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Abstract: Steam reforming is an effective method for improving heat sinks of hypersonic aircraft at
high flight Mach numbers. However, unlike the industrial process of producing hydrogen with a
high water content, the catalytic steam reforming mechanism for the regeneration cooling process of
hydrocarbon fuels with a water content below 30% is still unclear. Catalytic steam reforming (CSR)
and catalytic thermal cracking (CTC) reactions occur at low temperatures, with the main products
being hydrogen and carbon oxides. Thermal cracking (TC) reactions occur at high temperatures,
with the main products being alkanes and alkenes. The above reaction exists simultaneously in the
regeneration cooling channel, which is referred to as partial catalytic steam reforming (PCSR). Based
on the experimental measurement results, an improved neural network correction method was used to
establish a four-step global reaction model for the PCSR of n-decane under low water conditions. The
reliability of the four-step model was verified by combining the model with a numerical simulation
program and comparing it with the experimental results obtained by electric heating hydrocarbon
fuels with a pressure of 3 MPa and a water content of 5/10/15%. The experimental and predicted
results using the developed kinetic model are consistent with an error of less than 5% in the decane
conversion rate. The average absolute error between the fuel outlet temperature and total heat sink is
less than 10%. Using the PCSR model to predict the heat transfer characteristics of mixed fuels with
different water contents, the convective heat transfer coefficient is basically the same, and the Nu
number is affected by the thermal conductivity coefficient, showing different patterns with changes
in the water content.

Keywords: partial catalytic steam reforming; kinetic reaction; heat sink; heat transfer capacity

1. Introduction

The thermal load on the engine surface increases sharply with the increase in the flight
Mach number [1]. The use of hydrocarbon fuel regeneration cooling technology is one
effective method of protecting combustion chamber materials [2–4]. The lack of sufficient
endothermic capacity in TC reactions limits their development under high Mach number
conditions, and during the TC reaction process, channel walls are prone to coking [5–7].
Therefore, it is necessary to develop fuel regeneration cooling technologies that meet higher
Mach number heat absorption requirements and improve carbon deposition. Water is
added to fuel to improve heat sinks by utilizing the strong heat absorption capacity of
steam reforming reaction. Simultaneously, the high-temperature generation of water gas
from water and carbon can effectively improve carbon deposition. The PCSR advantage of
hydrocarbon fuels is a promising cooling technology for supersonic aircraft in the future.

Regarding regenerative cooling, previous researchers mainly conducted modeling
studies on TC reactions. The models can be divided into three types. Detailed models
include thousands of elementary reactions and hundreds of species, increasing the difficulty
of future numerical simulation [8–11]. The mechanism model requires the prediction of a
large number of kinetic parameters and thermodynamic properties through the thermo-
dynamic theory or quantum chemistry, and its calculation time is relatively long, so the
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detailed mechanism model is not suitable for engineering applications. It is necessary to
develop lumped and global parameter models. The lumped model combines multiple
products into fewer lumped components, reducing the complexity of the chemical reaction
network. However, the distortion of product information can affect the accuracy of calcula-
tions [12]. Numerical simulation focuses on the macroscopic process of material and energy
conversion during flow and heat transfer without paying attention to microscopic processes.
The global model is the most practical model for studying the macroscopic flow and heat
transfer processes of multidimensional fluids. Ward et al. [13,14] demonstrated through
experiments that mild cracking products are proportionally distributed. A proportional
product distribution (PPD) model for fuel conversion rates of less than 20% was established.
The molecular dynamics model established by Jiang et al. [15] showed a high degree of
agreement with the experimental results when the RP-3 conversion rate reached 86%. Wang
et al. [16] established a molecular reaction model for predicting TC behavior based on
experimental research on the pyrolysis of n-decane under supercritical conditions. This
model effectively predicts the distribution of product components and thermal properties
within a high conversion rate range (with a cracking conversion rate of 93%). Zhu et al. [17]
established a global TC reaction model for supercritical fuels using experimental data,
including 18 main products. The global model of TC reaction is accurate and practical in
studying macroscopic flow and heat transfer. Currently, there is no global model for CSR
in the regeneration cooling process, so it is necessary to conduct research on this topic.

Research on steam reforming mainly focuses on the development and transformation
of catalysts to improve the hydrogen production rate, promote the distribution of required
products, and achieve efficient hydrogen production [18–21]. The main challenges facing
n-decane steam reforming technology include the development of efficient catalysts, the
development of supercritical reforming reaction kinetics, and the addition of water to
reduce fuel thrust. First, the steam reforming process of n-decane is accompanied by a
large amount of energy absorption, requiring precise thermal management to maintain
the stability of the reaction. The prediction of thermal management capability requires
highly accurate chemical reaction models. Secondly, the hydrogen production reaction
model is different from the regenerative cooling model because hydrogen production is
carried out under the condition of sufficient water at constant temperature and atmospheric
pressure, and the chemical reaction model is simple. Under the condition of constant heat
flux, the whole process of regenerative cooling is a variable temperature process with a
large temperature span and different reactions involved in different temperature ranges.
When the fuel temperature rises, the CSR reaction, CTC reaction, and TC reaction occur
successively. This makes the whole reaction system more complex and not only changes
the distribution of reaction products and the thermal properties of the fluid, but also causes
changes in the reaction rate, which affects the flow and heat transfer. The three reactions are
coupled and influence each other in different temperature ranges, but the specific coupling
mechanism has not been studied. Thirdly, the amount of water added and temperature
control are crucial to the balance of reaction paths between catalytic steam reforming and
non-catalytic thermal cracking. At the temperature boundary between catalytic and non-
catalytic reactions, the transition of the reaction mechanism requires fine process control.
The change in water content throughout the reaction will also change the proportion and
rate of the reaction. To solve these problems, it is necessary to develop the chemical reaction
model of the regenerative cooling process accurately.

This article develops a global PCSR model for fluid dynamics calculations, which
couples fuel flow, heat transfer, and chemical reactions to analyze heat transfer and heat
sink characteristics. The calculation results of the global reaction model using low-water-
content PCSR conditions show a high degree of agreement with the experimental results.
This work provides valuable experimental results and kinetic methods for the PCSR of
supercritical n-decane in regenerative cooling microchannels.
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2. Experimental Principles and System
2.1. Experimental Principles

The PCSR reaction of hydrocarbon fuels essentially involves the breaking of C-C, C-H,
and H-O bonds between the fuel and water, which are then converted to H2, CO, CO2, and
small-molecule CnHm on the catalyst surface.

aCnHm + bH2O → {H2; CH4; CO2; CO. . .} (1)

2.2. Experimental System

In this study, the total flow rate of n-decane (purity 99%) and deionized water was
0.25 g/s. The critical values of n-decane are 344 ◦C and 2.11 MPa. The experimental pres-
sure is 3 MPa, and with the increase in the flight Mach number, the pressure range of
the engine cooling channel is 3–5 MPa. The amount of water added should be controlled
within 15%. The presence of water can damage the engine, and it is necessary to com-
pletely convert water into other combustible gasses. Excessive water content can weaken
the release of combustion heat and reduce engine thrust. Repeated experiments have
confirmed that controlling the water content within 15% can completely consume it. We
select nickel-based catalysts that are efficient, inexpensive, and widely used in the field of
hydrogen production.

Figure 1 shows the experimental system for catalytic reforming reaction, which in-
cludes a fuel supply system, preheater, testing section, cooler, and sampling and measure-
ment system. The experimental process can be found in reference [22].
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Figure 1. Catalytic steam reforming experimental system [22].

A steel circular tube with a length of 1800 mm and a cross-sectional size of 3 mm × 2 mm
was used as the reactor in the experiment. The thickness of the nickel-based catalyst layer
on the inner wall of the tube is 0.2 mm. Electric heating simulates external high-temperature
heat flow. The mixed fuel was preheated to a supercritical state at 350 ◦C without any
chemical reaction occurring. The heat loss density of the reactor is shown in Figure 2.

After the reaction, the fluid was cooled and pressure was reduced. The product was
separated in a gas–liquid separator. The gas product was collected using an air bag and
injected into GC for qualitative and quantitative analysis. The detector used FID and TCD.
Residual liquid samples were collected for 1 min, and an offline analysis was performed
using GC-MS.



Energies 2024, 17, 5215 4 of 19Energies 2024, 17, x FOR PEER REVIEW 4 of 18 
 

 

293 363 433 503 573 643 713 783 853
0

10

20

30

40

50

60

H
ea

t l
os

s d
en

sit
y 

(K
W

/m
2 )

Twall (K)  
Figure 2. The heat loss density with the outer wall temperature of the tube. 

After the reaction, the fluid was cooled and pressure was reduced. The product was 
separated in a gas–liquid separator. The gas product was collected using an air bag and 
injected into GC for qualitative and quantitative analysis. The detector used FID and TCD. 
Residual liquid samples were collected for 1 min, and an offline analysis was performed 
using GC-MS. 

2.3. Catalyst Preparation 
The GH3128 reaction tube was passivated in an 800 °C high-temperature furnace for 

5 h. The purpose of this step is to suppress the catalytic effect of Ni on the metal surface 
and provide a rough inner surface for subsequent catalyst coating, facilitating the firm 
adhesion of the catalyst coating on the inner wall of the tube. The Ni/CeO2-Al2O3 compo-
site oxide with a Ni content of 8.0 wt% was prepared by the co-precipitation method. The 
pseudo boehmite was dissolved in deionized water and glacial acetic acid with the re-
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2.3. Catalyst Preparation

The GH3128 reaction tube was passivated in an 800 ◦C high-temperature furnace
for 5 h. The purpose of this step is to suppress the catalytic effect of Ni on the metal
surface and provide a rough inner surface for subsequent catalyst coating, facilitating the
firm adhesion of the catalyst coating on the inner wall of the tube. The Ni/CeO2-Al2O3
composite oxide with a Ni content of 8.0 wt% was prepared by the co-precipitation method.
The pseudo boehmite was dissolved in deionized water and glacial acetic acid with the
required mass ratio, and CeO2, γ-Al2O3, and Ni(NO3)2·6H2O were added with the required
mass ratio to prepare the catalyst slurry. The prepared slurry was adsorbed onto the inner
wall of the passivated GH3128 tube using a micro negative pressure pump, and a drying
program (60–120 ◦C, 10 ◦C/h) was set in the drying furnace. During the drying process,
the water/acid vapor inside the tube should be discharged and then calcined at a high
temperature of 700 ◦C for 4 h. The final coated catalyst reaction tube is shown in Figure 3.
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2.4. Uncertainty Analysis and Error Analysis

The uncertainty analysis of experiments is a key step in evaluating the accuracy and
reliability of the measurement results. It involves statistical processing of experimental data
and a systematic evaluation of all factors that may affect the measurement results, aiming
to provide a quantitative indicator to describe the confidence interval of the measurement
results. The uncertainty of the experimental results mainly comes from the instruments.
The uncertainties of the mass flow meters, thermocouples, differential pressure gauges,
and pressure gauges are 0.01%, 0.75%, 0.04%, and 0.05%, respectively. The measurement
results of temperature and pressure have a direct impact on the calculation of the Arrhenius
coefficient in the chemical reaction model. The impact of instrument uncertainty on the
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experimental results fluctuates weakly and is negligible. The reaction products were
collected and weighed to calculate the fuel conversion rate, the mass balance before and
after the reaction was verified by repeated experiments, and the equilibrium rate was
greater than 96.4%.

When establishing the reaction kinetic model, the content of the product components
was accurately determined by gas chromatography (GC) and gas chromatography–mass
spectrometry (GC-MS), which was used to deduce the stoichiometric number of the reaction
model. It was measured no less than three times, and the average of the results was taken.
Figure 4 shows the error bars of the gaseous product content near the CTC experimental
temperature of 618 ◦C. The reason for the error is that the temperature is in dynamic
equilibrium and fluctuates by ±5 ◦C. The short error bar in Figure 4 indicates that the
measurement of the reaction product components involved in the establishment and
verification process of this model is highly reliable, and the experimental repeatability and
stability are high.
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3. Numerical Model
3.1. Governing Equations

The flow conservation control equation for compressible steady-state flow in the
coordinate system of a cylindrical (x, r) reaction tube is as follows:

∂
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∂

∂r
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= 0 (2)
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where
(
∇→

v
)
= (∂u/∂x) + (∂v/∂r) + (v/r). Yi is the mass fraction of species i, and Ji is

the diffusion flux of species i. Ri is the net generation rate of species i in the TC reaction. Sh
is the energy source term.
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The convection heat transfer coefficient (h) and Nussel number (Nu) are calculated
as follows:

h =
qw

Tw − Tb
(7)

Nu =
hd
λ

(8)

3.2. Real Gas Properties

The PR equation is used to calculate the thermal performance of mixed fuels, as it is
widely applicable and easy to implement.

p = RT/(V − b)− a/
(

V2 + 2bV − b2
)

(9)

where the explanation of variables can be found in ref. [23].

3.3. Computational Model and Solution Strategy

CSR and CTC reactions are surface reactions that require the catalytic action of the
wall catalyst coating to occur. The research on surface reactions currently faces certain
difficulties. The treatment of the catalytic surface reaction rate in this article is carried out
using the method proposed by Irani et al. [24] in chemical engineering, where the diffusion
and reactions of chemical substances occur in the thin layer of the catalyst, and the reactions
are equivalent to bulk reactions. The processing is carried out as follows:

Pwashcoat =
2πrinh

πh
(
r2

out − r2
in
) (10)

Vi = Si × Pwashcoat =
mol

m2 · s
× m2

m3 =
mol

m3 · s
(11)

where Vi is the bulk reaction rate, and Si is the surface reaction rate.
The experimental section calculation model is shown in Figure 5. CTC, TC, and CSR

reactions occur within the washcoat, while TC reactions occur within the main fluid. This
paper uses OpenFOAM version 4.0to numerically simulate and solve the above equation.
Detailed parameter information can be found in reference [25].
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4. Chemical Reaction Model

Refer to the actual operating conditions of the regenerative cooling system for ultra
high-speed aircraft. This study used a flow pressure of 3 MPa, a water content of 5–15 wt%,
a fuel inlet mass flow rate of 0.25 g/s, and a heating flux ranging from 190 to 630 W.

The conversion rate of raw materials and the yield of gas-phase products in this article
are defined as follows:

x = 1 − wli × ml/m (12)

yg = mg/m (13)
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The yields of gas phase product i and liquid phase product j are defined as follows:

ygj = wgj × mg/m (14)

yl j = wl j × ml/m (15)

The molar selectivity of product j is defined as follows:

Sj = Mi × yj/Mj×x (16)

4.1. Product Distribution

The variation in the chemical heat sink with fuel temperature under different types of
chemical reactions is shown in Figure 6. The figure shows that (1) under the action of the
catalyst, 360 ◦C is the initial temperature for the reaction between CSR and CTC; (2) 490 ◦C
is the initial temperature for the TC reaction [11,26]; and (3) the chemical heat sink of
CSR is significantly higher than that of TC and CTC. The generation of a large amount
of H2 in the CSR reaction is beneficial to improve fuel heat absorption. The products of
the CTC reaction contain larger molecules of olefins and alkanes, which can become a
limiting factor in improving the fuel chemical heat sink. The product distribution is shown
in Figures 7 and 8.
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Figure 8. CTC product selectivity as a function of conversion. (a) Vapor products; (b) liquid products.

The panel in Figure 7 shows the molar selectivity of products as a function of n-decane
conversion. The water content in the fuel is 15%, and the conversion rate of n-decane is
less than 13%. The reaction products measured in the experiment were only H2, CO, and
CO2, and no representative hydrocarbon products of the cracking reaction were detected.
Representative products of steam reforming include H2, CO, and CO2. The distribution of
products indicates that in the low conversion rate range, only the CSR reaction exists in
the cooling channel, and the selectivity of products is close to linear. When the conversion
rate is greater than 13%, the selectivity of each product decreases. This is because n-decane
begins the TC reaction to produce hydrocarbons, reducing the contents of H2, CO, and CO2
in the figure. With the intensification of the TC reaction, this downward trend becomes
more obvious. Therefore, the establishment of the CSR response model needs to be carried
out in the low conversion rate range. The conversion rate of n-decane is less than 13%,
and the product distribution is combined with the consumption of n-decane and water to
establish a global CSR reaction model. Reaction Equation (R1) is

C10H22 + 18.3H2O = 29.3H2 + 1.7CO + 8.3CO2 (R1)

As shown in Figure 8, when the mixed fuel does not include added water and the
conversion rate of n-decane is less than 15%, H2 is the main gas product, while olefins are
the main liquid product. The main difference between the reaction products of CTC and
TC is that the reaction product H2 of TC is much less than that of CTC. The distribution
of product indicates that in the low conversion range, only the CTC reaction exists in the
cooling channel, and the selectivity of the product is close to linear. When the conversion
rate is high (15% or higher), the TC reaction is activated, resulting in the formation of
more C1–C3 hydrocarbon gasses and 1-CnH2n (n = 5–9) liquid olefins, as well as small
amounts of H2, C4H8, C4H10, and liquid alkanes. The distribution of TC products of
n-decane can be found in reference [27]. The proportion of thermal cracking reaction in
the entire reaction system gradually increases with the increase in the conversion rate.
The selectivity law of products changes with low conversion rates. At higher n-decane
conversion rates, the selectivity of H2 significantly decreases, and the selectivity of C1–C3
small-molecule hydrocarbon gasses and C5H10, C6H12, C7H14, and C8H16 liquid olefins
significantly increases. The other products, C4H8, C4H10, and C5–C9 liquid alkanes, remain
almost constant. By combining the product distribution with the consumption of n-decane,
a global reaction model for CTC with an n-decane conversion rate of less than 15% can be
derived. Reaction Equation (R2) is
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C10H22 = 4.623H2 + 0.2CH4 + 0.06C2H4 + 0.1C2H6 + 0.03C3H6 + 0.03C3H8 + 0.007C4H10 + 0.008C4H8 +
0.122C5H12 + 0.211C5H10 + 0.077C6H14 + 0.318C6H12 + 0.072C7H16 + 0.274C7H14 + 0.0136C8H18 +

0.232C8H16 + 0.0042C9H20 + 0.0858C9H18

(R2)

The TC experimental conditions in this article are similar to those of Jiang [27], and
the model involves mechanisms of 18 species. The TC reaction model is

C10H22 = 0.017H2 + 0.184CH4 + 0.198C2H4 + 0.1327C2H6 + 0.0566C3H6 + 0.0372C3H8 + 0.0135C4H8 +
0.0048C4H10 + 0.2015C5H10 + 0.1167C5H12 + 0.3033C6H12 + 0.0735C6H14 + 0.2611C7H14 + 0.0684C7H16 +

0.2209C8H16 + 0.0130C8H18 + 0.0817C9H18 + 0.0040C9H20

(R3)

Liquid alkanes and olefins in the products, which contribute less to heat absorption
and have similar transport and thermodynamic properties, are combined and replaced with
other components to obtain a simplified mechanism suitable for engineering calculations.
In the numerical simulation process of supercritical heat transfer, reducing one mixture
component can reduce the conservation equation of the corresponding component, reduce
the calculation time, and improve the calculation efficiency. For example, C5H10 and C9H20
are used to replace the residual liquid-phase olefins and alkanes from TC, respectively. The
average product C7H8 is used to represent the liquid-phase vapor remaining from CTC. A
methane steam reforming reaction usually occurs during the steam reforming process of
high-carbon hydrocarbons [28]. This study considers the methane steam reforming reaction
as a side reaction in the PCSR model.

CH4 + H2O = CO + 3H2 (R4)

The temperature span during the regeneration cooling process is large, and the reform-
ing and cracking reactions that occur throughout the entire cooling process are collectively
referred to as PCSR reactions. The PCSR model is a coupling model of the CSR, CTC, and
TC models, and there is mutual inhibition or promotion among these models.

The idea of establishing a PCSR reaction model is shown in Figure 9. The CSR model,
CTC model, and TC model proposed in this paper are individuals in the population,
while the PCSR model is a population. Based on this, this paper adopts a modeling
method based on Chemkin and uses the PSO method to iteratively calculate dynamic
parameters. Taking the experimental results (the outlet temperature, conversion rate, and
distribution of main products) as the optimization objective, the pre-exponential factors of
reaction Equations (R1)–(R4) were adjusted with small changes in the activation energy,
and repeated iterations were carried out to obtain the reaction model with the best match
with the experimental results. Table 1 presents the optimization results of activation energy
and pre-exponential factors.

Table 1. Optimized chemical reaction kinetics model.

Reaction Ea (KJ/mol) A

C10H22 + 18.3H2O → 29.3H2 + 1.7CO + 8.3CO2 (R1) 87.09 1.6 × 105

C10H22 → 4.623H2 + 0.2CH4 + 0.06C2H4 + 0.1C2H6 + 0.03C3H6 +
0.03C3H8 + 0.007C4H10 + 0.008C4H8 + 1.32C7H8 (R2) 91.07 1.1 × 106

C10H22 → 0.017H2 + 0.184CH4 + 0.198C2H4 + 0.1327C2H6 +
0.0566C3H6 + 0.0372C3H8 + 0.0135C4H8 + 0.0048C4H10 +
0.63626C5H10 + 0.6243C9H20 (R3)

267.43 5.0 × 1016

CH4 + H2O = CO + 3H2 (R4) 125.5 3.0 × 108
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4.2. PSO Algorithm Optimization Model

The Particle Swarm Optimization (PSO) algorithm has a fast convergence speed and
does not require much memory on the computer. The experimental temperature range
in this article is relatively broad. In the process of searching for the optimal solution of a
chemical model, its leap forward makes it easier to find the global optimal value without
being trapped in local optimal solutions. The formula is as follows:

vk+1
i = wvk

i + c1r1

(
xk

ib − xk
i

)
+ c2r2

(
xk

gb − xk
i

)
(17)

xk+1
i = xk

i + vk+1
i (18)

The explanation of variables can be found in ref. [29].

4.3. Validation of PSCR Reaction Models

To validate the established four-step global reaction model for n-decane CSR, the heat-
ing reaction of n-decane was designed under different water content conditions. Figure 10
compares the experimental results of the n-decane conversion rate, mixture outlet temper-
ature, and gas product volume content with the simulated values. The results indicate
a high degree of agreement between the simulation results and the experimental results.
For example, the relative error between the simulated outlet temperature, conversion rate,
and the content of the main gasses H2, CO, and CO2 and the experimental results is less
than 10%. C1–C4 small-molecule hydrocarbons were also well predicted with only slight
deviations, which may be due to the higher temperature of the tube than the fluid during
the experiment, triggering the TC reaction in advance. The TC reaction will generate a large
amount of C1–C4 hydrocarbon gasses, resulting in a generally slightly higher content of
small-molecule hydrocarbon gasses measured in experiments compared to the simulation
results. Overall, the reaction model developed in this article has high accuracy in describing
the PCSR of n-decane.
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Figure 10. Cont.
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Figure 10. Comparison of experimental and calculated values of n-decane conversion rate, outlet 
temperature, and gas product contents under different heat flux densities. ((a-1–a-4) Water content 
of 5 wt%; (b-1–b-4) water content of 10 wt%; (c-1–c-4) water content of 15 wt%.) 
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the numerical model. Figures 11 and 12 show the distribution of the mixed fuel in the tube 
along the flow direction. The fuel does not react at a low temperature in the inlet area. In 
this region, the physical heat absorption capacity of fuel is limited, and the temperature 
gradient in this region is large. The flow process continues to absorb the heat provided by 
the outside world, the reaction is gradually activated, and the chemical heat absorption 
capacity of the intake region is low. In the middle and back of the reaction tube, with the 
continuous heating of the fuel, the chemical heat absorption ability is gradually enhanced, 
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Figure 10. Comparison of experimental and calculated values of n-decane conversion rate, outlet
temperature, and gas product contents under different heat flux densities. ((a-1–a-4) Water content of
5 wt%; (b-1–b-4) water content of 10 wt%; (c-1–c-4) water content of 15 wt%).
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5. Results and Discussion
5.1. Temperature and Conversion of N-Decane Along Tube

The experimental results when the water content is 15% are compared with those of
the numerical model. Figures 11 and 12 show the distribution of the mixed fuel in the tube
along the flow direction. The fuel does not react at a low temperature in the inlet area. In
this region, the physical heat absorption capacity of fuel is limited, and the temperature
gradient in this region is large. The flow process continues to absorb the heat provided by
the outside world, the reaction is gradually activated, and the chemical heat absorption
capacity of the intake region is low. In the middle and back of the reaction tube, with the
continuous heating of the fuel, the chemical heat absorption ability is gradually enhanced,
and the fuel can absorb more heat, resulting in a smaller temperature gradient. In the
extension area of the reaction tube outlet (>1.8 m), the overall fuel temperature in the
outlet area is reduced, taking into account the radiant heat loss and the chemical reaction
that still occurs, and the reduction amplitude increases with the heat flux. As shown in
Figure 11, under condition (a), the overall fuel temperature decreases by 3 K, while under
condition (d), the overall fuel temperature decreases by 12 K. Figure 12 shows the predicted
temperature profile of the fuel mixture. In the numerical calculation of this article, the
extended zone is set as an adiabatic condition, with no external heat transfer. When the
fuel leaves the reaction tube and flows into the temperature thermocouple position, the
chemical reaction of n-decane continues. The heat required to maintain a chemical reaction
comes from the fuel itself, and the heat absorbed by the chemical reaction increases with
the increase in the outflow temperature, resulting in a significant decrease in the overall
temperature of the fuel. The reason for the temperature drop is that chemical reactions
continue to occur in the extended zone.
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The conversion distribution of n-decane in the tube was studied by numerical simula-
tion, and the deviation from the experimental results was less than 5%. After the fuel left the
test tube and flowed into the outlet extension tube, the cracking reaction continued. Under
the experimental conditions in Figures 13 and 14, the simulated value of the n-decane
conversion rate is lower than the experimental value of the extended outlet tube, and their
difference increases with the heat flux density. The results show that the TC of the outlet
extension tube will have a certain effect on the total fuel conversion rate, especially in the
case of high heat flux. In order to minimize this effect, the outlet extension tube should be
as short as possible.

Energies 2024, 17, x FOR PEER REVIEW 14 of 18 
 

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

0

4

8

12

16

20

24

28

32

(d)

(c)

(b)

C 10
H

22
 c

on
ve

rs
io

n 
(%

)

Distance along tube (m)

  Cal           Exp
           qw=6.99kW/m2

           qw=9.33kW/m2

           qw=15.2kW/m2

           qw=21.42kW/m2

(a)

 
Figure 13. Comparison of calculated C10H22 conversion to experimental data. (a) qw = 6.99 KW/m2, 
(b) qw = 9.33 KW/m2, (c) qw = 15.2 KW/m2, (d) qw = 21.42 KW/m2. 

 
Figure 14. Predicted C10H22 conversion distribution contours. (a) qw = 6.99 KW/m2, (b) qw = 9.33 
KW/m2, (c) qw = 15.2 KW/m2, (d) qw = 21.42 KW/m2. 

5.2. Heat Transfer Characteristics Along the Tube 
Figure 15a shows that at the same position in cooling channels with different water 

contents, the convective heat transfer coefficient (h) is almost the same. The Nusselt num-
ber (Nu) of a fluid exhibits a different pattern from h as the water content changes, as 
shown in Figure 15b. The reason is that in the active regeneration cooling channel, the 
difference in the ratio of gas and liquid reaction products can affect the physical properties 
of the mixed fuel, thereby affecting the heat transfer characteristics. For example, from the 
tube inlet to the 500 mm position, CSR and CTC reactions occur, with the main product 
being gas. The thermal conductivity (λ) of gas increases with the temperature, and an in-
sufficient water content can promote the CTC reaction and produce more gas. According 
to Formula (8), Nu is inversely proportional to λ. Therefore, Nu increases with the water 
content from the tube inlet to the 500 mm position. From 500 mm inside the tube to the 
outlet, the TC reaction occurs and gradually dominates, producing a large amount of liq-
uid products, and the thermal conductivity of the liquid decreases with temperature. An 
insufficient water content is more conducive to increasing the TC reaction rate and gener-
ating a large amount of liquid products, reducing the thermal conductivity, as shown in 
Figure 16. From 500 mm inside the tube to the outlet, Nu decreases with the water content. 

Figure 13. Comparison of calculated C10H22 conversion to experimental data. (a) qw = 6.99 KW/m2,
(b) qw = 9.33 KW/m2, (c) qw = 15.2 KW/m2, (d) qw = 21.42 KW/m2.

Energies 2024, 17, x FOR PEER REVIEW 14 of 18 
 

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

0

4

8

12

16

20

24

28

32

(d)

(c)

(b)

C 10
H

22
 c

on
ve

rs
io

n 
(%

)

Distance along tube (m)

  Cal           Exp
           qw=6.99kW/m2

           qw=9.33kW/m2

           qw=15.2kW/m2

           qw=21.42kW/m2

(a)

 
Figure 13. Comparison of calculated C10H22 conversion to experimental data. (a) qw = 6.99 KW/m2, 
(b) qw = 9.33 KW/m2, (c) qw = 15.2 KW/m2, (d) qw = 21.42 KW/m2. 

 
Figure 14. Predicted C10H22 conversion distribution contours. (a) qw = 6.99 KW/m2, (b) qw = 9.33 
KW/m2, (c) qw = 15.2 KW/m2, (d) qw = 21.42 KW/m2. 

5.2. Heat Transfer Characteristics Along the Tube 
Figure 15a shows that at the same position in cooling channels with different water 

contents, the convective heat transfer coefficient (h) is almost the same. The Nusselt num-
ber (Nu) of a fluid exhibits a different pattern from h as the water content changes, as 
shown in Figure 15b. The reason is that in the active regeneration cooling channel, the 
difference in the ratio of gas and liquid reaction products can affect the physical properties 
of the mixed fuel, thereby affecting the heat transfer characteristics. For example, from the 
tube inlet to the 500 mm position, CSR and CTC reactions occur, with the main product 
being gas. The thermal conductivity (λ) of gas increases with the temperature, and an in-
sufficient water content can promote the CTC reaction and produce more gas. According 
to Formula (8), Nu is inversely proportional to λ. Therefore, Nu increases with the water 
content from the tube inlet to the 500 mm position. From 500 mm inside the tube to the 
outlet, the TC reaction occurs and gradually dominates, producing a large amount of liq-
uid products, and the thermal conductivity of the liquid decreases with temperature. An 
insufficient water content is more conducive to increasing the TC reaction rate and gener-
ating a large amount of liquid products, reducing the thermal conductivity, as shown in 
Figure 16. From 500 mm inside the tube to the outlet, Nu decreases with the water content. 

Figure 14. Predicted C10H22 conversion distribution contours. (a) qw = 6.99 KW/m2,
(b) qw = 9.33 KW/m2, (c) qw = 15.2 KW/m2, (d) qw = 21.42 KW/m2.

5.2. Heat Transfer Characteristics Along the Tube

Figure 15a shows that at the same position in cooling channels with different water
contents, the convective heat transfer coefficient (h) is almost the same. The Nusselt number
(Nu) of a fluid exhibits a different pattern from h as the water content changes, as shown in
Figure 15b. The reason is that in the active regeneration cooling channel, the difference in
the ratio of gas and liquid reaction products can affect the physical properties of the mixed
fuel, thereby affecting the heat transfer characteristics. For example, from the tube inlet to
the 500 mm position, CSR and CTC reactions occur, with the main product being gas. The
thermal conductivity (λ) of gas increases with the temperature, and an insufficient water
content can promote the CTC reaction and produce more gas. According to Formula (8),
Nu is inversely proportional to λ. Therefore, Nu increases with the water content from



Energies 2024, 17, 5215 15 of 19

the tube inlet to the 500 mm position. From 500 mm inside the tube to the outlet, the TC
reaction occurs and gradually dominates, producing a large amount of liquid products,
and the thermal conductivity of the liquid decreases with temperature. An insufficient
water content is more conducive to increasing the TC reaction rate and generating a large
amount of liquid products, reducing the thermal conductivity, as shown in Figure 16. From
500 mm inside the tube to the outlet, Nu decreases with the water content.
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5.3. Heat Sink Distribution

The comparison of the experimental and simulation results of the heat sink of hydrocar-
bon fuel verifies the accuracy of the established model in the calculation of heat absorption.
The experimental heat sink is measured by subtracting the empty tube heat loss from the
total heat input (I2R). The standard enthalpy of formation diagrams for different products
were plotted using the NIST REFPROP version 9.4 software. The simulation results of
the heat sink are calculated based on the calculation results of the export fuel component
content combined with the standard enthalpy of formation in Figure 17. It can be seen
from Figure 18 that the heat sink of the fuel increases almost linearly before 360 ◦C, and
the chemical heat sink is approximately zero. After 360 ◦C, the heat sink begins to increase
rapidly, and chemical reactions begin to occur. The turning point of 360 ◦C coincides with
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the starting point of the catalytic reaction observed during the experimental process. In
addition, the heat sink calculated by simulation is well matched with the experimental
values, which indicates that the reaction model proposed in this paper can better calculate
the heat sink of the PCSR reaction.
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6. Conclusions

In this work, a neural network-based approach provides new insights into the estab-
lishment of a reaction model for the PCSR of n-decane under low water/carbon conditions.
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The characteristic of this method is to use optimization algorithms to iteratively calculate
dynamic parameters. The heat absorption capacity of the PCSR reaction during n-decane
regeneration cooling was simulated by combining the optimized reaction model with the
numerical model. The results are as follows:

(1) During the regeneration cooling process, the H2 generated by the CSR reaction can
improve the heat sink. The reaction products of CTC and TC include some liquid
hydrocarbons, which have a weak improvement in endothermic capacity.

(2) By comparing the experimental values of the main product content, outlet temper-
ature, conversion rate, and heat sink with the corresponding simulated values, the
results show that the proposed model is reliable for analyzing the RCSR reaction
process and heat absorption capacity of regenerative cooling.

(3) After the fuel flows into the connecting tube, the TC reaction continues, increasing
the conversion rate of n-decane. The TC reaction of the connecting tube has a certain
impact on the fuel conversion rate and temperature, which should be considered in
the numerical calculation.

(4) Unlike the convective heat transfer coefficient, the Nusselt number of a fluid is influ-
enced by the thermal conductivity of the mixed fluid, exhibiting different patterns
with changes in the water content.
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Notation

Nomenclature
A pre-exponential factor T temperature, K
b bulk fluid TC thermal cracking
CSR catalytic steam reforming V volume, m3

CTC catalytic thermal cracking x conversion, %
d inner diameter of the tube, mm y yield of reaction product
Ea activation energy, kJ/mol Subscripts
∆Hendo heat sink, MJ/kg g gas phase

h

convective heat transfer coefficient,
kW/(m2·K)

i raw material component

washcoat thickness, mm j product components
specific enthalpy, J/kg l liquid phase

m feed quality of raw materials, g
w

mass fraction
M molar mass, kg/mol wall
Nu Nusselt number in inside surface
PCSR partial catalytic steam reforming out outside surface
q heat flux, (kW/m2) Greek Symbols
r radius, mm µ dynamic viscosity, N·s/m2

R molar gas constant, J/(K·mol) ρ density, kg/m3

S molar selectivity λ thermal conductivity, W/(m·K)
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