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Abstract 
A one-dimensional simulation code was developed to analyze regenerative cooling in a microchannel, 
where liquid hydrocarbon fuels undergo endothermic decomposition. To quantitatively assess fuel states 
under varying heat flux–mass flow rate conditions, a working state map and heat sink ratio (𝑟𝑟ₕ) were 
applied. The states were classified as subcritical, supercritical, thermal cracking, and risking, based on 
the thermal limit of the metal (1000 K) and the corresponding fuel behavior. Channels with smaller 
width, height, and fin thickness but larger wall thickness enabled broader operability. Under identical 
conditions, n-dodecane was evaluated to have a wider operational range than n-decane. 

Nomenclature 

𝐴𝐴 Pre-exponential factor in Arrhenius equation (1/s) 
𝐴𝐴𝑓𝑓 Effective heat transfer area of wall (m²) 
𝐴𝐴𝑡𝑡 Total wetted area of wall surface exposed to coolant (m²) 
𝐴𝐴𝐶𝐶𝐶𝐶 Cross-sectional area of wall (m²) 
𝐶𝐶𝑝𝑝 Specific heat at constant pressure (J/(kg·K)) 
𝑑𝑑 Hydraulic diameter of cooling channel (m) 
𝐸𝐸𝑎𝑎 Activation energy (J/mol) 
𝑓𝑓 Darcy friction factor 
ℎ Specific enthalpy of fluid (J/kg) 
𝐻𝐻 Channel height (m) 
𝑘𝑘 Reaction rate (1/s) 
Nu Nusselt number 
𝑃𝑃 Pressure (Pa) 
Pr Prandtl number 
𝑞𝑞𝑓𝑓 Heat flux from wall to coolant (W/m²) 
𝑄𝑄𝑤𝑤 Net heat transfer across wall (W) 
R Universal gas constant (J/(mol·K)) 
Re Reynolds number 
𝑇𝑇𝑓𝑓 Bulk fluid temperature (K) 
𝑡𝑡𝑓𝑓 Fin thickness (m) 
𝑇𝑇𝑤𝑤 Wall temperature (K) 
𝑡𝑡𝑊𝑊 Wall thickness (m) 
𝑢𝑢 Axial velocity (m/s) 
𝑊𝑊 Channel width (m) 
𝑥𝑥 Axial position (m) 
𝑌𝑌 Mass fraction of thermal cracking reactant 
𝛼𝛼 Heat transfer coefficient (W/(m²·K)) 
𝛿𝛿 Absolute roughness of channel wall (m) 
𝜂𝜂𝑡𝑡 Overall fin efficiency 
𝜆𝜆 Thermal conductivity of fluid (W/(m·K)) 
𝜆𝜆𝑤𝑤 Thermal conductivity of wall material (W/(m·K)) 
𝜇𝜇 Dynamic viscosity of fluid (Pa·s) 
𝜇𝜇𝑓𝑓 Viscosity at fluid temperature (Pa·s) 
𝜇𝜇𝑤𝑤 Viscosity at wall temperature (Pa·s) 
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𝜌𝜌 Density of fluid (kg/m³) 
 

1. Introduction 

Regenerative cooling is one of the representative thermal management strategies designed to protect the airframe and 
scramjet combustor of hypersonic vehicles from high-temperature heating effects [1]. Typically, liquid hydrocarbon 
fuel flows through the regenerative cooling channels, where it not only lowers the wall temperature effectively through 
convective heat transfer and endothermic decomposition, but also gains the advantage of enhanced combustion 
efficiency due to improved mixing and combustion stability under the short residence time in the supersonic combustor 
[2]. In such a regenerative cooling system, the cooling performance is determined by the fuel's flow, heat transfer, and 
chemical reaction characteristics, which are strongly influenced by channel geometry and operating conditions such as 
system pressure, mass flow rate, and surface heat flux. Numerical simulations are commonly employed to analyze the 
complex interactions occurring inside the channels; however, multidimensional simulations capable of accurate 
modeling require significant computational cost. Therefore, for the efficient design of regenerative cooling systems, it 
is essential to develop a one-dimensional performance analysis code that allows for the exploration of optimal 
combinations of channel geometry and operating conditions at a relatively low cost, as well as the implementation of 
fuel control strategies. 
Based on this background, previous studies have proposed one-dimensional heat transfer analysis models to effectively 
predict the regenerative cooling performance of hypersonic vehicles [3,4], and some of them have incorporated 
pyrolysis reactions to derive fuel operation strategies according to flight conditions [4]. However, most existing studies 
have been limited to specific geometries or operating conditions, and few researchers have addressed the systematic 
classification of fuel states and their stability under various configurations and conditions. 
Therefore, in this study, a one-dimensional simulation code was developed to analyze regenerative cooling in a 
microchannel, where liquid hydrocarbon fuels undergo endothermic decomposition. To enable visual classification of 
fuel states and wall temperature behavior under varying heat flux–mass flow rate combinations, a working state map 
was introduced [5]. In particular, the operational regime in this map was divided into subcritical, supercritical, thermal 
cracking, and risking zones, and the heat sink ratio (𝑟𝑟ₕ), an index representing the relative proportion between chemical 
and physical heat sinks, was applied [6]. Based on the analysis results, the maximum 𝑟𝑟ₕ line, which represents the 
maximum chemical heat sink releasing rate for various fuels and channel geometries, was additionally presented on 
the working state map. 

2. Numerical methodology 

2.1 Channel configuration and modeling assumptions 

Although the regenerative cooling system of an actual hypersonic vehicle consists of a complex structure with multiple 
parallel channels, a single cooling channel with a rectangular cross-section, as shown in Figure 1, was selected as the 
target of this study to simplify the model. The geometric design variables of the cooling channel include the thickness 
of the heated wall (𝑡𝑡𝑊𝑊), the thickness of the fin (𝑡𝑡𝑓𝑓), the width (𝑊𝑊), the height (𝐻𝐻), and the axial length (𝐿𝐿). In this 
analysis, the axial length was fixed at 1 m. To further simplify the analysis, the following major assumptions were 
applied: 
(1) The flow inside the cooling channel is assumed to be one-dimensional and steady, with a constant cross-sectional 
area along the axial direction. 
(2) The heat flux applied to the wall is uniform, and all the heat is absorbed by the fuel. 
(3) Gravitational effects are neglected, and conjugated heat transfer with the combustor is excluded from the scope of 
this analysis. 

2.2 Thermophysical property prediction methods 

In this analysis, n-decane (C10H22) and n-dodecane (C12H26), which are the main components of JP-7 and JP-8 aviation 
fuels, were used as the fuels for the cooling channel. To account for property variations in the supercritical regime, the 
following prediction methods were applied for each thermophysical property. The density and constant pressure 
specific heat (Cp) were calculated using the RK-PR EoS (Redlich-Kwong-Peng-Robinson Equation of State) [7], while 
the viscosity was estimated based on the correlation proposed by Chung et al. [8,9], and the thermal conductivity was 
calculated using the modified propane-based TRAPP (TRAnsport Property Prediction) method [10,11]. The predicted 
properties of n-decane and n-dodecane under 3 MPa were compared with NIST data, and both fuels showed reasonably  
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Figure 1: Schematic of the simplified rectangular unit channel model for numerical analysis 

 
good agreement in terms of property variation trends in both subcritical and supercritical regimes. In addition, the same 
property prediction methods were applied to the major product species generated through pyrolysis reactions. The 
thermophysical properties of the resulting mixtures were computed using a mixing rule based on the mass fractions of 
individual species, which was identical to that used in a previous study [12]. 

2.3 One-dimensional modeling 

To facilitate the analysis, the computational domain of the regenerative cooling channel was divided into a fluid domain 
and a soild domain, as shown in Figure 2. The governing physical phenomena in each region were treated separately, 
and the corresponding formulations were established. The governing equations for the fluid domain are presented in 
Section 2.3.1, while the heat transfer equations for the solid domain are provided in Section 2.3.2. 
 

 
Figure 2: Schematic diagram of the regenerative cooling channel with designated solid and fluid domains 

2.3.1 Modeling on the fluid domain 

The numerical analysis of the internal flow in the regenerative cooling channel was performed based on the following 
conservation equations of mass, momentum, energy, and species in the fluid domain: 
 

 𝝏𝝏(𝝆𝝆𝝆𝝆)
𝝏𝝏𝝏𝝏

= 𝟎𝟎 (1) 
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 𝝏𝝏𝝏𝝏
𝝏𝝏𝝏𝝏

= − 𝟏𝟏
𝟐𝟐
𝒇𝒇𝒇𝒇𝒖𝒖𝟐𝟐

𝒅𝒅
 (2) 

 𝝏𝝏(𝝆𝝆𝝆𝝆𝝆𝝆)
𝝏𝝏𝝏𝝏

= 𝟒𝟒
𝒅𝒅
𝒒𝒒𝒇𝒇 (3) 

 𝝏𝝏(𝝆𝝆𝝆𝝆𝝆𝝆)
𝝏𝝏𝝏𝝏

= 𝝆𝝆𝝆𝝆𝝆𝝆 (4) 
 
Here, the friction factor 𝑓𝑓 and wall heat flux 𝑞𝑞𝑓𝑓 are defined as follows: 
 

 𝒇𝒇 = �

𝟔𝟔𝟔𝟔
𝑹𝑹𝑹𝑹

                              , 𝑹𝑹𝑹𝑹 ≤ 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐

𝟎𝟎.𝟏𝟏𝟏𝟏 �𝜹𝜹
𝒅𝒅

+ 𝟔𝟔𝟔𝟔
𝑹𝑹𝑹𝑹
�
−𝟎𝟎.𝟐𝟐𝟐𝟐

, 𝑹𝑹𝑹𝑹 > 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐
 (5) 

 𝒒𝒒𝒇𝒇 = 𝜶𝜶�𝑻𝑻𝒘𝒘 − 𝑻𝑻𝒇𝒇� = 𝝀𝝀
𝒅𝒅
𝑵𝑵𝑵𝑵�𝑻𝑻𝒘𝒘 − 𝑻𝑻𝒇𝒇� (6) 

 
Depending on the bulk temperature 𝑇𝑇𝑓𝑓 of the fuel, different Nusselt number correlations are applied as follows [3]: 
 

 𝑵𝑵𝑵𝑵 = �
𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒆𝒆𝟎𝟎.𝟖𝟖𝑷𝑷𝒓𝒓𝟎𝟎.𝟑𝟑𝟑𝟑𝟑𝟑 �

𝝁𝝁𝒇𝒇
𝝁𝝁𝒘𝒘
�
𝟎𝟎.𝟏𝟏𝟏𝟏

     , 𝑻𝑻𝒇𝒇 ≤ 𝟖𝟖𝟖𝟖𝟖𝟖 K

𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒆𝒆𝟎𝟎.𝟖𝟖𝟖𝟖𝑷𝑷𝒓𝒓𝟎𝟎.𝟒𝟒 �
𝝁𝝁𝒇𝒇
𝝁𝝁𝒘𝒘
�
𝟎𝟎.𝟏𝟏

       , 𝑻𝑻𝒇𝒇 > 𝟖𝟖𝟖𝟖𝟖𝟖 𝑲𝑲
 (7) 

 
The Reynolds number and Prandtl number are defined as: 
 

 𝑹𝑹𝑹𝑹 = 𝝆𝝆𝝆𝝆𝝆𝝆
𝝁𝝁

, 𝑷𝑷𝑷𝑷 = 𝑪𝑪𝒑𝒑𝝁𝝁

𝝀𝝀
 (8) 

 

2.3.2 Modeling on the soild domain 

Heat transfer in the wall was modeled by considering both the convective heat transfer between the wall and the fuel, 
and the axial conduction within the wall, as expressed by the following equation:  
 

 𝑸𝑸𝒘𝒘 = 𝒒𝒒𝒇𝒇𝑨𝑨𝒇𝒇 − 𝝀𝝀𝒘𝒘𝑨𝑨𝑪𝑪𝑪𝑪
𝝏𝝏𝟐𝟐𝑻𝑻𝒘𝒘
𝝏𝝏𝒙𝒙𝟐𝟐

 (9) 
 
Assuming that the wall between channels (with thickness 𝑡𝑡𝑓𝑓) was treated as an adiabatic tip, the total heat transfer 
through the wall was calculated using the overall fin efficiency, as follows: 
 

 𝑸𝑸𝒘𝒘 = 𝒒𝒒�𝒕𝒕𝒇𝒇 + 𝑾𝑾� (10) 

 𝑨𝑨𝒇𝒇 = 𝑨𝑨𝒕𝒕𝜼𝜼𝒕𝒕 (11) 

 𝑨𝑨𝒕𝒕 = 𝟐𝟐(𝑯𝑯− 𝒕𝒕𝑾𝑾) +𝑾𝑾 (12) 

 𝜼𝜼𝒕𝒕 =
𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕��𝟐𝟐𝟐𝟐/𝝀𝝀𝑾𝑾𝒕𝒕𝒇𝒇�

𝟏𝟏/𝟐𝟐(𝑯𝑯−𝒕𝒕𝑾𝑾)+𝒕𝒕𝒇𝒇/𝟐𝟐�

�𝟐𝟐𝟐𝟐/𝝀𝝀𝑾𝑾𝒕𝒕𝒇𝒇�
𝟏𝟏/𝟐𝟐(𝑯𝑯−𝒕𝒕𝑾𝑾)+𝒕𝒕𝒇𝒇/𝟐𝟐

 (13) 

 

DOI: 10.13009/EUCASS2025-396



Modeling and Optimization Study of a Regenerative Cooling Channel with Endothermic Reaction of Hydrocarbon Aviation Fuels 
     

 5 

2.4 Pyrolysis model 

For chemical reaction modeling, the global reaction PPD (Proportional Product Distribution) model was adopted. The 
pyrolysis product distribution for each fuel was constructed based on Refs. [13, 14], and the reaction equations for 
each are as follows: 
 

 𝐂𝐂𝟏𝟏𝟏𝟏𝐇𝐇𝟐𝟐𝟐𝟐 → 𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝐇𝐇𝟐𝟐 + 𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝐇𝐇𝟒𝟒 + 𝟎𝟎.𝟐𝟐𝟐𝟐𝟐𝟐𝐂𝐂𝟐𝟐𝐇𝐇𝟒𝟒 (14) 
                  +𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝐂𝐂𝟐𝟐𝐇𝐇𝟔𝟔 + 𝟎𝟎.𝟏𝟏𝟏𝟏𝐂𝐂𝟑𝟑𝐇𝐇𝟖𝟖 + 𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝐂𝐂𝟒𝟒𝐇𝐇𝟖𝟖 
                  +𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝐂𝐂𝟒𝟒𝐇𝐇𝟏𝟏𝟏𝟏 + 𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝐂𝐂𝟓𝟓𝐇𝐇𝟏𝟏𝟏𝟏 + 𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝐂𝐂𝟓𝟓𝐇𝐇𝟏𝟏𝟏𝟏 
                  +𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝐂𝐂𝟔𝟔𝐇𝐇𝟏𝟏𝟏𝟏 + 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝐂𝐂𝟔𝟔𝐇𝐇𝟏𝟏𝟏𝟏 + 𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝐂𝐂𝟕𝟕𝐇𝐇𝟏𝟏𝟏𝟏 
                  +𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝐂𝐂𝟕𝟕𝐇𝐇𝟏𝟏𝟏𝟏 + 𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝐂𝐂𝟖𝟖𝐇𝐇𝟏𝟏𝟏𝟏 + 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝐂𝐂𝟖𝟖𝐇𝐇𝟏𝟏𝟏𝟏 
                  +𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝐂𝐂𝟗𝟗𝐇𝐇𝟏𝟏𝟏𝟏 + 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝐂𝐂𝟗𝟗𝐇𝐇𝟐𝟐𝟐𝟐 

 𝐂𝐂𝟏𝟏𝟏𝟏𝐇𝐇𝟐𝟐𝟐𝟐 → 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝐇𝐇𝟐𝟐 + 𝟎𝟎.𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝐇𝐇𝟒𝟒 + 𝟎𝟎.𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝐂𝐂𝟐𝟐𝐇𝐇𝟒𝟒 (15) 
                 +𝟎𝟎.𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝐂𝐂𝟐𝟐𝐇𝐇𝟔𝟔 + 𝟎𝟎.𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝐂𝐂𝟑𝟑𝐇𝐇𝟔𝟔 + 𝟎𝟎.𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝐂𝐂𝟑𝟑𝐇𝐇𝟖𝟖 
                 +𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝐂𝐂𝟒𝟒𝐇𝐇𝟖𝟖 + 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝐂𝐂𝟒𝟒𝐇𝐇𝟏𝟏𝟏𝟏 + 𝟎𝟎.𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝐂𝐂𝟓𝟓𝐇𝐇𝟏𝟏𝟏𝟏 
                 +𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝐂𝐂𝟖𝟖𝐇𝐇𝟏𝟏𝟏𝟏 + 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝐂𝐂𝟗𝟗𝐇𝐇𝟏𝟏𝟏𝟏 

 
The reaction rate for both fuels follows the Arrhenius equation and is expressed as follows: 
 

 𝒌𝒌 = 𝑨𝑨 ⋅ 𝒆𝒆−𝑬𝑬𝒂𝒂/�𝑹𝑹𝑻𝑻𝒇𝒇� (16) 
 
For n-decane, the pre-exponential factor and activation energy were 𝐴𝐴 = 2.44 ⋅ 1014 s−1 , 𝐸𝐸𝑎𝑎 = 225.8 kJ/mol  , 
respectively. For n-dodecane, 𝐴𝐴 = 1.6 ⋅ 1015 s−1, 𝐸𝐸𝑎𝑎 = 246.02 kJ/mol were applied. 

2.5 Solver configuration and grid setup 

The simulation was carried out under steady-state conditions, employing an explicit forward Euler method with a first-
order finite difference discretization scheme. The entire computational domain was divided into 𝑛𝑛 grid nodes with 
uniform spacing along the channel length 𝐿𝐿. To evaluate the sensitivity of the solution to the number of grids, a grid 
independence test was conducted. By applying various numbers of grid points ranging from 10 to 100 for the total 
channel length, it was observed that the outlet temperature started to converge stably when the number of grids 
exceeded approximately 40, and the variation rate subsequently decreased to below 1%. Accordingly, considering both 
computational accuracy and cost, the total number of grids was set to 50 for all simulations in this study. 

3. Results and discussion 

3.1 Parametric cases and operating conditions 

The geometric parameters of the rectangular cross-section channels used in this study are summarized in Table 1. In 
the baseline case (Case (a)), the channel width (𝑊𝑊) and height (𝐻𝐻) were set to 1 mm, the fin thickness (𝑡𝑡𝑓𝑓) to 0.5 mm, 
the wall thickness (𝑡𝑡𝑤𝑤) to 1 mm, and the channel length (𝐿𝐿) was kept constant at 1 m. To analyze the influence of 
geometric variation on cooling channel performance, four additional cases were defined based on modifications from 
the baseline. In Case (b), the channel width was doubled. In Case (c), the channel height was doubled. Case (d) reduced 
the fin thickness by half, while Case (e) increased the wall thickness by a factor of two. 
Meanwhile, the operating conditions used in the analysis are presented in Table 2. The outlet pressure was kept constant 
at 3 MPa, and the inlet temperature was set to 373.15 K. The inlet mass flow rate was varied from 0.5 g/s to 5 g/s, and 
the wall heat flux ranged from 5 kW/m² to 4,000 kW/m². These settings enabled systematic comparison and analysis 
of cooling performance under a variety of channel geometries and operating conditions. 

3.2 Simulation results 

Figure 3 shows a typical working state map for regenerative cooling systems using n-decane under the default channel 
geometry. By analyzing the operational region and key boundary lines (Transcritical line, Initial cracking line, Optimal 
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performance line, and Risking line) with respect to mass flow rate and heat flux for the five cases, it was observed that 
in most configurations, the Optimal performance line lies above the Risking line. Therefore, practical operation is 
generally limited to the thermal cracking zone, which lies between the Risking line and the Initial cracking line. As the 
heat sink performance improves near the Risking line, the structural risk also increases, requiring a balanced 
consideration between cooling performance and system stability. 
 
 

Table 1: Parameters of rectangular channel geometries 

cross section shape 𝑾𝑾 (mm) 𝑯𝑯 (mm) 𝒕𝒕𝒇𝒇 (mm) 𝒕𝒕𝑾𝑾 (mm) 𝑳𝑳 (m) 

(a) default 1 1 0.5 1 1 

(b) 2x Width 2 1 0.5 1 1 

(c) 2x Height 1 2 0.5 1 1 

(d) 0.5x Fin thickness 1 1 0.25 1 1 

(e) 2x Wall thickness 1 1 0.5 2 1 

 
 

Table 2: Operating conditions 

Parameter Value 

Outlet pressure 3 MPa 

Inlet temperature 373.15 K 

Inlet Mass flow rate 0.5 ~ 5 g/s 

Constant heat flux 5 ~ 4,000 kW/m2 

 
 

 

Figure 3: Working state maps for regenerative cooling channels with n-decane for the default channel configuration 
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The trends according to geometric variation are as follows. In the case of increased channel width (Case (b)) or height 
(Case (c)), the operational region becomes narrower due to decreased flow velocity and increased residence time 
caused by the enlarged cross-sectional area, indicating higher sensitivity to heat flux. On the other hand, reducing fin 
thickness (Case (d)) expands the operational range due to reduced heat input area and improved heat transfer efficiency 
of the fins. Increasing wall thickness (Case (e)) helps suppress wall temperature rise through increased thermal 
resistance, thereby slightly expanding the operational region, although structural concerns must also be considered. 
In addition, a comparison of the working state maps of n-decane and n-dodecane for the baseline geometry (Case (a)) 
has been made. It reveals that n-dodecane undergoes thermal cracking at a lower heat flux compared to n-decane, 
resulting in a broader thermal cracking zone. This trend originates from the fuel's property of initiating thermal 
decomposition at relatively lower temperatures. Consequently, n-dodecane is considered more viable than n-decane, 
as it allows for a wider range of operational heat flux. 

4. Summary and Conclusions 

In this study, a one-dimensional performance analysis model was developed for regenerative cooling microchannels 
used in hypersonic vehicles, with n-decane and n-dodecane as working fluids. The model integrates flow, heat transfer, 
and pyrolysis reactions. The working state map and heat sink ratio (𝑟𝑟ℎ) were utilized to visualize the operable conditions, 
and it was confirmed that the maximum 𝑟𝑟ℎ condition corresponds to a dominant contribution of chemical heat sink, 
which enhances the endothermic effect but also increases structural risk due to higher wall temperature. 
From the analysis of geometric variations, it was observed that reducing the channel width, height, and fin thickness, 
and increasing the wall thickness, tends to expand the operable range under high heat flux conditions. However, as the 
channel cross-section becomes smaller, the risk of coke accumulation due to fuel pyrolysis increases. Moreover, 
increasing wall thickness may lead to thermal accumulation during long-term operation. Therefore, a geometry 
optimization strategy is required to ensure simultaneous performance improvement and structural reliability. 
In the comparison between fuels, n-dodecane tended to initiate pyrolysis at lower heat flux levels than n-decane, 
thereby expanding the operable region. The proposed model provides a useful framework for the design of regenerative 
cooling systems and the development of fuel control strategies, and it can be further extended toward design 
optimization through integration with experiments and multidimensional simulations in future studies. 
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