.40 

JP-8+100 No catalyst 4.14 MPa, 734 °C 3.25 2.27 0.98 

JP-10 No catalyst 4.14 MPa, 741 °C 3.03 2.18 0.85 

Yue18 Decalin No catalyst 3.5 MPa ,750 °C 3.21 2.23 0.98 

Pd@N 3.5 MPa ,750 °C 3.50 2.23 1.27 

Sun27 JP-10 No catalyst 4 MPa, 700 °C 2.32 / / 

HDZ-O 4 MPa, 700 °C 2.80 / / 

E, X.-t.-f28  JP-10 No catalyst 4 MPa, 680 °C 2.09 / / 

Pt NPs 4 MPa, 680 °C 2.71 / / 

Long26 n-Decane No catalyst 3.5 MPa, 728 °C 3.77 / / 

Cooxides@ZSM-5 3.5 MPa, 758 °C 4.64 / / 
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He22 Methylcyclohexane 

(MCH) 

No catalyst 3.5 MPa, 690 °C 2.48 / / 

PPAMAM-1 3.5MPa, 690°C 2.95 / / 

Ye23 Decalin No catalyst 3.5 MPa ,675°C 2.18 / / 

Pt @ CPAMAM 3.5 MPa ,693°C 3.03 / / 

In parallel to experimental studies, a number of numerical investigations have been 1 

conducted to examine the characteristics of thermal cracking, carbon deposition and 2 

heat transfer of HC fuels4, 7, 8, 29-33. Most of the simulation are based on simplified 3 

models. For a typical regenerative cooling system, the operating pressure is generally 4 

above the critical pressure of the fuel, which hence undergoes a gradually heated 5 

process in cooling channels, transiting from a sub-critical to supercritical state. The 6 

rapid change of thermophysical properties, coupling with multi-physical process of 7 

pyrolysis and trans-critical heat transfer process, makes the simulation of regenerative 8 

cooling highly challenging. How to further increase the cooling capacity of a HC fuel 9 

requires to optimize the chemical reaction route while minimizing the coking 10 

phenomenon, which is difficult to achieve experimentally.  11 

In this work, we try to increase the cooling capacity of a given HC fuel from two 12 

approaches: i) Optimization of both  working conditions and catalytic reactions, and ii) 13 

Engineering suitable reaction routes to increase the chemical heat sink while 14 

minimizing the coking effect. To achieve this, we established a framework of multi-15 

physical simulation by coupling the catalytic reactions with complex heat transfer 16 

process from subcritical to supercritical status. We then conducted a parametric study 17 

of the effects of working conditions (i.e., inlet temperature and inlet velocity) to reveal 18 

the influence of physical heat sink, and different chemical kinetics and chemical routes 19 

to optimize the chemical heat sink. As a limiting case study, surface coking process was 20 

also investigated. As a main component of HC fuels, n-Decane has a critical pressure 21 

and temperature similar to those of actual jet fuels, and is chosen as a surrogate model 22 

to simplify the thermal cracking reactions. The result reveals the potentials of 23 

engineered low temperature catalytic cracking in maximizing the cooling capacity of a 24 
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given HC fuel.  1 

2. Numerical methods and verifications 2 

2.1 Physical model and boundary conditions 3 

In order to examine the heat transfer performance and heat sink enhancement with 4 

thermal cracking, a 2D axis-symmetric model is established, as shown schematically in 5 

Figure 1. To effectively validate the simulation model, the velocity inlet and pressure 6 

outlet conditions are used for the current setting, where the experimentally measured 7 

wall temperature 𝑇𝑤 is prescribed in the numerical study7, as shown in Figure 2.  8 

 9 

Figure 1 Schematics and boundary conditions of the simulation model. 10 

 11 

Figure 2 Thermal boundary condition: temperature distribution along the tube inner face7 12 

2.2 Basic Chemical Kinetic Model  13 

As verified in experimental results4, 5, the initiated cracking temperature of n-14 
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Decane is normally exceed 560 ℃. For current investigations, the baseline thermal 1 

cracking reaction kinetics of the thermal cracking of n-Decane, which consists of 18 2 

species and one chemical reaction, is obtained from the one-step proportional product 3 

distribution (PPD) model7 based on the experimental results. 4 

The reaction rate of n-Decane can be defined as 5 𝑑[𝐶10𝐻22]𝑑𝑡 = −𝑘𝐴[𝐶10𝐻22] (1) 6 

where the rate constant, 𝑘𝐴, can be expressed using the Arrhenius expression: 7 𝑘𝐴 = 𝐴𝑒𝑥𝑝 (− 𝐸𝑎𝑅𝑇) (2) 8 

More detailed information of the kinetic model and the value of pre-exponential 9 

constant 𝐴 and energy activation 𝐸𝑎 are listed in Table 2. 10 

Table 2 PPD pyrolytic reaction kinetics model of n-Decane. 11 

Chemical reaction 
𝐴 (s−1) 

𝐸𝑎 (kJ ∙ mol−1) 

C10H22→0.153CH4+0.222C2H4+0.138C2H6+0.200

C3H6+0.185C3H8+0.171C4H8+0.118C4H10+0.149

C5H10+0.137C5H12+0.170C6H12+0.106C6H14+0.14

7C7H14+0.091C7H16+0.132C8H16+0.040C8H18+0.0

46C9H18+0.031C9H20 

1.6 × 1015 263.7 

The PPD model has been validated in previous studies8, 29, 31, 34 and is considered to 12 

have a high accuracy when the conversion rate of n-Decane is lower than 25%. Under 13 

higher conversion rates, as the secondary pyrolytic reactions are not taken into 14 

consideration, this model will become less accurate. However as shown by some recent 15 

work, the relative error was found to be within 15% even if the conversion reaches 16 

70%35, and within 20% at a conversion rate of 76%29. Consequently, this model can be 17 

considered to be applicable to simulate the effects of working conditions within a 18 

certain error range for flow in the whole channel.  19 
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2.3 Governing Equations and Solution Method  1 

The governing equations for steady-state flow and heat transfer of thermal cracked 2 

n-Decane in cooling channels include mass conservation equation, momentum 3 

conservation equation, energy conservation equation, and chemical species mass 4 

fractions. 5 

The mass conservation equation, 6 ∇(𝜌�⃗� ) = 0 (3) 7 

where 𝜌 and �⃗�  are the density and velocity of the fluid. 8 

The momentum conservation equation, 9 ∇(𝜌�⃗� �⃗� ) = −∇𝑝 + ∇𝜏𝑒𝑓𝑓 (4) 10 

where 𝑝 and 𝜏𝑒𝑓𝑓 are the pressure and viscous stress tensor. 11 

The energy conservation equation, 12 ∇(𝜌�⃗� 𝑒𝑡) = ∇(𝜆𝑒𝑓𝑓∇T) − ∇(𝑝�⃗� ) (5) 13 

where 𝑒𝑡 , 𝜆𝑒𝑓𝑓 , and T  are the total internal energy, thermal conductivity and 14 

temperature of the fluid. 15 

The local mass fraction of each species is predicted by using a convection-diffusion 16 

equation for each component. This equation generally in the following form: 17 ∇(𝜌𝑌𝑖�⃗� ) = −∇(𝑝𝑌𝑖𝐷𝑖) + 𝑆𝑖 (6) 18 

where 𝑌𝑖, 𝐷𝑖, 𝑆𝑖 are the mass fraction, diffusion coefficient and chemical source 19 

term of 𝑖th species. 20 

The chemical source term 𝑆𝑖 of equation. (6) can be solved as, 21 𝑆𝑖 = 𝜔𝑖̇ ∙ 𝑀𝑤𝑖 (7) 22 

where 𝜔𝑖  and 𝑀𝑤𝑖  are the chemical reaction rate and molecular weight of 𝑖 th 23 

species. 24 

COMSOL Multiphysics® is used to solved the conservation equations by using four 25 
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different physics interfaces and two multiphysics coupling. As shown in Figure 3, the 1 

physics interfaces including turbulent flow, heat transfer in fluids, chemistry, and 2 

transport of concentrated species. The two multiphysics coupling interfaces include 3 

non-isothermal flow multiphysics coupling and reacting flow multiphysics coupling. 4 

Compared with conventional CFD package, COMSOL Multiphysics® make it easier to 5 

calculate chemical source terms in the species conservation equations and is more 6 

effectively in dealing with mulit-physics coupling.  7 

 8 

Figure 3 Coupling relationship between physical fields. 9 

The algebraic Y+ turbulent model with Low-Re wall treatment in COMSOL 10 

Multiphysics®, which enforces a low-Reynolds-number formulation all the way down 11 

to the wall if the mesh is fine enough, is employed for accurately calculating the sharp 12 

temperature gradient and pyrolytic reactions near the wall. Therefore, the mesh near the 13 

wall needs to be fined sufficiently to allow drastically change of the fluid 14 

thermodynamic properties caused by sharp temperature gradient and pyrolytic reactions. 15 

It has been reported that the algebraic Y+ turbulent flow physics interface is suitable 16 

for incompressible flows, weakly compressible flows or compressible flows at low 17 

Mach numbers (typically less than 0.3), which is sufficient for this work.  18 

2.4 Thermophysical properties of coolant 19 

As introduced above, the pressure of a regenerative cooling system is normally 20 

above the critical point of the fuel to avoid the deterioration of heat transfer induced by 21 

the fuel boiling. As the temperature and pressure both reach or exceed the critical point, 22 
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the thermophysical properties of the coolant become very sensitive to the change of 1 

temperature. In this work, the SUPERTRAPP and REFPROP software developed by 2 

NIST are used to calculate the thermodynamic properties of n-Decane under a given 3 

pressure. The data is then imported into the COMSOL Multiphysics® using its user 4 

defining capability and used in subsequent calculations. 5 

The thermodynamic properties of the mixture, such as 𝜌𝑚𝑖𝑥, 𝜇𝑚𝑖𝑥, 𝑘𝑚𝑖𝑥, 𝐶𝑝𝑚𝑖𝑥 6 

are determined by each component, and can be calculated as 7 𝜌𝑚𝑖𝑥(𝑇) = 1𝛴𝑖 𝑤𝑖𝜌(𝑇)𝑖 (8) 8 

 9 μ𝑚𝑖𝑥(𝑇) = 𝛴𝑖 𝜇1 + ∑ 𝑥𝑗 ∅𝑖𝑗𝑛𝑗=1,𝑗≠𝑖 (9) 10 

where the ∅𝑖𝑗is given as 11 

∅𝑖𝑗 = (1 + (𝜇(𝑇)𝑖 𝜇(𝑇)𝑗⁄ )0.5(𝑀𝑖 𝑀𝑗⁄ )0.25)2(4 √2⁄ )(1 + 𝑀𝑖 𝑀𝑗⁄ )0.5 (10) 12 

k𝑚𝑖𝑥(𝑇) = 0.5 (∑𝑥𝑖𝑖 𝑘(𝑇)𝑖 + ∑(𝑥𝑖𝑖 /𝑘(𝑇)𝑖)−1) (11) 13 

C𝑝𝑚𝑖𝑥(𝑇) = 𝛴𝑖𝑤𝑖 𝐶𝑝(𝑇)𝑖𝑀𝑖 (12) 14 

3. Results and Discussion 15 

3.1 Model validation and grid independence study 16 

The validation of the model follows the experiments of Ward et al.7 Detailed 17 

boundary conditions are listed in Table 3. Figure 4 presents the axial temperature, 18 

velocity, and mass fraction of n-Decane distribution in the flow direction. As shown in 19 

Figure 4, the numerical results show good agreement between the experimental and 20 

numerical data. The maximum difference between the experiments and the current 21 
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simulations are 1.9% and 9.4% for axial temperature and velocity values respectively. 1 

Consequently, the numerical model can be considered reliable and effective within a 2 

certain error range. 3 

Table 3 Boundary conditions used for model validation. 4 

Inlet pressure 𝑃0 (MPa) 

Temperature 

of the wall 𝑇𝑤 (K)7 

Inlet fuel 

temperature 𝑇0 (K) 

Inlet flow rate 𝑞0 (ml/min) 

Inlet velocity 𝑢0 (m/s) 

3.45 𝑓(𝑥)  473 0.5 0.042 

                                                                                                                                                                                                                                                        5 

Figure 4 Distribution of axial temperature and velocity of the fuel along the tube. 6 

Grid independence studies have been conducted before the parameterized 7 

investigations. Structured meshes are used in the axial cross section and radial cross 8 

section. Results show that a set of computational mesh of 2000 × 65 (axial × cross-9 

sectional) are sufficient. The mesh near the wall needs to be fined due to the drastic 10 

change of the fluid thermodynamic properties caused by sharp temperature gradient and 11 

pyrolytic reactions. Totally 65 layers of meshes are used in cross-section, and 15 layers 12 

of meshes are located in the viscous layer, with the thickness of the first layer 13 

computational mesh near the wall is set to be 1 μm (i.e., satisfying the requirement of 14 

y+<1). Meanwhile, the meshes near the entrance of the tube also need to be fined as the 15 
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fuel is in trans-critical state and the heat transfer process are not fully developed. The 1 

number of meshes is set to be 2000 in axial section. The growth formula is chosen as 2 

arithmetic sequence and an element ratio of 100 is used to fine the meshes near the 3 

entrance. The thickness of the first layer computational mesh near the entrance is about 4 4 μm.  5 

3.2 Influence of working conditions  6 

In this section, the PPD model is applied to study the effects of working parameters 7 

(i.e., inlet temperature and inlet velocity) on the convective heat transfer of n-Decane 8 

with endothermic thermal reactions in the range of 300-550 K and 0.001-0.1 m/s , as 9 

Table 4 shows. The parameters of chemical kinetic model remain unchanged at this 10 

state. Three cases (cases 1-3) as shown in Table 5, are used to illustrate the development 11 

of flow and temperature field, as well as the conversion rate, along the cooling channel, 12 

as shown in Figure 5 and Figure 6. 13 

Table 4 Operating conditions for parametric studies. 14 

Parameters Value 

Inlet pressure, 𝑃0 (MPa) 3.45 

Temperature of the wall7,𝑇𝑤 (K) 𝑓(𝑥) 

Inlet fuel temperature, 𝑇0 (K) 300 − 550 

Inlet velocity, 𝑢0 (m/s) 0.001 − 0.1 

Pre-exponential constant, 𝐴 (1/s) 0.8 × 1015 − 2.2 × 1015 

Activation energy, 𝐸𝑎 (kJ/mol) 230 − 280 

Chemical kinetic model PPD model 

Table 5 Detailed information of different cases. 15 

Case Inlet temperature Inlet velocity Pre-exponential constant Activation energy 
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𝑇0 (K) 𝑢0 (m/s) 𝐴 (1/s) 𝐸𝑎 (kJ/mol) 

Case.1 300 0.01 1.6 × 1015 263.7 

Case.2 350 0.01 1.6 × 1015 263.7 

Case.3 300 0.02 1.6 × 1015 263.7 

Case.4 473 0.042 1.3 × 1015 250 

Case.5 473 0.042 1.5 × 1015 250 

Case.6 473 0.042 1.3 × 1015 260 

 1 

 2 

Figure 5 Distributions of fuel temperature, fuel velocity and fuel mass fraction at different inlet 3 

temperatures and inlet velocities. 4 
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 1 

Figure 6 Variations of a) fuel velocity, b) fuel temperature and c) fuel mass fraction at different 2 

inlet temperatures and inlet velocities along radial direction at different x positions.  3 

As mentioned before, the pressure of the tube is kept to be 3.45 MPa, which is 4 

higher than the critical pressure (2.10 MPa) of n-Decane, therefore, the fuel remains a 5 

subcritical state at the entrance. With the fluid temperature increases, the flow shall 6 
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transit into a supercritical status. However due to the rapid heating, the subcritical state 1 

occupies only a small portion in the whole cooling channel. As shown in Figure 5, 2 

regardless of the inlet temperature and velocity, the flow becomes supercritical at x/L > 3 

5% where the temperature at the center of the channel becomes > 617.7 K, i.e., most 4 

the channel remains in the supercritical condition. The comparison between Case.1 and 5 

Case.2 indicates that as the inlet temperature is higher (i.e., Case.2), the thermal 6 

cracking starts earlier. The comparison between Case.1 and Case.3 indicates that as the 7 

inlet velocity increases, the fluid temperature reduces, which weakens the thermal 8 

cracking of n-Decane. It is clear that the variations of the inlet conditions change the 9 

flow and  temperature field, leading to different conversion ratios, hence different 10 

chemical heat sinks. 11 

Detailed variations of fuel velocity, fuel temperature and fuel mass fraction along 12 

radial direction at different x positions are shown in Figure 6. There is a quick 13 

development of the flow and temperature field within a short distance, resulting in large 14 

gradients near the wall. The conversion rate of n-Decane at the exit of the tube rises 15 

from 30.4% to 38.8% as the inlet temperature increase from 300 K (Case.1) to 350 K 16 

(Case.2). The increase of conversion rate indicates the increase of endothermic value 17 

of cracking reaction, which in turn reduces the temperature of the fuel. Moreover, the 18 

thermal cracking of n-Decane weakens as the flow velocity increases, as Figure 6 shows. 19 

At the exit of the tube, the fuel conversion rate drops from 30.4% (Case.1) to 23.5% 20 

(Case.3), which is mainly caused by the reduced temperature. As seen from Figure 6a, 21 

at the position of x=10-4 L, the velocity near the wall is obviously higher than the axial 22 

velocity, which is caused by the sharp temperature gradient as the heat transfer process 23 

is not fully developed. The difference is mainly caused by the large variations  of 24 

thermophysical properties of n-Decane as the temperature exceeds the critical point at 25 

this position. The moderate conversion ratio also supports the use of PPD model 26 

introduced in Section 2.2. 27 

Based on the information as above, detailed heat sink distributions are calculated 28 
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using following equations  1 

𝑄𝑡𝑜𝑡 = ∑𝜔𝑖𝑜𝑢𝑡ℎ(𝑇𝑜𝑢𝑡)𝑖𝑛
𝑖=1 − ∑𝜔𝑖𝑖𝑛ℎ(𝑇𝑖𝑛)𝑖𝑛

𝑖=1 (13) 2 

𝑄𝑝ℎ𝑦 = ∫ 𝐶𝑝𝑑𝑇2
1 (14) 3 𝑄𝑐ℎ𝑒𝑚 = 𝑄𝑡𝑜𝑡 − 𝑄𝑝ℎ𝑦 (15) 4 

A range of simulations are conducted and the heat sink distribution under different 5 

working conditions are summarized in Figure 7. With the increases of inlet temperature, 6 

the physical heat sink gradually decreases due to the reduced convective heat transfer, 7 

which can be seen from Figure 6a. However, the chemical heat sink gradually increases 8 

as the inlet temperature increases, as more fuel is thermally cracked as seen from Figure 9 

5 and Figure 6c. As a result, the total heat sink increases as the inlet temperature 10 

decreases. Similarly, as the inlet velocity increases, the physical heat sink increases 11 

slowly but the chemical heat sink drastically drops because of the decreased 12 

temperature and reduced residence time, resulting in less fuel is thermally cracked, as 13 

shown in Figure 5, Figure 6b and Figure 6c. For comparison, at the exit of the tube, the 14 

mass fraction of n-Decane drops from 0.76 to 0.61 as the inlet velocity increases from 15 

0.01 m/s (Case.1) to 0.02 m/s (Case.3). The density of the fuel increases as less low-16 

molecular-weight species are formed, which causes the decreases of axial velocity, as 17 

shown in Figure 6a, Figure 6b, similar to the observation from Ref.19.  18 

According to the heat sink map that for current regenerative cooling settings, low 19 

temperature and low inlet fuel velocity are beneficial to increase the total heat sink. The 20 

maximum physical and chemical heat sinks of 1.77 MJ/kg and 0.78 MJ/kg are obtained 21 

at 300 K and 0.1 m/s. Collectively the maximum cooling capacity within the 22 

investigated range reaches 2.51 MJ/kg at 300 K and 0.001 m/s. This value is still much 23 

smaller than the required value for hypersonic flight. There is a big scope to optimize 24 

chemical reactions to increase significantly the contribution of chemical heat sink. 25 

However, caution needs to be paid to the high temperature effect, coking might occur 26 
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that significantly reduces the performance of regenerative cooling, which is analyzed 1 

below.  2 

 3 

Figure 7 Distributions of a) physical heat sink, b) chemical heat sink, c) total heat sink, and d) 4 

conversion rate of n-Decane at different 𝑢0 and 𝑇0. 5 

3.3 Effects of catalytic cracking models 6 

As shown earlier, based on the optimization of working conditions, the increase of 7 

heat sink is small and the potential of chemical heat sink is not fully achieved. This 8 

section will look into the ways of maximizing chemical heat sink. The first part begins 9 

with the standard PPD model with the consideration of the effect of different catalysts 10 

by varying the values of activation energy and the pre-exponential constant. The second 11 

part looks into the possibility of different chemical reactions routes. 12 

3.3.1 Influence of chemical kinetics (𝑬𝒂/A) 13 

The cracking process is heavily dependent on the chemical kinetics, as evidenced 14 
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by the pre-exponential constant (𝑘) and activation energy (𝐸𝑎). The choice of a catalyst 1 

is subordinated not only on the desired heat absorption level but also on the quality of 2 

the cracked products obtained for given working conditions20. A catalytic cracking 3 

reaction could render a very low activation energy, comparing to the thermal one20, that 4 

promote cracking at a lower temperature. The effect of catalytic effects is represented 5 

by changing the value of 𝐴  and 𝐸𝑎 . The value of 𝐴  is ranged from 0.8×1015 to 6 

2.2×1015 1/s and the value of 𝐸𝑎 is ranged from 230 to 280 kJ/mol in this work. The 7 

boundary conditions are listed in Table 4. Three cases (cases 4-6) are selected from 8 

those parametric studies to illustrate the detailed variations of temperature, velocity and 9 

mass fraction of the fuel.  10 

 11 

Figure 8 Variations of fuel temperature, fuel velocity and fuel mass fraction at different 𝐴 and 𝐸𝑎. 12 

Figure 8 show the variations of fuel temperature, fuel velocity and mass fraction of 13 

n-Decane in different cases. From the comparison of the results between Case.4 and 14 

Case.5, it is clear that the temperature of the fuel decreases when the value of 𝐴 15 

increases, which is mainly attributed to the improved conversion rate, indicating more 16 

chemical heat sink can be provided by the thermal cracking reaction. By comparing the 17 

results between Case.4 and Case.6, it shows a general trend of drastically increasing the 18 

conversion rate as the value of 𝐸𝑎  decreases, which indicates a largely increased 19 

chemical heat sink at decreased fuel temperature. At the exit of the tube, the conversion 20 

rate increases from 49.2% to 53.2% respectively in Case.4 and Case.5, while the value 21 

drops to 19.4% in Case.6. Meanwhile, a highly cracked HC fuel produces many low-22 

molecular-weight molecules such as ethylene, which largely decreases the density of 23 

the mixtures, leading to increased fuel velocity inside the tube.  24 
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The physical heat sink and chemical heat sink are mainly affected by the value of 1 𝐸𝑎, as shown in Figure 9a and Figure 9b. A general trend is observed that the physical 2 

heat sink decreases when the conversion rate increases, and influence of 𝐴 is much 3 

smaller that of 𝐸𝑎. The influence of 𝐸𝑎 to the physical heat sink is small, and the value 4 

slightly varies between 1.35-1.31 MJ/kg as the 𝐸𝑎 reduces from 300 kJ/mol to 210 5 

kJ/mol, due to small variations of temperature of the fluid. In contrast, the chemical 6 

heat sink increases significantly as the activation energy is reduced. For example, with 7 

a change of 𝐸𝑎=300 kJ/mol to 220 kJ/mol, the chemical heat sink is increased from 8 

0.055 MJ/kg to 0.72 MJ/kg. Consequently, the chemical kinetics plays a leading role 9 

in achieving a higher cooling capacity. Within the range of parameters investigated, the 10 

maximum total heat sink of 2.09 MJ/kg for the simplified PPD model is achieved by at 11 𝐸𝑎 = 220 MJ/kg. Further decreases of 𝐸𝑎 is not encouraged as the HC has been fully 12 

converted at the exit. Such a result is very similar with those results that published in 13 

Ref.20. Different chemical reaction routes should be considered for further heat sink 14 

optimization, as described below.  15 

 16 

Figure 9 Distributions of a) physical heat sink, b) chemical heat sink, c) total heat sink, and d) 17 
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conversion rate of n-Decane different 𝐴 and 𝐸𝑎. 1 

3.3.2 Influence of different chemical routes  2 

Some previous studies have shown that when the reaction proceeds in the direction 3 

of generating more unsaturated hydrocarbons, more cooling capacity could be obtained 4 

36. For example, when comparing the reaction endotherm for actual fuel cracking at 5 

high pressure to that of a notional reaction that forms 100% ethylene19, the latter 6 

reaction could provide a cooling capacity of 3.56 MJ/kg, almost three times of the 7 

former. The PPD model above shows the influence of reaction kinetics, but could not 8 

change the chemical route as the final products are prescribed. There are many catalysts 9 

that can not only increase the reaction rate, but also cause one of several possible 10 

reactions to occur selectively. To systematically examine the effect of detailed chemical 11 

reaction routes, especially the influence of varied unsaturated hydrocarbons, another 12 

five kinds of reaction models are proposed theoretically, as shown Table 6. The 13 

theoretical chemical heat sinks at 3.45 MPa and 1000 K are calculated using the 14 

Reaction Engineering physics interface in COMSOL Multiphysics®. 15 

Table 6 Different pyrolytic reaction kinetic model of n-Decane. 16 

Reaction Reaction kinetic model 

Theoretical chemical heat 

sinks at 3.45 MPa and 

1000 K (MJ/kg) 

Reac.0 

C10H22→0.153CH4+0.222C2H4+0.138C2

H6+0.200C3H6+0.185C3H8+0.171C4H8+

0.118C4H10+0.149C5H10+0.137C5H12+0.

170C6H12+0.106C6H14+0.147C7H14+0.0

91C7H16+0.132C8H16+0.040C8H18+0.04

6C9H18+0.031C9H20 

0.673 
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Reac.1 C10H22=CH4+C2H4+C3H6+C4H8 1.641 

Reac.2 C10H22=C4H8+2C3H6+H2 2.067 

Reac.3 C10H22=CH4+C3H6+3C2H4 2.361 

Reac.4 C10H22=2C2H4+2C3H6+H2 2.786 

Reac.5 C10H22=5C2H4+H2 3.60119 

The chemical heat sink of different kinetic model is calculated using the following 1 

equation 2 

𝑄𝑐ℎ𝑒𝑚 = ∑𝜔𝑖ℎ(𝑇)𝑖𝑛
𝑖=1 𝑝𝑟𝑜𝑑 − ∑𝜔𝑖ℎ(𝑇)𝑖𝑛

𝑖=0 𝑟𝑒𝑎𝑐 (16) 3 

Further investigations about the influence of different chemical kinetic models are 4 

conducted by using the same physical model in section 2.1. The boundary conditions 5 

are listed in Table 7, where the temperature of the wall is set as a constant value to 6 

simplify the computation process. 7 

Table 7 Boundary conditions. 8 

Inlet pressure 𝑃0 (MPa) 

Temperature 

of the wall 𝑇𝑤 (K) 

Inlet fuel 

temperature 𝑇0 (K) 

Inlet flow rate 𝑞0 (ml/min) 

Inlet velocity 𝑢0 (m/s) 

3.45 1000 473 0.5 0.042 

Variations of fuel temperature and mass fraction are illustrated in Figure 10 and 9 

Figure 11, from which it can be clearly seen that with the increases of theoretical 10 

chemical heat sink, the fuel temperature decreases while the conversion rate also 11 

decreases. These results can be attributable to the increase of chemical heat absorption 12 

due to increased presence of unsaturated hydrocarbons. More detailed value of physical 13 

heat sink, chemical heat sink, total heat sink and conversion rate are shown in Figure 14 

12.. It clears shows that different reaction routes do not change the physical heat sink 15 

saliently, but affect the chemical heat sink significantly. Among all the chemical routes 16 
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investigated, the React.5, which yield only ethene and hydrogen as the products, 1 

achieves the maximum cooling capacity of 5.312 MJ/kg, which is  mainly attributable 2 

to the increase of theoretical chemical heat sink.  It should be noted that the current 3 

work only investigates the theoretical possibilities of these reactions, hence different 4 

heat sinks. Whether these routes could be achieved under which catalytic conditions 5 

inside a typical regenerative cooling channel is still unclear, which clearly requires 6 

further work.   7 

 8 

Figure 10 Distributions of a) axial temperature and b) conversion rate of n-Decane at different 9 

kinetic models. 10 

 11 
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 1 

Figure 11 Variations of fuel temperature and mass fraction at different kinetic models. 2 

 3 

Figure 12 Heat sink distribution of different kinetic models. 4 

3.4 Influence of surface coking under high temperature 5 

One of the limiting conditions for any HC fuel is to avoid / minimize the carbon 6 

deposition, which needs to be carefully taken into consideration in developing 7 

regenerative cooling technology. In this part, we used a simplified model proposed Liu9 8 

to analyze carbon deposition on the interior surface of the cooling passages based on 9 

experimental results. In Ref.9, the MC-Ⅱ model, which considered both the catalytic 10 
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coking rate and lateral coking rate is recommended to calculate the coking rate. 1 

However, as the pyrolytic kinetic model used in the research is a one-step model, the 2 

aromatics are not produced. Aromatics are regarded as the coking precursor when 3 

calculating the lateral coking rate and during the primary stage (within 20 min), 4 

meanwhile, catalytic coking rate is farther larger than lateral coking rate, hence the MC-5 

Ⅱ model no longer satisfied in this situation. Therefore, a simplified model is proposed 6 

as the model of MS-Ⅱ, which regarded propene as the mainly coking precursor of n-7 

Decane. The reliability of MS-Ⅱ has been verified in previous studies34, 37-39. 8 

The detailed chemical kinetic parameters are listed in Table 8. These parameters 9 

were obtained by fitting the experimental data of the overall mass of carbon deposition.   10 

Table 8 Chemical kinetic parameters of MS-Ⅱ model. 11 

 
𝑘𝑐0 μg ∙ cm2 ∙ min−1/(mol ∙ L)−1 

𝐸𝑎1 kJ/mol 𝑛 

1 

𝛾 

1 

MS-Ⅱ 8.68 × 1011 192.88 0.46 0.074 

As introduced before, propene is the key coking precursor. As the thickness of the 12 

deposited carbon is very thin within the relatively short period, its effects on fluid 13 

dynamics and heat transfer can thus be safely neglected. Therefore, the steady-state 14 

numerical results, including the surface temperature and molar concentration of 15 

propene at the tube wall, are directly used to study surface coking.  16 𝑑𝑆𝐶𝑑𝑡 (t) = 𝑘𝑐0𝑒−𝐸𝑎1 𝑅𝑇𝑤⁄ (𝑧)𝑒−t𝛾𝐶(𝐶3𝐻6)𝑛 (17) 17 

The density of coke is 1883 kg/m3 according to the measurement of Gascoin et al.40. 18 

As the equation indicates, a higher propene concentration can lead to more surface 19 

carbon deposition. For a set wall temperature, the coking rate is only affected by the 20 

molar concentration of propene. As n-Decane is progressively cracked, the coking 21 

precursor of propene is produced, as shown in Figure 13a. Under the condition of 22 

Reac.3 and Reac.5, shown in Figure 13b, the amount of carbon deposition on the inner 23 

surface of the tube are relatively small when compared with other conditions. The 24 
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maximum thickness of carbon deposition occurred at the condition of Reac.2 at the exit 1 

of the tube, with the value of 1.32×10-3 mm, which is around 0.528% of the radius of 2 

the tube.  3 

Besides the effect of concentration of propene, the effect of wall temperature on the 4 

thickness of the carbon deposition layer within 0-10 min is also studied by using the 5 

maximum value of concentration of propene in different reaction routes. The value is 6 

95.438 mol/m3, 188.42 mol/m3, 77.117 mol/m3, 152.24 mol/m3, and 0 mol/m3, 7 

respectively for Reac.1, Reac.2, Reac.3, Reac.4 and Reac.5. Detailed distributions are 8 

shown in Figure 13c, where it shows that with increasing temperature, the thickness of 9 

the carbon deposition layer increase only slightly at the beginning. However, as the 10 

temperature exceeds around 1050 K, the coking rate increases significantly, which 11 

would clearly  deteriorate the cooling performance. As there is still no definition of a 12 

critical coking thickness that should not be exceeded, we will define a critical 13 

deposition thickness as 5% of the inner radius value, corresponding to 0.0125 mm in 14 

this work. It is clearly seen from Figure 13c that in order to satisfy the maximum 15 

limitation of thickness of the carbon deposition layer, the temperature of the wall need 16 

to kept below a certain value, which is around 1121 K, 1106 K, 1127 K, 1111 K, 17 

respectively for Reac.1, Reac.2, Reac.3, Reac.4. The maximum difference is 21 K and 18 

it is a wider temperature range for Reac.3 to satisfy this limitation. This result indicates 19 

that, to effectively reduce the thickness of the carbon deposition caused by thermal 20 

cracking of n-Decane, it is more important to reduce the temperature of the wall, which 21 

further illustrates the importance of the optimum of cooling capacity for HC fuels. 22 

However, it should be noted that as ethylene is not regarded as the carbon precursor of 23 

n-Decane in these cases, as shown no carbon deposition for Reac.5. whose effects need 24 

to further investigated.  25 

 26 
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 1 

Figure 13 Distributions of (a) propene concentration (b) amount of surface carbon deposition 2 

within 0-10 min (c) thickness of surface carbon deposition within 0-10 min and (d) change of 3 

coking rate with temperature 0-10 min 4 

4. Conclusion 5 

In this work, a series of numerical studies are conducted to optimize the working 6 
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condition and reaction route as to maximize the cooling capacity of hydrocarbon fuels. 1 

A parametric study of the effects of basic fluid parameters (i.e., inlet temperature and 2 

inlet velocity), chemical kinetic model parameters and different chemical kinetic 3 

models on the flow and heat transfer of n-Decane is conducted. The reliability of model 4 

is validated by comparing with published experimental data, including fuel temperature 5 

and velocity, and the main conclusions can be summarized as 6 

 According to the heat sink map that for current regenerative cooling settings, 7 

low inlet temperature and inlet velocity are beneficial to increase the total heat 8 

sink. The maximum cooling capacity of 2.509 MJ/kg is achieved at 300 K and 9 

0.001 m/s for n-decane.  10 

 A general trend shows that a higher pre-exponential constant and a lower 11 

activation energy is conductive to the cracking reaction. The maximum total 12 

heat sink of 2.09 MJ/kg is achieved by reducing the value of 𝐸𝑎 to 220 kJ/mol. 13 

The heat sink distribution show less correlation with the value of 𝐴 than that 14 

of  𝐸𝑎.  15 

 Five types of chemical kinetic model are used to study the influence of 16 

unsaturated hydrocarbons. The larger the proportion of unsaturated 17 

hydrocarbons in the product, the more beneficial for increasing  the chemical 18 

heat sink. The maximum cooling capacity of 5.3 MJ/kg is achieved when the 19 

products are ethylene and hydrogen only.  20 

 The phenomena of surface carbon deposition are analyzed on the basis of 21 

simplified MS-Ⅱ pyrolytic surface coking model. The maximum thickness of 22 

carbon deposition occurred at the condition of Reac.2 at the exit of the tube, 23 

with the value of 1.32 × 10−3 mm, ~ 0.528% of the radius of the tube.  24 

 For practical applications, a careful consideration of the synergy among the 25 

inlet conditions, reaction kinetics and route, and coking should be performed 26 

to optimize the cooling capacity of a HC fuel. 27 
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