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ABSTRACT: Thermal protection is a critical problem in the development of hypersonic aircraft. To enhance the thermal
protection capability of hydrocarbon fuel, the ethanol-assisted catalytic steam reforming of endothermic hydrocarbon fuel was
proposed. The result shows that the total heat sink can be significantly improved by the endothermic reactions of ethanol. A higher
water/ethanol ratio can promote the steam reforming of ethanol and further increase the chemical heat sink. The addition of 10 wt
% ethanol at 30 wt % water content can improve the total heat sink by 8−17% at 300−550 °C, which is caused by the heat
absorption by phase transition and chemical reactions of ethanol. The reaction region of thermal cracking moves backward, resulting
in the suppression of thermal cracking. Meanwhile, the addition of ethanol can inhibit the coke deposition and increase the working
temperature upper limit of the active thermal protection.

1. INTRODUCTION
Engine thermal protection has become a critical problem for
developing hypersonic aircraft. The demand for heat sink
increases sharply with an increased flight Mach number.1

Regenerative cooling with endothermic hydrocarbon fuel
(EHF) is considered an effective way for engine thermal
protection.2 The cooling capacity of EHF consists of two parts:
physical heat sink and chemical heat sink. The physical heat
sink is decided by thermophysical properties, which are not
sufficient for cooling demands and difficult to improve. The
chemical heat sink comes from endothermic reactions. When
the temperature reaches above 550 °C, the thermal cracking of
fuel can provide a limited increase in cooling capacity.3−5 To
improve the fuel conversion rate and olefin selectivity in
cracked products,6,7 catalytic cracking of hydrocarbons is
carried out to increase the chemical heat sink.8−11 However,
the initial temperature of cracking is high and is accompanied
by severe coke deposition on the channel wall.12,13 Thus, the
temperature scope of fuel for regenerative cooling is limited.
Compared with thermal cracking, the catalytic steam

reforming technology of hydrocarbon fuel with a strong
endothermic capacity and low coking rate has attracted
extensive attention.14,15 In recent years, this technique has
been investigated for the thermal protection of hypersonic
aircraft. The excellent performance of the catalytic steam
reforming technology has been proved by several experimen-

tal16−20 and numerical21−23 studies. However, the catalytic
steam reforming reaction occurs over 450 °C,19 meaning that
the heat sink in the low-temperature section is still limited.
Therefore, exploring new technology to improve the low-
temperature heat sink release capacity of fuel is significant to
improve the overall heat sink and broaden the scope of fuel use
temperature.
Ethanol is an important renewable liquid fuel with a large

latent heat of vaporization and an optimized combustion
efficiency.24 It is also an excellent organic solvent and miscible
with hydrocarbon fuel. Significantly, the pyrolysis and steam
reforming of ethanol can absorb a considerable amount of heat
at a low temperature. Mason et al.25 pointed out that ethanol
can be dehydrated to ethylene at 270 °C. Zhang et al.26
mentioned that when the temperature was above 240 °C,
ethanol dehydration generated the main product of ethylene.
Wang27 proposed that among all of the decomposition
reactions of ethanol, dehydration to ethylene is the main
reaction pathway at low temperatures because of the lowest
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reaction energy barrier, which is consistent with the conclusion
of Zhang et al. Steam reforming of ethanol (SRE) is an
important approach for industrial hydrogen production.28 Also,
the SER process absorbs more heat compared with the pyrolysis
of ethanol. Ni-based catalyst is the commonly used active metal
because of its wide availability and low cost. It can promote the
reforming reaction by breaking the C−C and C−H bonds.29−31
Thermodynamic studies and sensitivity analysis32−34 showed
that the steam reforming of ethanol was feasible for temper-
atures higher than 500 K. Also, a higher water/ethanol ratio
improved hydrogen selectivity and reduced coke deposition.
Reaction models based on this analysis were proposed. Comas
et al.35 experimentally studied the SRE reaction with Ni/Al2O3
catalysis between 300 and 500 °C and indicated that a higher
water/ethanol ratio (6:1) and higher temperature (500 °C)
promoted hydrogen production. Therefore, the endothermic
reactions of ethanol have a significant potential to assist
regeneration cooling of hydrocarbon fuel.
There are only a few studies on ethanol-assisted regenerative

cooling of hydrocarbon fuel. Gong et al.36 found that when the
volume ratio of ethanol to kerosene was 40%, ethanol addition
promoted the production of H2 and CO, which was a potential
solution for the ignition and stable combustion challenge in
scramjets. Xu et al.37 found that the addition of ethanol to the
RP-3 kerosene is beneficial to the enhancement of the overall
heat sink for the endothermic process. The heat sink
improvement mainly arose from the physical heat sink and
dehydration of ethanol. Yang et al.38 pointed out by experiment
that carbon deposition in supercritical fuel cracking can be
suppressed by adding 5 wt % ethanol to the RP-3 kerosene.
These studies only focus on the ethanol-assisted thermal

cracking of fuel, but there is no relevant research on ethanol-
assisted catalytic steam reforming of hydrocarbon fuel to make
full use of the endothermic ability of SER. In this work, we
introduced ethanol to the coupled thermal cracking and
catalytic steam reforming of EHF to enhance the thermal
protection capability. To do so, we have conducted a series of
experimental studies of catalytic steam reforming based on a
hydrocarbon fuel with a certain amount of ethanol addition.
The characteristics of the heat sink, reaction conversions, heat
transfer, and coke deposition in ethanol-assisted catalytic
reforming of EHF were studied.

2. EXPERIMENTAL SYSTEM AND METHODS
The high-pressure test apparatus for the catalytic steam
reforming is shown in Figure 1. The experimental setup
consisted of a fuel supply and reaction, measurement, and
sampling systems. The fuel supply system included a fuel tank, a
filter, and a high-pressure liquid chromatography pump (Dalian
Elite Analytical Instruments Co., Ltd.). The fuel used in the
experiments was an endothermic hydrocarbon fuel (EHF), a
specific China RP-3 fuel with carefully removed aromatics. It
consisted mainly of paraffin (53.53 wt %) and cycloalkanes
(46.09 wt %). The specific composition and properties are
available in the previous literature.16 Ethanol (99.7% pure,
General-Reagent) had a critical pressure and temperature of 6.8
MPa and 243 °C, respectively. The EHF, water, and ethanol
were mixed by a mechanical mixer to form an emulsion in the
fuel tank and pumped into the reaction system by a high-
pressure pump at a specific flow rate. The pump capacity was 20
MPa, and the flow rate limit was 500 mL/min with a
measurement resolution of ±3%. A Coriolis mass flowmeter
was used to measure the flow rate of the liquid fuel. The

flowmeter capacity was 10 MPa, and the flow rate limit was 3 g/
s with a measurement resolution of ±0.2%. The fuel supply
delivery was stable and uniform to the subsequent heating and
sampling sections.
Rectangular section tubes with inner dimensions of 3 mm × 2

mm and a length of 1200 mm were used as the reactor. These
tubes were made of a high-temperature alloy, GH3128. The
inner wall was coated with the Ni/Al2O3 reforming catalyst by
plasma spraying. The thickness of the catalyst layer was
controlled between 0.16 and 0.18 mm. The detailed properties
of the catalyst layer are available in the previous literature.16

Two copper boards at both ends of the reactor served as
electrodes, and the reaction section tube between them was
heated by a direct-current stabilized power supply. The power
supply was controlled to provide different input powers by
adjusting the constant current during the experiment, and the
fuel that flowed through the channel was heated resistively.
Two K-type thermocouples (0.2% accuracy) were placed at
both ends of the reactor to measure the inlet and outlet fuel
temperatures. The outer wall temperatures were measured by
14 K-type thermocouples that were welded outside the reactor
surface.
Most heat was absorbed by the fuel, which promoted

endothermic reactions. A small portion of the heat was
dissipated to the environment by heat loss. The total heat
sink (ΔhT) represents the endothermic ability of the fuel. It can
be calculated as follows

h P Q m( )/T loss in= (1)

where P is the input heating power of the reactor, ṁin is the inlet
mass flow rate, and Qloss is the heat loss of the experimental
setup, which can be calibrated using the dry heating method
without fuel flow.
The total heat sink (ΔhT) takes both the physical heat sink

(ΔhP) and the chemical heat sink (ΔhC) into account. The
surrogated fuel model proposed in our previous studies22 was
used to determine the physical heat sink, which was calculated
from the enthalpy changes between the inlet and outlet fuel
temperatures. The chemical heat sink is the endothermic heat
sink of the fuel thermal cracking and/or catalytic reactions,
which is difficult to measure directly because of the complicated
reaction processes. It can be obtained as follows

Figure 1. Experimental setup. 1: fuel tank; 2: filter; 3: high-pressure
liquid chromatography pump; 4: valve; 5: mass flowmeter; 6: pressure
gauge; 7: differential pressure sensor; 8: thermocouple; 9: reactor; 10:
condenser; 11: back-pressure valve; 12: gas−liquid separator; 13: gas
flowmeter; 14: airbag; 15: residual tank.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07582
ACS Omega 2023, 8, 6860−6868

6861

https://pubs.acs.org/doi/10.1021/acsomega.2c07582?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07582?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07582?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07582?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


h h hC T P= (2)

The product analysis system included the condenser, back-
pressure valve, gas−liquid separator, and product-collection
device. The fuel was condensed and the gaseous and liquid
products were separated by the gas−liquid separator and
sampled for analysis. The liquid and gaseous samples were
analyzed quantitatively by gas chromatography−mass spec-
trometry (GC-MS DSQ, Thermo Fisher Scientific Inc.) and gas
chromatography/thermal conductivity detectors (GC-TCD,
Agilent Inc.), respectively. The gaseous products were mainly
composed of H2, CO, CO2, C1−C4 alkanes, and alkenes. As for
the composition of the liquid products, more than 100 species
were identified. The compounds can be sorted into five groups
based on their chemical structures, namely, paraffin, cyclo-
alkanes, olefins, monocyclic aromatic hydrocarbons (MAHs),
and polycyclic aromatic hydrocarbons (PAHs).
Coke formation is inevitable during thermal cracking at high

temperatures. The coke deposits on the inner surface may cause
the deterioration of heat transfer or block the tube. In this
study, the coking rates of typical cases were measured by the
temperature-programmed oxidation (TPO) method from 20 to
650 °C for 30 min. Detailed information on the TPO method
can be found in our previous work.16 Assuming that the main
component of coke deposits is carbon,39 the coking rate can be
calculated as follows

m S t/( )coke coke in exp= (3)

where mcoke is the mass of coke, Sin is the inner area of the tube,
and texp is the duration of the experiment.
The system pressure was regulated by the back-pressure

valve. A differential pressure sensor (ROSEMONT 3051S) was
placed at the end of the reactor to measure the pressure
difference between the inlet and outlet. When the pressure
difference between the two tips of the reaction tube exceeded
60 kPa, which indicated that the internal coking was severe, the
experiment was stopped immediately. Prior to each test,
nitrogen was used to purge the reactor channel. All parameters
were logged on a computer. The experiment was executed as in
our previous work.12,16−19

Seven cases were experimentally investigated and compared,
as shown in Table 1. Case 1 referred to pure EHF using a bare

tube without a catalyst. As a common regenerative cooling
method without steam reforming, only thermal cracking of EHF
occurred in case 1. Cases 2, 4, and 6 referred to EHF with
different water contents using tubes with reforming catalysts.
The water content of each group increased sequentially from 10
to 30 wt %. Cases 3, 5, and 7 added 10 wt % ethanol based on
cases 2, 4, and 6, respectively. Cases 2 and 3, 4 and 5, 6 and 7 as
three groups investigated the effect of ethanol addition on

catalytic steam reforming of EHF. Cases 3, 5, and 7 investigated
the effect of ethanol addition with different water contents. All
cases were conducted under a critical pressure of 3 MPa with a
feedstock flow rate of 1 g/s, and the inlet fuel temperature of
the reactor was controlled at 20 °C.

3. RESULTS AND DISCUSSION
3.1. Characteristics of the Heat Sink. As shown in Figure

2, the total heat sinks of cases 2, 4, and 6 are all higher than that
of case 1 over the entire temperature range, which is caused by
the higher physical enthalpy of water and the promotion of the
EHF steam reforming reaction.18,22 On this basis, 10% ethanol
is further added as in cases 3, 5, and 7. The differences in total
heat sink indicate that ethanol addition affects the heat transfer
in the tubes and is related to water content, which is analyzed in
detail below. To facilitate analysis, the curve is divided into four
zones according to the change of total heat sink with the outlet
temperature, namely, the physical endothermic zone A, the
ethanol reactions zone B, the transition zone C, and the EHF
reactions zone D.
In zone A with the outlet temperature below 300 °C, the total

heat sink is slightly increased with ethanol addition. Because in
this temperature range, the heat absorption is basically derived
from enthalpy change, and the enthalpy change of ethanol is
higher than that of EHF. Moreover, the rapid increase in the
total heat sinks at 200−250 °C is due to the phase change of
ethanol and water. As the outlet temperature increases from
300 to 450 °C in zone B, the total heat sink is significantly
improved by ethanol addition. According to the previous
research,19 the catalytic steam reforming of EHF occurs until
450 °C. Thus, it can be concluded that the endothermic
reactions are only related to ethanol. There is already a certain
amount of chemical heat sink at 300 °C due to the pyrolysis and
steam reforming reactions of ethanol as shown in Figure 3.
Therefore, zone B is the ethanol reactions zone. Also, higher
water content further increases the chemical heat sink. In case 7
with 30 wt % water content, the total heat sink increases up to
8−17%.
However, the increment decreases at 450−550 °C in zone C.

The total heat sink overlaps at about 550 °C, creating a turning
point. In zone D with the outlet temperature above 550 °C, the
total heat sink improves quickly but becomes slightly lower than
the no ethanol addition cases under the same water content.
For example, at 650 °C, the total heat sink of cases 5 and 7
decreased by 0.119 and 0.127 MJ/kg compared with cases 4
and 6, respectively.
The mechanism of ethanol addition effects on the total heat

sink curves above 300 °C can be found by analyzing and
quantifying the gaseous products and residual liquid compo-
nents.
3.2. Reaction Mechanism. In zone B, as mentioned above,

endothermic reactions of ethanol occurred. Gaseous products
can be detected starting from 300 °C with a low generation rate,
while there is no gaseous product in cases without ethanol
addition. No ethanol is detected in the liquid products.
According to the research,40−44 ethanol is easily hydrolyzed

to ethylene at low temperatures. As the temperature rises,
ethanol can be directly pyrolyzed into methane, carbon
monoxide, and hydrogen, Meanwhile, the steam reforming
processes of ethanol accompanied by the water-gas shift (WGS)
reaction also occur. The reaction paths of ethanol pyrolysis and
steam reforming can be summarized as follows

Table 1. Experimental Cases

mass fraction (wt %)

cases tube EHF water ethanol

1 bare 100 0 0
2 catalytic 90 10 0
3 catalytic 80 10 10
4 catalytic 80 20 0
5 catalytic 70 20 10
6 catalytic 70 30 0
7 catalytic 60 30 10
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HC H OH C H H O, 45.5 kJ/mol2 5 2 4 2 25
0+ = (4)

HC H OH CH CO H , 49.6 kJ/mol2 5 4 2 25
0+ + =

(5)

HC H OH H O 2CO 4H , 255.7 kJ/mol2 5 2 2 25
0+ + =

(6)

HCO H O CO H , 41.2 kJ/mol2 2 2 25
0+ + = (7)

As illustrated in Figure 4, the gaseous products at 300 °C are
composed of H2, CO, CO2, CH4, and C2H4. According to eqs
4−7, H2 is produced in every step of the reaction except eq 4,
thus the mole fraction of H2 in gaseous products can be up to
41−78%. CO is mainly from the SRE reaction and can be
converted to CO2 by the WGS reaction. CH4 comes from
ethanol decomposition. C2H4 is produced by the dehydration

of ethanol. Therefore, the mole fraction of CH4 and C2H4 can
reflect the change in the proportion of ethanol pyrolysis. The
mole fraction of CO is lower in each case because the SRE
reaction can only occur on the catalyst surface at the wall.
However, due to the highly endothermic character, the total
heat sinks are still improved by ethanol addition in zone B.
As the water content increases, more H2 and CO are detected

and CO2 fluctuates slightly, while the mole fractions of CH4 and
C2H4 decrease. This is because a higher water/ethanol ratio can
improve hydrogen selectivity and promote SRE reaction.33−35

The reductions of CH4 and C2H4 indicate that the proportion
of ethanol decomposition decreases. In conclusion, the higher
water content can further increase the chemical heat sink in
zone B.
When the temperature is above 450 °C, the catalytic steam

reforming of hydrocarbon fuel takes place on the catalytic

Figure 2. Total heat sink of ethanol addition with different water contents: A: physical endothermic zone; B: ethanol reactions zone; C: transition
zone; D: EHF reactions zone.
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surface. The C−H bonds in the fuel and the H−O bonds in
steam are broken and reformed into hydrogen, carbon
monoxide, and low-molecular-weight hydrocarbons, shown as
follows

C H H O H , CO, CH ,n m 2 2 4+ { ···} (8)

Above 550 °C, the fuel thermal cracking reaction occurs and
can be described as

C H H , paraffin, olefins,n m 2{ ···} (9)

In zone C, with the outlet temperature between 450 and 550
°C, the main reactant of the endothermic reaction is transferred
from ethanol to EHF. Therefore, the transitional change in the
total heat sink curves is due to the complex coupling of
individual reactions in the reactor.
In zone D, as the temperature rises, thermal cracking of EHF

takes place violently, resulting in the light hydrocarbons
becoming the major gaseous products. With or without the
ethanol addition, there is no difference in the species of
components in the liquid product, only the mass fraction of
each component changes. As illustrated in Figure 5a, with

ethanol addition, the mole fraction of light hydrocarbons in
gaseous products decreases slightly, while the mole fraction of
H2 and CO increases due to the ethanol reactions. Meanwhile,
as the main components of the initial EHF, the increase of
paraffin and cycloalkanes in Figure 5b indicates that the
conversion of EHF is reduced. As shown in Figure 6, 10 wt %
ethanol addition results in about a 33−42% reduction in fuel
conversion, thus the heat sink is slightly lower than in the case
of no addition of ethanol at the same water content. By contrast,
the mass fraction of olefins and aromatics decreases. Also,
almost no PAHs were detected in the cases with ethanol
addition. Take the cases with 30 wt % water as an example, the
mass fraction of MAHs reduces from 12.08 to 3.46% with 10 wt
% ethanol addition, which is a relative decrease of 71.35%. The
content of PAHs is close to 0. These differences between
product distributions reflect the inhibition of EHF thermal
cracking by ethanol addition.
As the water content increases, the mole fractions of H2 and

CO slightly increase, indicating that the steam reforming
reactions of EHF and ethanol are promoted. The decrease in
mass fraction of paraffin and cycloalkanes shows that the
increase in the water content has an enhanced inhibitory effect
on the EHF thermal cracking, thus increasing the fuel
conversion.
According to the above analysis, the main reactions of

ethanol-assisted catalytic steam reforming of EHF change with
temperature in the cooling channel as shown in Figure 7. When
the near-wall temperature reaches the ethanol reaction zone,
the SRE reaction begins to occur on the surface of the catalytic
wall, while the ethanol in the mainstream is pyrolyzed, which
can increase the hydrogen production and heat sink. When the
near-wall temperature is higher than 450 °C, the catalytic
reforming reaction of EHF begins to occur on the surface of the
catalytic wall, and the main reaction gradually transfers from
ethanol to EHF. Also, at a higher temperature, the thermal
cracking of EHF becomes the main reaction. The effect of water
content is to promote the SRE reaction and inhibit the EHF
thermal cracking.
3.3. Heat Transfer and Coke Deposition. As demon-

strated in Figure 8, the heat transfer process of case 6 can be
divided into three stages. At first, the heat transfer coefficient
(HTC) increases to a high level, which indicates the
enhancement of heat transfer due to the latent heat of the
phase transformation of water. Then, EHF also undergoes
phase state transition with the increase in temperature, during
which the physical properties such as specific heat and thermal
conductivity change drastically, resulting in a rapid decrease in
HTC. Finally, the HTC increases again due to the heat transfer
enhancement caused by endothermic chemical reactions
including thermal cracking and catalytic steam reforming of
EHF.
The heat transfer process with 10 wt % ethanol addition in

case 7 is the same as that in case 6, but the HTC is significantly
improved, especially in the low-temperature section from 0.1 to
0.35 m. The maximum value of HTC is increased by 1.96 times.
It can be concluded from the above reaction analysis that the
heat transfer enhancement by ethanol addition is not only due
to the phase change of ethanol but also caused by the
endothermic reactions such as pyrolysis and steam reforming of
ethanol that began to occur at this temperature.
A comparison of the wall temperature in Figure 8 shows that

the heat transfer enhancement caused by ethanol addition
reduces the overall wall temperature. The thermal cracking of

Figure 3. Comparison of the physical and chemical heat sinks of each
component at 300 °C.

Figure 4. Comparison of gaseous products at 300 °C.
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EHF occurs only when the temperature exceeds 550 °C.
Therefore, under the same inlet and outlet temperature
conditions, the wall temperature near the outlet is decreased

by about 30 °C, which means the reaction region of thermal
cracking is considerably moved backward. Therefore, the
thermal cracking of EHF in the reactor is suppressed.

Figure 5. Product distributions at 650 °C.

Figure 6. EHF conversion comparison.

Figure 7. Schematic of main reaction change with temperature.

Figure 8. Comparisons of wall temperature and heat transfer
coefficient at 650 °C.
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The coking rates of cases 1, 6, and 7 measured by the TPO
method are shown in Figure 9. Our previous research16 has

shown that the steam reforming of EHF with catalysts can
significantly reduce the coking rate. With 10 wt % ethanol
addition, the coking rate further decreases from 57.42 to 41.68
μg/cm2/min, which is a relative decrease of 27.41%. The
reduction of coking rate is a result of the inhibition of EHF
thermal cracking by heat transfer enhancement and the
suppression of the coking precursor formation by ethanol
addition.
It is generally considered that aromatics have a significant

impact on coke deposition. The main pathway for MAH
production is the Diels−Alder reaction between alkenes and
mono-olefin, such as ethylene and butadiene (eq 10). Then,
PAHs are generated by condensation and dehydrogenation
reactions of MAHs (eq 11). Also, PAHs are generally
considered to be the main precursors in coke deposition.45,46

In Figure 5b, the mass fractions of MAHs decrease sharply with
ethanol addition. Moreover, almost no PAHs were detected in
the cases with ethanol addition. Previous studies32,33,47−49 show
that ethanol reactions follow a radical chain reaction
mechanism. The hydroxyl group of ethanol adsorbs on the
surface of the Ni/Al2O3 reforming catalyst and forms
CH3CH2O* by the breakage of the O−H bond at first. Then,
the chemical bond of ethanol breaks in the order of −CH2−,
C−C, and −CH3 as dehydrogenation reaction processes. Large
amounts of hydrogen produced by ethanol reactions can inhibit
the Diels−Alder reaction to reduce the MAH content, thereby
reducing the PAH content, resulting in the reduction of the
coking rate. A lower coking rate means a higher temperature
condition for fuel to use, so ethanol addition can increase the
working temperature upper limit of the active thermal
protection system.

4. CONCLUSIONS
In this work, ethanol was introduced to the catalytic steam
reforming of endothermic hydrocarbon fuel to enhance the
thermal protection capability. The characteristics of ethanol-
assisted catalytic steam reforming of endothermic hydrocarbon
fuel are concluded as follows:

(1) The effects of ethanol addition can be divided into four
zones according to the outlet temperature: the physical
endothermic zone (<300 °C), the ethanol reactions zone
(300−450 °C), the transition zone (450−550 °C), and
the EHF reactions zone (>550 °C). The total heat sink
can be significantly improved by endothermic reactions
of ethanol including dehydration, pyrolysis, and steam
reforming. A higher water/ethanol ratio can further
increase the chemical heat sink by promoting the SRE
reaction. The addition of 10 wt % ethanol at 30 wt %
water content can improve the total heat sink by 8−17%
at 300−550 °C.

(2) Thermal cracking of EHF is inhibited by ethanol
addition. The addition of 10 wt % ethanol enhances
heat transfer due to heat absorption by phase transition
and chemical reactions. The decrease in overall wall
temperature causes the reaction region of thermal
cracking to move backward, resulting in the suppression
of thermal cracking.

(3) A relative reduction of 27.41% in the coking rate with 10
wt % ethanol addition results from the suppression of the
Diels−Alder reaction by the dehydrogenation process in
ethanol reactions and the inhibition of EHF thermal
cracking by heat transfer enhancement. It is meant that
ethanol-assisted catalytic steam reforming of endother-
mic hydrocarbon fuel can increase the working temper-
ature upper limit of the active thermal protection system.
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