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Fluid flows and heat transfer of hydrocarbon fuels with endothermic pyrolysis play an important role in
regenerative cooling of many flight vehicles and energy-conversion devices. In this paper, an approach to
simplifying the global pyrolytic reaction mechanism of n-decane is proposed for problems with mild
endothermic pyrolysis at supercritical pressures. The basic idea lies in the fact that the high-
molecular-weight alkane or alkene components in a thermally decomposed n-decane mixture possess
similar thermophysical properties and make only minor contributions to heat absorption; they can thus
be grouped together and represented by a single light species. Numerical tests indicate that a reduced 12-
species reaction mechanism for mild cracking of n-decane represents a reasonable choice in terms of
model accuracy and efficiency. The reduced pyrolytic reaction mechanism is employed to study the effect
of mild thermal decomposition of n-decane on turbulent convective heat transfer at supercritical pres-
sures. The wall heat flux can be increased significantly at high fluid temperatures, due mainly to heat
absorption resulting from endothermic pyrolytic reactions.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction in addition to heat absorption through sensible enthalpy variation,
Fluid flows and heat transfer of hydrocarbon fuels at supercrit-
ical pressures play an important role in many regenerative cooling
processes for aerospace and energy-conversion applications [1–4].
Because of the high heat load in liquid-propellant rocket and
supersonic combustion ramjet (scramjet) engines, the combustion
chamber wall generally requires active cooling to ensure engine
reliability and durability. This can be accomplished by circulating
engine fuel in the cooling channels surrounding high temperature
regions. Since the operation pressure in the cooling channels is
generally higher than the critical pressure of the hydrocarbon fuel,
this leads to many peculiar fluid flow and heat transfer phenomena
at supercritical pressures. One of the unique features of the pro-
cesses lies in thermophysical property variations, which exert
strong influences on fluid dynamics and heat transfer characteris-
tics. The situation becomes even more distinct near the critical re-
gion, in which the fuel transits from a liquid-like to a gas-like state
with drastic property variations [5].

In an active cooling process at a supercritical pressure, once the
fuel temperature exceeds a threshold level, the fluid is thermally
decomposed into variant components with low molecular weights,
a phenomenon known as high-pressure pyrolysis. The pyrolytic
reaction of a hydrocarbon fuel is typically endothermic. Therefore,
the pyrolytic process can enhance the heat-absorbing capacity
through chemical energy changes of the fuel. This extra heat sink
can contribute to the thermal management of flight vehicles and
propulsion engines [6].

A variety of experimental studies have been carried out to eluci-
date high pressure pyrolytic reactions of hydrocarbon fuels. Song
et al. [7] studied the pyrolysis of n-tetradecane at 450 �C over an
elevated pressure range of 2–9 MPa, using a batch reactor. It was
found that the major products in the early stage of the decomposi-
tion process are n-alkanes and 1-alkenes, while cyclic alkanes/al-
kenes and aromatics are formed in later stages. A general reaction
mechanism was proposed to analyze the pyrolytic reactions. Ther-
mal decomposition of C10–C14 n-alkanes under near- and super-
critical conditions were investigated by Yu and Eser [8], also using
a batch reactor. A first-order reaction mechanism was developed to
represent the pyrolytic kinetics, with the rate constants correlated
to the carbon number of the hydrocarbon fuel. Stewart et al. [9] ex-
plored supercritical pyrolysis of decalin, tetralin, and n-decane at a
temperature range of 700–810 K. The product distributions and
probable reaction pathways were discussed. The caging effects
commonly associated with liquid phase reactions were employed
to explain the C5 and C6 ring contraction phenomenon. Ward
et al. [10] investigated pressure effects on supercritical heat
transfer of n-decane with mild thermal cracking. A one-step
proportional product distribution (PPD) chemical model was
proposed to predict fuel decomposition and product production.
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Nomenclature

A pre-exponential constant, s�1

As surface area, m2

et total energy, J kg�1

Ea activation energy, J mol�1

hi enthalpy of a species i, J kg�1

kA chemical reaction rate coefficient, s�1

Mw molecular weight, g mol�1

p pressure, Pa
q00 surface heat flux, W m�2

Q 000 heat absorption rate per unit volume, W m�3

Ru universal gas constant, 8.314 J mol�1 K�1

S source term, kg m�3 s�1

t time, s
T temperature, K

~u velocity vector, m s�1

Y species mass fraction

Greeks
k thermal conductivity, W m�1 K�1

q density, kg m�3

s viscous stress, N m�2

_x chemical reaction rate, mol s�1 m�3

Subscripts
d diffusion
endo endothermic
i species
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Chakraborty and Kunzru [11] examined high-pressure pyrolysis of
n-heptane, while Zhong et al. [12] conducted experimental studies
of the thermal decomposition of aviation kerosene. Recently, De-
Witt et al. [13] systematically examined the pyrolytic reactivity,
product selectivity, and carbon deposition propensity of different
aviation fuels under supercritical conditions.

A number of numerical studies have been performed to treat
fluid flows and heat transfer of hydrocarbon fuels with endothermic
pyrolysis at high pressures. Sheu et al. [14] considered thermal
cracking and heat transfer of Norpar-13 under near- and super-crit-
ical conditions. The pyrolytic reaction kinetics was incorporated
using a three-step global model, in which the product mixture
was grouped into fuel, cracked liquids, and cracked gases. Results
indicated that energy absorption through pyrolytic reactions pro-
duces important effects on the fuel and channel wall temperature.
Goel and Boehman [15] developed a mathematical formulation to
simulate jet fuel degradation in a heated pipe flow environment un-
der high-pressure conditions. A global pyrolytic reaction model ob-
tained from batch reactor studies was employed to study laminar
fluid flows, heat transfer, and thermal decomposition in a circular
tube. Six different fuels, including Norpar-13 and dodecane, were
chosen for numerical calculations, with attention focused on bulk
fuel temperature and uncracked fuel fractions at the tube outlet.
Ward et al. [16] investigated fluid dynamics and heat transfer char-
acteristics of n-decane with mild thermal cracking in a heated cir-
cular tube at high pressures. A one-step global reaction
mechanism, known as the proportional product distribution (PPD)
chemical model, was used to predict spatial variations of the fuel
temperature and species mass fractions along the flow direction.

In this paper, a simplification of the pyrolytic reaction mecha-
nism of n-decane is developed and implemented to efficiently
study fluid flows and heat transfer at supercritical pressures. The
work is based on the one-step proportional product distribution
(PPD) chemical model developed by Ward et al. [10,16] for mild
thermal cracking of n-decane. The present formulation accommo-
dates a complete set of conservation equations of mass, momen-
tum, energy, and species mass fractions. The research goal is to
reduce the number of thermally cracked mixture components
while still maintaining model accuracy. The effort leads to a re-
duced number of conservation equations of species mass fractions
and decreased computational time for thermophysical property
calculations. As a consequence, the numerical efficiency is consid-
erably improved. The simplified pyrolytic reaction mechanism is
then employed for a numerical study of flow dynamics and heat
transfer characteristics of n-decane in a mini tube under a constant
wall temperature. The effect of mild thermal decomposition on the
heat transfer processes is carefully examined.
2. Theoretical formulation and model validation

In order to properly handle the chemically reacting flows and
heat transfer processes under supercritical pressures, the following
steady-state conservation equations are numerically solved:

Mass conservation:

r � ðq~uÞ ¼ 0 ð1Þ

Momentum conservation:

r � ðq~u~uÞ ¼ �rpþr � s ð2Þ

Energy conservation:

r � ðq~uetÞ ¼ r � ðkrTÞ � r � ðp~uÞ ð3Þ

where the total energy, et , includes the energy of formation, and
thus no extra source term from chemical reactions is needed.

Species conservation:

r � ðqYi~uÞ ¼ �r � ðqYi~ud;iÞ þ Si ð4Þ

where the source term resulting from the endothermic pyrolytic
reaction can be expressed as

Si ¼ _xi �Mwi ð5Þ

In the present analysis, the baseline pyrolytic reaction kinetics
for mild thermal cracking of n-decane is obtained from the
one-step proportional product distribution (PPD) chemical model
proposed by Ward et al. [10,16] based on their experimental
measurements. In the PPD model, the measured mass fractions of
the major decomposed products at different pressures were
averaged to obtain a general reaction mechanism [10]. The model
includes 18 species and was tested to be valid for mild thermal
cracking of n-decane at a range of supercritical pressures between
3.45 and 11.38 MPa. The chemical reaction scheme has been
reformulated in this work with full mass balance using the
experimental data in [10,16] and is referred to as the 18-species
mechanism in Table 1. The overall reaction is expressed as follows:

C10H22 ! 0:153CH4 þ 0:222C2H4 þ 0:138C2H6 þ 0:200C3H6

þ 0:185C3H8 þ 0:171C4H8 þ 0:118C4H10

þ 0:149C5H10 þ 0:137C5H12 þ 0:170C6H12

þ 0:106C6H14 þ 0:147C7H14 þ 0:091C7H16

þ 0:132C8H16 þ 0:040C8H18 þ 0:046C9H18

þ 0:031C9H20 ðT1Þ



Table 1
n-Decane pyrolytic reaction mechanisms.

Coefficients of pyrolytic chemical reaction Number of
species

Eq.
No.

CH4 C2H4 C2H6 C3H6 C3H8 C4H8 C4H10 C5H10 C5H12 C6H12 C6H14 C7H14 C7H16 C8H16 C8H18 C9H18 C9H20

0.153 0.222 0.138 0.200 0.185 0.171 0.118 0.149 0.137 0.170 0.106 0.147 0.091 0.132 0.04 0.046 0.031 18 T1
0.153 0.222 0.138 0.200 0.185 0.171 0.118 0.149 0.137 0.170 0.106 0.371 0.162 14 T2
0.153 0.222 0.138 0.200 0.185 0.171 0.118 0.149 0.137 0.630 0.268 12 T3
0.153 0.222 0.138 0.200 0.185 0.171 0.118 0.958 0.405 10 T4

Fig. 1. Schematic configuration.
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Based on this reaction kinetics, the pyrolytic reaction rate of n-
decane with mild thermal cracking can be calculated as

d½C10H22�
dt

¼ �kA½C10H22� ð6Þ

where the rate constant is given as

kA ¼ A expð�Ea=RuTÞ ð7Þ

The pre-exponential constant is A = 1.6 � 1015 s�1, and the activa-
tion energy is Ea = 263.7 kJ/mol [10]. In the following, this one-step
reaction mechanism is further simplified by reducing the number of
species components without sacrificing the model accuracy.

A key issue in the simulation of fluid flows and heat transfer at
supercritical pressures is accurate estimation of thermophysical
properties, which undergo strong variations with temperature,
pressure, and mixture fractions, especially in the near-critical re-
gime [5]. In our prior numerical studies, a general framework has
been established for property evaluations. The Benedict–Webb–
Rubin (BWR) equation of state for a reference fluid, propane, is
used to calculate its density, with empirical expressions to deter-
mine viscosity and thermal conductivity [17]. Based on these refer-
ence properties, extended corresponding-state methods [18,19]
are employed to calculate properties of a thermally decomposed
supercritical mixture. Fundamental thermodynamic theories and
the Soave–Redlich–Kwong (SRK) equation of state for the super-
critical mixture are implemented to calculate other thermody-
namic properties, such as heat capacity and internal energy [20].
An empirical correlation of Fuller [21] is used to calculate the bin-
ary mass diffusivity at low pressures, and a simple corresponding-
state approach developed by Takahashi [22] is employed to take
into account high-pressure effects. The overall methods for prop-
erty evaluation have been successfully applied in previous numer-
ical studies of supercritical-pressure heat transfer of cryogenic
methane and n-heptane in mini tubes [3,4,23], supercritical drop-
let vaporization and dynamic responses to externally-imposed
pressure oscillations [24–27], and cryogenic fluid injection, mixing,
and combustion at supercritical conditions [28–30].

The aforementioned chemical kinetics and property evaluation
methods have been implemented into a commercial CFD package,
Fluent, through its user coding capability. A pressure-based
numerical algorithm is employed to solve the conservation equa-
tions, along with user-developed functions for calculating thermo-
physical properties and chemical source terms in the species
conservation equations. The k� e turbulent model with an en-
hanced wall treatment in Fluent [31], which solves a one-equation
Wolfstein model in the near wall region if the meshes are within
the viscous sublayer or applies a standard wall function if the
meshes are not, is employed to achieve turbulence closure in the
present study.

The numerical model has previously been used for studying
supercritical heat transfer of hydrocarbon fuels without pyrolysis
[3,4,23,32]. Since the species conservation equations and chemical
source terms from the pyrolytic reaction of n-decane are
incorporated herein, the model is further validated against the
experimental and computational results of Ward et al. [10]. The
numerical analysis is concerned with fluid flows and heat transfer
of n-decane with mild endothermic pyrolysis in a mini tube, as
shown schematically in Fig. 1. Variations of the fluid mixture den-
sity, thermal conductivity, bulk temperature, axial velocity, and
conversion rate of n-decane are shown in Fig. 2. Excellent agree-
ment with existing data is obtained under various operating
conditions.

3. Results and discussion

3.1. Pyrolytic reaction mechanism reduction

The theoretical and numerical framework developed in the
early section is first employed to facilitate the reduction of the
PPD pyrolytic reaction scheme proposed by Ward et al. for n-dec-
ane [10,16]. The basic idea lies in the fact that the mildly cracked
products, with relatively high molecular weights, such as alkanes
and alkenes, make only minor contributions to the heat absorbing
process. Furthermore, they possess similar thermophysical proper-
ties and can thus be grouped together and represented by a single
light component, C7H16 for alkanes and C7H14 for alkenes in the C7,
C8, and C9 groups, respectively. In the reduced reaction scheme, Eq.
(T2), the mole fractions of C7H16 and C7H14 are increased, while the
mole fractions of all other species remain the same as in Eq. (T1).
As a consequence, a simplified one-step global reaction can be
established with fewer mixture components. This approach is sim-
ilar to finding surrogate models for practical fuels. The following
equation represents the reduced mechanism involving 14 species.
The stoichiometric coefficients are listed in Table 1.

C10H22 ! 0:153CH4 þ 0:222C2H4 þ 0:138C2H6 þ 0:200C3H6

þ 0:185C3H8 þ 0:171C4H8 þ 0:118C4H10

þ 0:149C5H10 þ 0:137C5H12 þ 0:170C6H12

þ 0:106C6H14 þ 0:371C7H14 þ 0:162C7H16 ðT2Þ

The global reaction scheme presented by Eq. (T2) can be further
reduced by grouping the high-molecular-weight alkanes and al-
kenes together and representing them with a single light alkane
and alkene species, respectively. This leads to the 12- and 10-
species mechanisms, as given below in Eqs. (T3) and (T4). The stoi-
chiometric coefficients are also listed in Table 1.



Fig. 2. Model validation; (a) density, (b) thermal conductivity, (c) bulk fluid temperature at 3.45 MPa, (d) axial velocity and n-decane conversion rate at 3.45 MPa (data for
comparisons are from Ref. [10]).

Fig. 3. Results from grid-independence studies.
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C10H22 ! 0:153CH4 þ 0:222C2H4 þ 0:138C2H6 þ 0:200C3H6

þ 0:185C3H8 þ 0:171C4H8 þ 0:118C4H10

þ 0:149C5H10 þ 0:137C5H12 þ 0:630C6H12

þ 0:268C6H14 ðT3Þ

C10H22 ! 0:153CH4 þ 0:222C2H4 þ 0:138C2H6 þ 0:200C3H6

þ 0:185C3H8 þ 0:171C4H8 þ 0:118C4H10

þ 0:958C5H10 þ 0:405C5H12 ðT4Þ

The accuracy of the simplified mechanisms in the prediction of
fluid dynamics and heat transfer characteristics of n-decane with
mild endothermic pyrolytic reactions at supercritical pressures
will next be fully investigated. The research goal is to develop a re-
duced global chemical reaction scheme with high fidelity to im-
prove numerical efficiency while maintaining model accuracy.

The model validation effort follows the experiments of Ward
et al. [10,16] over various operating pressures, wall temperatures,
and inlet mass fluxes. As shown in Fig. 1, the physical configuration
is concerned with supercritical fluid flows and heat transfer of n-
decane with mild endothermic pyrolysis in a mini tube. The tube
diameter is 0.5 mm and measures a length of 375 mm [10]. The
experimentally-measured wall temperature is prescribed in the
numerical studies. Because of the geometric and physical symme-
try in the configuration, the present numerical calculations are
simplified to be axisymmetric.

A grid independence study was first conducted. Three different
sets of grid points, 55 � 5000, 80 � 5000, and 55 � 8000 in the ra-
dial and axial directions, were tested. Fig. 3 shows the calculated
fluid velocities and the conversion rates of n-decane at the tube
axis for the three different meshes. Negligible differences among
the results were observed. The smallest grid system, 55 � 5000,
was thus chosen for the present numerical study.

Different reduced reaction mechanisms were tested at a super-
critical pressure of 3.45 MPa. The critical pressure and temperature
of n-decane are 2.12 MPa and 617.7 K, respectively. The distribu-
tion of the tube wall temperature with a maximum value at
873 K is specified based on experimental data [10], as shown in
Fig. 2c. The inlet volumetric flow rate is 0.5 ml/min. Fig. 4 shows
the calculated axial velocity, n-decane conversion rate, and bulk
fluid temperature, along with the measurements of Ward et al.
[10]. The axial velocity increases as the fuel cracks to form low-
molecular-weight species, and the fluid density decreases. The dif-
ference between the results of the baseline and reduced 10-species
mechanisms appears to be quite small, with a maximum relative
error around 4% in this case (see Fig. 4a). Fig. 4b shows the n-dec-
ane conversion rates calculated from different reaction mecha-
nisms. The discrepancies between various chemical schemes are
modest. The maximum relative difference between the baseline
and 10-species mechanisms is 0.6%. A similar observation is made
for the bulk fluid temperature.

Fig. 5 shows the distributions of the calculated thermophysical
properties using different endothermic reaction mechanisms. The
fluid density decreases as the cracked high-molecular-weight com-
ponents are grouped and replaced, and the thermal conductivity
increases. The maximum relative difference in the calculated fluid
density is around 3.8% between the 18- and 10-species
mechanisms, and only 1% in thermal conductivity. The fluid



Fig. 4. Numerical results from different reaction mechanisms at 3.45 MPa; (a) axial velocity, (b) n-decane conversion rate, (c) bulk fluid temperature.
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density variation is consistent with the velocity evolution shown in
Fig. 4b. Fig. 5c shows the heat capacity; the relative difference in
the results from the various reaction mechanisms is negligibly
small.

Based on the numerical results discussed above, a simplified n-
decane pyrolytic reaction mechanism involving 10 species, which
reduces eight cracked products through component grouping, ap-
pears to be a reasonable choice in terms of model simplicity and
accuracy. The largest relative differences for all the calculated re-
sults between the baseline and reduced reaction mechanisms are
Fig. 5. Thermophyscial properties of cracked supercritical mixture calculated using dif
constant-pressure heat capacity.
within 5%, with the maximum appearing in the axial velocity, as
shown in Fig. 4a.

The effect of pressure on the simplified reaction mechanisms is
next investigated. Figs. 6 and 7 show the distributions of the axial
velocity and n-decane conversion rate at 7.93 and 11.38 MPa. The
relative differences between the 18- and 10-species mechanisms
are around 6.8% and 7.4%, respectively. Because the relative errors
both increase to more than 5%, the 10-species reaction mechanism
is considered inaccurate at these two supercritical pressures. The
12-species mechanism is thus tested. The relative differences in
ferent reaction mechanisms at 3.45 MPa; (a) density, (b) thermal conductivity, (c)
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the axial velocity between the 18- and 12-species mechanisms are
both around 3% at the two pressures. The relative difference of the
n-decane conversion rate is only 1.3% at 7.93 MPa and 2.8% at
11.38 MPa. Based on the test results at three different supercritical
pressures, as shown in Figs. 4–7, the 12-species reduced global
reaction mechanism is determined to be a good choice.

Since the axial velocity exhibits the largest relative error calcu-
lated using different reaction mechanisms, special attention is paid
to this variable in conducting further numerical tests concerning
the effect of the inlet mass flow rate on the reaction mechanism
reduction. In the following study, the maximum wall temperature
is changed to 823 K, consistent with the experimental conditions
[10]. The operating pressure is set to 7.93 MPa. Fig. 8 shows the
distributions of the axial velocity based on three different reaction
mechanisms. Two different inlet volumetric flow rates of 0.3 and
0.7 ml/min are considered. It should be mentioned that the inlet
volumetric flow rate in Fig. 6 is 0.5 ml/min. The largest relative dif-
ference from the 18- and 12-species reaction mechanisms is
around 2%, occurring at an inlet flow rate of 0.3 ml/min, as shown
in Fig. 8a. For comparison, the largest relative error for the 10-spe-
cies reaction mechanism is around 4% at the same low inlet flow
Fig. 6. Numerical results from different reaction mechanisms a

Fig. 7. Numerical results from different reaction mechanisms at

Fig. 8. Axial velocity calculated using different reaction mechanisms
rate. This is attributed to the fact that at a low inlet flow rate, more
fuel is thermally decomposed because of the increased fluid tem-
perature. The effect of the reaction mechanism on fluid flow and
heat transfer thus increases, but it is still minor, with mild thermal
decomposition, as shown in Fig. 8a.

Based on the results discussed above, it is concluded that the
12-species reaction mechanism reduced from the baseline 18-spe-
cies PPD chemical model [10,16] is a good choice for numerical
simulations of fluid flows and heat transfer of n-decane with mild
endothermic pyrolysis at supercritical pressures. The largest rela-
tive differences are less than 5% for all the flow and thermophysical
properties. This 12-species reduced reaction mechanism is ob-
tained by separately grouping the cracked C6, C7, C8, and C9 alkanes
and alkenes and representing them using a single light component,
with C6H14 for the alkanes and C6H12 for the alkenes.

A main reason for simplifying the PPD pyrolytic reaction mech-
anism is to improve the model efficiency for simulations of fluid
flows and heat transfer. Table 2 gives the computational time in
the present supercritical heat transfer simulations. All the
calculations were performed using a 40-core Downing PHPC100
workstation. The simulation based on the baseline 18-species
t 7.93 MPa; (a) axial velocity, (b) n-decane conversion rate.

11.38 MPa; (a) axial velocity, (b) n-decane conversion rate.

at different inlet mass flow rates; (a) 0.3 ml/min, (b) 0.7 ml/min.



Fig. 9. Fluid temperature distributions at tube axis with and without pyrolysis.
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reaction mechanism required approximately 2500 iterations and
66 h to converge, while the computational time were decreased
to around 24 h using the reduced 12-species reaction mechanism.
This represents a 63% improvement in computational efficiency.
The computational time was further decreased to 17 h with the
10-species reaction mechanism, but the model accuracy was wors-
ened slightly, as the relative error exceeded 5% for several cases. It
should be noted that the number of computational iterations to
convergence varies slightly for the different reaction mechanisms,
but the effect on computational time is minor. The iteration num-
ber is intentionally kept the same in the present studies for clear
comparisons.

The significant improvement in numerical efficiency using sim-
plified reaction mechanisms is related to the reduction in the spe-
cies conservation equations and thermophysical property
calculations. In the present study, they each account for about
one half of the savings in computational time.

3.2. Heat transfer study

To further demonstrate its robustness, the reduced 12-species
global reaction mechanism was applied to simulate turbulent fluid
flows and heat transfer of n-decane with mild thermal decomposi-
tion in a mini tube, as shown schematically in Fig. 1. The tube
diameter is 1 mm, and its length is 800 mm. To ensure a fully
developed flow before heat transfer starts, an inlet section with
150 mm in length is thermally insulated. An outlet section with
150 mm in length is also thermally insulated to minimize the effect
of outflow boundary conditions on numerical results. The 500 mm
long middle section is heated, with a constant wall temperature of
1000 K. Based on the results of a more thorough grid-indepen-
dence study, a computational mesh of 50 � 5600 in the radial
and axial directions, respectively, was chosen for the present
numerical simulations.

The study focuses on the effect of endothermic pyrolytic reac-
tions on the flow dynamics and heat transfer characteristics. The
inlet pressure is set at 6 MPa, well above the critical pressure of
n-decane (2.12 MPa). The inlet flow velocity varies from 0.5 to
2.0 m/s to ensure mild thermal decomposition of n-decane. The
operating conditions are detailed in Table 3.

Fig. 9 shows the distributions of the fluid temperature at the
tube axis under conditions with and without pyrolysis. The inlet
flow velocity is 1.0 m/s. The effect of endothermic decomposition
appears approximately from x/D = 300, at which point the thermal
cracking of n-decane starts to speed up, as shown in Fig. 10. At the
end of the heated section (x/D = 500), the fluid temperature with
pyrolysis is 22 K lower than that without pyrolysis. The tempera-
ture difference between the two cases appears to be modest for
Table 2
Computational times using different reaction mechanisms.

Equation
number

Number of
species

Iterations Computational times/
(hour)

T1 18 2500 65.7
T3 12 2500 24.4
T4 10 2500 16.7

Table 3
Operating conditions for numerical studies.

Parameters Values

Inlet pressure, p0 6 MPa
Wall temperature, Tw 1000 K
Inlet temperature, T0 300 K
Inlet velocity, u0 0.5–2.0 m/s
two reasons: mild thermal cracking of n-decane (i.e., less than
20% of decomposition, as shown in Fig. 10), and increased wall heat
flux at a fixed constant wall temperature in the case with pyrolysis.

To elucidate the second point, the wall heat-flux distributions
for the two cases are examined, as shown in Fig. 11. With pyrolysis,
the wall heat flux increases from x/D = 300 and eventually leads to
more than 280% increase of the wall heat flux at the end of the
heated section. Compared with the case without pyrolysis, heat
absorption by thermal decomposition significantly influences the
heat transfer process at high fluid temperatures. Therefore, under
the condition of a constant wall temperature, it is more appropri-
ate to compare wall heat flux rather than fluid temperature in
the analysis of the effect of endothermic pyrolytic reactions on
heat transfer characteristics.

Fig. 10 also shows the distributions of the flow velocity under
conditions with and without pyrolysis. With pyrolytic reactions,
the flow velocity at the thermal exit exceeds 11 m/s, while it is only
around 8 m/s for the case without pyrolysis. Such a difference can
be attributed to the change of fluid density in the heat transfer pro-
cess. Fig. 12 shows that the fluid density decreases with increasing
temperature. Once the thermal decomposition occurs, as shown in
Fig. 10. Distributions of flow velocity and n-decane mass fraction at tube axis.

Fig. 11. Distributions of total wall heat flux with and without pyrolysis.



Fig. 12. Fluid density distributions; (a) with pyrolysis, (b) without pyrolysis.

Fig. 14. Distributions of n-decane mass fraction at three inlet velocities.

Fig. 15. Distributions of ratio between surface heat flux from endothermic reaction
and total wall heat flux from convective heat transfer at three inlet velocities.

462 B. Ruan et al. / International Journal of Heat and Mass Transfer 69 (2014) 455–463
Fig. 12a, the formation of low-molecular-weight components fur-
ther decreases the density of the fluid mixture by around 28%
(starting from x/D = 380), leading to a corresponding increase of
the flow velocity.

The effect of the inlet flow velocity on the convective heat trans-
fer of n-decane with endothermic pyrolytic reactions is also inves-
tigated in the range of 0.5–2.0 m/s, with all the other operating
parameters remaining unchanged, as summarized in Table 3. To
quantify the heat absorption by endothermic pyrolytic reactions,
a wall heat flux resulting from endothermic chemical reactions is
defined as

q00endo ¼
R

DV Q 000endodV
DAs

ð8Þ

where As is the surface area of the tube wall, and Q 000endo the endother-
mic heat absorption rate per unit volume, defined as,

Q 000endo ¼ RiSihi ð9Þ

The enthalpy, hi, includes both the enthalpy of formation and sensi-
ble enthalpy.

Fig. 13 shows the distributions of the wall heat flux from endo-
thermic reactions with three different inlet velocities. The heat flux
first increases rapidly, due to the rise of fluid temperature, which
enhances thermal decomposition reactions, as indicated by Eq.
(7). The wall heat flux then levels off and even decreases slowly,
due to the decrease of n-decane mass fraction, which weakens
the pyrolytic reactions, as indicated by Eq. (6). Fig. 13 shows that
for the inlet flow velocity of 2.0 m/s, the wall heat flux resulting
from endothermic chemical reactions reaches its highest value at
the thermal exit. This phenomenon can be attributed to the
Fig. 13. Distributions of surface heat flux from endothermic reaction at three inlet
velocities.
relatively high fluid density and n-decane mass fraction, as shown
in Fig. 14.

Fig. 15 shows the comparison between the wall heat fluxes
from endothermic chemical reactions and the total wall heat fluxes
from convective heat transfer at three different inlet flow veloci-
ties. At a low inlet flow velocity of 0.5 m/s, the heat flux ratio is
above 0.8 near the thermal exit, clearly indicating that a significant
portion of the total wall heat flux is contributed by heat absorption
from endothermic pyrolytic reactions. The heat flux ratio decreases
as the inlet flow velocity increases, but still exceeds 0.6 at the ther-
mal exit with an inlet velocity of 2.0 m/s. The heat absorption
resulting from endothermic pyrolytic reactions dictates the con-
vective heat transfer process at high fluid temperatures. The situa-
tion is more profound with a low inlet flow velocity and
consequently a weak convective heat transfer process.
4. Conclusions

Fluid flows and heat transfer of hydrocarbon fuels at supercrit-
ical pressures play an important role in regenerative cooling pro-
cesses for many propulsion and power-generation systems. In
this paper, an approach to simplifying the global n-decane pyro-
lytic reaction mechanism has been developed to improve the effi-
ciency of numerical simulations of fluid flows and heat transfer
with mild endothermic pyrolysis. The formulation is based on a
complete set of conservation equations of mass, momentum, en-
ergy, and species mass fractions. Thermophysical properties of
cracked n-decane supercritical mixtures are accurately calculated.
A baseline global n-decane pyrolytic reaction mechanism from the
PPD model containing 18 alkane and alkene species is considered.
Since the high-molecular-weight alkane or alkene components in
the cracked n-decane mixture possess similar thermophysical
properties and make only minor contributions to heat absorption,
they can be separately grouped together and represented by a
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single light alkane or alkene species. This reduction approach is
similar to finding surrogate ingredients for commercial fuels.

The reduction approach for prolytic reaction mechanisms has
been numerically verified for chemically reacting flows and heat
transfer of n-decane in a circular tube under various operating con-
ditions at supercritical pressures. Results indicate that a reduced
12-species reaction mechanism appears to be a good choice in
terms of computational efficiency and accuracy. The largest rela-
tive difference between the 12-species and the baseline 18-sepcies
mechanisms is within 5%, but the computational time can be de-
creased by more than 60%. This improvement is achieved mainly
through reduced conservation equations of species mass fractions
and decreased computational time for thermophysical property
calculations. Each factor contributes approximately half of the
improvement in numerical efficiency.

The reduced 12-species pyrolytic reaction mechanism is em-
ployed for numerical studies of turbulent heat transfer of n-decane
in a mini tube with an isothermal wall. The effect of thermal
decomposition and ensuing heat absorption are investigated at a
supercritical pressure of 6 MPa. Results show that the wall heat
flux is increased significantly at high fluid temperatures, due to
the n-decane endothermic pyrolysis, which contribute to more
than 60% of the total wall heat flux from convective heat transfer
under test conditions. The heat absorption resulting from thermal
decomposition thus dictates the convective heat transfer process at
high fluid temperatures.
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