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a b s t r a c t

Although buoyancy and cracking reactions are strongly coupled in the active cooling process, most of the
previous studies consider only one of these factors, and their coupling relationship has not been consid-
erably examined. In this work, this coupling relationship was numerically investigated with complete
consideration of different cases of heating, and in the view of energy transport and conversion. By com-
paring with the no-gravity case (NGC), the results indicate that buoyancy has a significant effect on the
bottom-heated case (BHC) and side-heated case (SHC), but has little influence on the top-heated case
(THC) owing to the different magnitudes of secondary flow. The heat transfer of the BHC and SHC was
significantly enhanced by the secondary flow, but their energy conversion was simultaneously impaired.
The conversion of the BHC and SHC was approximately half that of the THC and NGC. For all cases, by
analyzing the energy transport ways, the cross section can be classified into three regions in the heating
direction. Laminar conduction dominates in region I, but gradually fails in region II, where its role is
replaced by other energy transport ways. In region III, convection dominates the energy transport for
BHC and SHC, whereas turbulence dominates for THC and NGC.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Scramjet, the key component of hypersonic aircraft, can
encounter an extremely high heat load owing to air friction and
combustion [1,2]. Thus, it is critical to find an efficient and feasible
cooling technology to keep the scramjet running steadily. The most
promising cooling technology is active cooling, which uses fuel as
the coolant to cool the combustion chamber of a scramjet [3].
However, this cooling process can be extremely complicated as it
simultaneously includes flow, heat transfer, and cracking reaction,
while fuel passes through the cooling channels inside the engine
wall. Therefore, this complex coupling mechanism of the cooling
process needs to be revealed to support the rational design of
scramjets [4].

Overall, the flow, heat transfer, and cracking reactions in the
active cooling process are highly coupled. Many experimental
studies have indicated that the occurrence of cracking may
improve the heat transfer and heat absorption [5,6], while varia-
tions in the flow and heat transfer states can also lead to different
reaction characteristics [7,8]. However, by experimental methods,

it is difficult to analyze the interaction mechanisms of flow, heat
transfer, and cracking reactions. Therefore, numerical methods
were developed to reveal the details and interaction mechanisms
of these processes. In early studies, one of the obstacles to numer-
ical model development is the modeling of the cracking reaction.
From the perspective of elementary reactions, the cracking reac-
tion includes hundreds of species and thousands of reaction paths
[9] thus, modeling and solving the entire reaction network seems
to be extremely difficult. Fortunately, Ward et al. [10,11] found that
at low conversions, the product distribution of the cracking reac-
tion is proportional, even in a wide pressure range. Therefore, at
low conversion, the cracking reaction can be simplified to a one-
step reaction, which makes it possible to incorporate the cracking
reaction into the numerical model. Subsequently, based on the pro-
portional product distribution assumption, a series of cracking
reaction mechanisms for various hydrocarbon fuels have been pro-
posed [12–15]. Moreover, a few reaction mechanisms that further
considered secondary reactions have been developed in recent
years [16–18]. These mechanisms can be applied under high-
conversion conditions.

Owing to the progress in reaction modeling, massive numerical
investigations have been conducted to reveal the joint effect of
flow, heat transfer, and cracking reaction in the active cooling
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process. In general, 2D and 3D model is more frequently used in
the numerical investigations than 1D model as large gradient exist
in spanwise direction and this gradient has significant impact on
cracking reaction and heat transfer [19]. These investigations indi-
cated that the cracking of hydrocarbon fuel has a considerably pos-
itive effect on enhancing property uniformity at the cross section
[20], and reducing the bulk and wall temperatures [21]. Mean-
while, the change in flow and heat transfer significantly influences
the cracking reaction [8]. This coupling relationship varies under
specific conditions. For instance, Feng et al. [22,23] suggested that
according to the characteristic time variation, this coupling rela-
tionship can considerably change in both the axis and radial direc-
tions. Li et al. [24] indicated that high-degreed cracking reaction
near side wall can increase the near-wall thermal resistances and
thus impair the heat transfer. Furthermore, with the development
of numerical models, further influencing factors in the active cool-
ing process, such as pressure [25], rib [26], coking [27] and flow
distribution [28,29] were taken into consideration.

Recently, it was recognized that a high heat flux in the active
cooling process may induce a strong buoyancy effect. Therefore,
many studies have attempted to determine the buoyancy effect.
Buoyancy effect can be especially prominent in upward or down-
ward flow. Zhu et al. [30] investigated the heat transfer in a vertical
tube and found that the buoyancy effect is more significant in a
large tube than in the small one. Sun et al. [31] indicated that
upward flows and heat transfer in a vertical tube at supercritical
pressures can be divided into three stages and corresponding char-
acteristics of each stage was pointed out. Meanwhile, buoyancy
also have significant effect for horizon flow. Sun et al. [32] found
that, for rectangular tube, the drastic variation of fluid density
can induce strong buoyancy effect and this buoyancy effect is
highly relevant to the position of the heated wall. By analyzing tur-
bulence characteristics and entropy generation, Sun et al. [33] indi-
cated that buoyancy is strongly related to heat transfer and can
change streamwise turbulent heat flux.

All the above studies exhibit the importance of buoyancy, how-
ever, none of them simultaneously consider the effect of cracking
reaction. As indicated by previous research, cracking reactions
can considerably change fuel properties [8,34] and fuel properties
directly determine the buoyancy effect. Therefore, only by consid-
ering the cracking reaction, can the buoyancy effect in the active
cooling process be comprehensively investigated.

In this work, a numerical model inclusively considering both
these effects was constructed to determine the coupling relation-

ship between the buoyancy effect and cracking reaction. The pro-
portional product distribution (PPD) mechanism and real gas
model were adopted to depict the cracking and property varia-
tions. Considering the influence of the heated wall location [32],
all cases of bottom-heated case (BHC), side-heated case (SHC),
and top-heated case (THC) were investigated and compared with
the no-gravity case (NGC). The results were first analyzed to deter-
mine the basic physical quantities such as density, velocity, and
temperature, and subsequent analysis was conducted to investi-
gate the underlying mechanism of energy conversion and trans-
port. The results of this work may provide helpful guidance for
utilizing the positive effects of buoyancy and alleviating its nega-
tive effects.

2. Numerical Methods

2.1. Geometry and mesh

As shown in Fig. 1, a square channel was adopted in this study
to represent a single cooling channel. The width and height of the
cooling channel were 2 mm. As the present study focuses on the
buoyancy effect on the fluid region, the surrounding solid region
was not considered. To avoid the inlet and outlet effects, inlet
and outlet sections with lengths of 100 mm were connected to
the two ends of the heated section. The length of the heated section
was set to 400 mm. A structured mesh was adopted to discretize
the fluid domain. As property gradients dramatically vary from
the near-wall region to the main flow region [23], the dramatic
expansion of mesh elements was set to fit this variation.

2.2. Governing equations

The governing equations of continuity, momentum, energy, and
species are numerically solved. All the equations are as follows:

Continuity equation:

r � qUð Þ ¼ 0 ð1Þ
Momentum equation:

r qUUð Þ ¼ �rpþrsþ qg ð2Þ
Energy equation:

r � U qEþ pð Þ½ � ¼ r � krT �
X
i

HiJ i

 !
ð3Þ

Fig. 1. Schematic of the cooling channel.
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As the radiation heat flux only accounts for less than 3% of the
total heat flux, it was neglected in the present study.

Species equation:
r � qUWið Þ ¼ �r � J i þ ri ð4Þ

As pointed out by Xu et al. [35], while the cracking reaction is
considered, the SST k–x model [36] has the best performance in
predicting the wall temperature at Rein ¼ 700, which is very close
to the present condition of Rein ¼ 796. Therefore, the SST k–x
model was adopted to handle the turbulence flow.

2.3. Cracking reaction model

As the temperature of the heated wall can reach approximately
1000 K, the cracking of hydrocarbons inevitably needs to be con-
sidered. To simplify the reaction modeling, it was assumed that
the cracking products were proportionally distributed, as proposed
by Ward et al. [10,11]. Therefore, the PPD model proposed by Qin
et al. [12] was incorporated with the governing equations.

C10H22 ¼ 0:151H2 þ 0:143CH4 þ 0:256C2H4 þ 0:126C2H6þ
0:230C3H6 þ 0:180C3H8 þ 0:196C4H8þ
0:102C4H10 þ 0:171C5H10 þ 0:124C5H12þ
0:195C6H12 þ 0:089C6H14 þ 0:169C7H14þ
0:072C7H16 þ 0:152C8H16 þ 0:012C8H18þ
0:053C9H18 þ 0:003C9H20 ð5Þ

The source term of the species equation can be expressed as:

ri ¼ Mw;ikCC10H22 ð6Þ
According to the Arrhenius equation, the rate constant of the

cracking reaction can be expressed as:

k ¼ A0exp � Ea

RT

� �
ð7Þ

The values of A0 and Ea proposed by Qin et al. [12] for 5 MPa are

1.7 � 1015 s�1 and 246.2 kJ �mol�1
; respectively.

2.4. Thermophysical properties

The density of fuel was calculated according to the Peng–Robin-
son equation of state (PR EoS) because of its excellent performance
in predicting hydrocarbon density [37].

p ¼ RT
V � b

� a Tð Þ
V V þ bð Þ þ b V � bð Þ ð8Þ

a Tð Þ ¼ 0:45724
R2T2

c

pc
a Tð Þ ð9Þ

b ¼ 0:07780
RTc

pc
ð10Þ

a Tð Þ ¼ 1þ 0:37464þ 1:54226x� 0:26992x2� �
1� T2

r

� �h i2
ð11Þ

The specific heat capacity of fuel was calculated as follows:

cp ¼ c0p � Fdep ð12Þ

c0p ¼ a1T
4 þ a2T

3 þ a3T
2 þ a4T þ a5 ð13Þ

Fdep ¼ T
Z 1

V

@2p

@T2

 !
V

" #
T

dV þ T
@p
@T

� �2

V
=

@p
@V

� �
T
þ R ð14Þ

where c0p indicates the ideal specific heat capacity, and it was fitted
into a fourth-order function that depends on temperature. Fdep is a
departure function that aims to correct the pressure influence.

The van der Waals mixing rule was adopted to calculate the EoS
parameters of the cracked mixture:

amð Þ0:5 ¼
Xn
i

xi aið Þ0:5 ð15Þ

bm ¼
Xn
i

xibi ð16Þ

The ideal specific heat capacity of mixture was calculated by
molar fraction averaging:

c0p;m ¼
Xn
i

xic0p;i ð17Þ

The viscosity and thermal conductivity of the hydrocarbon mix-
ture were calculated according to the method of Chung et al. [38].

The diffusivity of the hydrocarbon mixture was calculated in
three steps: First, the binary diffusivity of gases at low pressure
was calculated by an empirical correlation proposed by Fuller
et al. [39]. Then, a correction proposed by Takahashi [40] was
adopted to introduce the effect of pressure on the binary diffusivity.
Finally, the overall diffusivity of the hydrocarbon mixture was cal-
culated according to Blane’s mixing law [41] as shown in Eq. (18).

Ci ¼
Xn
j ¼ 1
j–i

xj
Cij

0
BBBBB@

1
CCCCCA

�1

ð18Þ

The calculation results of these thermophysical properties at 5
MPa are shown in Fig. 2. By comparing with the data of the National
Institute of Standards and Technology (NIST), it can be concluded
that the present methods are well suited for predicting the thermo-
physical properties such as density, specific heat capacity, viscosity,
and thermal conductivity. Fig. 2 also indicates that the dramatic
variation in properties of n-decane near the pseudo-critical region
[42], where second-order phase transition [43] occurred, can also
bewell captured by the presentmethods. The average relative devi-
ations of density, specific heat capacity, viscosity, and thermal con-
ductivity were 6.5%, 2.2%, 7.3%, and 16.4%, respectively.

2.5. Boundary conditions

A mass flow inlet of m
_ ¼ 0:5 g � s�1 with pure n-decane, and an

outlet pressure of po ¼ 5 MPa were set as the inlet and outlet
boundary conditions. The inlet temperature of the hydrocarbon
fuel was set to T in ¼ 300 K. A constant heat flux of
q ¼ 1:0 MW �m�2 was imposed on the heated wall, which could
be the bottom wall, side wall, or top wall. Except for the heated
wall, all the other three walls were set to be adiabatic.

2.6. Meshing independence

Three sets of meshes with dimensions of 60 � 600, 60 � 900,
and 80 � 600 were compared to validate the grid independence.
The yþ of the first mesh layer is less than 1 to satisfy the require-
ments of the SST k–x model. As shown in Fig. 3, while the grid
number in the z-direction increased from 600 to 900, the relative
difference of Tb along the channel was within 0.3%, and the relative
difference of WC10H22 was within 0.5%. Meanwhile, while the grid
number in the x-and y-directions increased from 60 to 80, the rel-
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ative difference of Tb along the channel was within 0.7%, and the
relative difference of WC10H22 was within 1.2%. Therefore, a mesh
of 60 � 600 was sufficient to satisfy the computational accuracy,
and was ultimately adopted in this study.

2.7. Model validation

To validate the present numerical model, two sets of experi-
ments were conducted and compared with the corresponding sim-
ulation results. The conditions of the validation experiment are
listed in Table 1. In accordance with the simulation geometry, a
rectangular tube was adopted to validate the present numerical

model. The height and width of the rectangular channel are
1:6 mm on the inside, and 3:0 mm on the outside. More details
about the experimental facility and methods can be found in our
previous research [8]. As shown in Fig. 4, both the outlet tempera-
ture and outlet mass fraction of n-decane in Case 1 could be pre-
dicted well by the present numerical model, where the relative
deviations in the outlet temperature and mass fraction of n-
decane are 0.74% and 1.4%, respectively. Meanwhile, it can be seen
that these relative deviations in Case 2 can be enlarged as the heat
flux increases and secondary reactions occur [12]. In Case 2, as the
secondary reactions were not considered in Qin et al. mechanism,
the relative deviation of the outlet temperature and mass fraction
of n-decane could be increased to 0.62% and 11.9%, respectively.
Because this study mainly focuses on the buoyancy effect on the
energy transport and conversion process, this deviation is still
acceptable.

3. Results and Discussion

3.1. Density and secondary flow

Density q, as the exclusive and direct influencing factor of the
buoyancy effect, plays a significant role in the energy conversion
and transport processes. Therefore, it is essential to analyze distri-
bution of q in both the flow and heating directions.

qave ¼
R
qdAR
dA

ð19Þ

The average q in the cross-section at Dz along the cooling chan-
nel was calculated using Eq. (19), and are presented in Fig. 5(a). For
these four cases, q decreases slightly at first, then decreases rapidly
as Tb approaches the pseudo-critical temperature, and subse-
quently decreases slightly again. For the BHC, while Dz < 0:24 m,
q is slightly larger than that in the other three cases. However, with
the increase in Dz, q of the SHC gradually becomes the largest. The
values of q for THC and NGC are approximately the same in the

Fig. 2. Validation of the thermophysical properties of n-decane at 5 MPa.

Fig. 3. Results of mesh independence. Fig. 4. Comparison between simulation and experimental results.

Table 1
Validation experiment conditions.

Case Channel shape T in/K _m/g�s�1 _q/W�m�3

1 Rectangular 300 0:94 2:8� 108

2 3:4� 108
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entire channel and are smaller than q of BHC and SHC. The differ-
ence in q distribution for these four cases is not large, and the max-
imum relative difference is only 16%.

According to several previous studies [44–47], the most signif-
icant factor influencing the buoyancy effect is density uniformity.
Thus, it is necessary to quantify the density uniformity to deter-
mine the cause of different buoyancy effects induced in different
cases. In this study, the uniformity of density cq in every cross sec-
tion was defined in an area-weighted form, as shown in Eq. (20),
and the corresponding results are presented in Fig. 5(b).

cq ¼ 1�
R
q� qavej jdA
2
R
qavedA

ð20Þ

where qave is the area-weighted average density in the cross
section.

Clearly, BHC has the best density uniformity compared to that
of the other cases. For BHC, the variation in cq is small compared

with cq variation of the other three cases. The cq of SHC, THC,
and NGC decreased in the first three quarters of the cooling chan-
nel and then recovered in the last quarter. The cq of SHC was better
than that of THC and NGC.

To obtain further details, the q distributions in different cross-
sections for these four cases are presented in Fig. 5(c). For all cases,
a large q gradient could be observed near the heated wall. With an
increase in the distance from the heated wall, an obvious differ-
ence in q profile can be seen for different cases. With the increase
in Dz, for different cases, different density contours evolved
because of the influence of gravity. For the BHC, with an increase
in Dz, the lightweight fluid is gradually centralized at the center
and two sides of the heated wall. Obvious stratification can be
observed in the front section of the cooling channel. At the end
of the channel, this phenomenon disappeared when the large den-
sity gradient was eliminated. For the SHC, with an increase in Dz,
the cross section of the channel was divided into two regions: in
the near-heated wall region, massive heat crossed the heated wall

Fig. 5. (a) Density along the channel with different heated surfaces; (b) Density uniformity along the channel with different heated surfaces; (c) Density contours at different
cross sections with different heated surfaces.
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and entered the fluid. Therefore, a thermal boundary was formed,
and strong stratification parallel to the heated wall could be seen
in the near-heated wall region. Then, driven by gravity, the light-
weight fluid floats up to the top and heavy fluid sinks to the bot-
tom. Because of the obstruction of the top wall, the light fluid
finally moved to the far heated wall region. Therefore, in this
region, stratification is formed in the vertical direction. The q dis-
tributions of THC and NGC are similar in the heating direction. For
these two cases, strong stratification can be found in the vertical
direction with the formation of the thermal boundary layer. The
only difference is that the q isoline of the NGC has a slight ten-
dency to increase.

A large q gradient may lead to a strong secondary flow, which in
turn influences the q distribution. To quantitatively evaluate the
magnitude of the secondary flow, the absolute velocity of the sec-
ondary flow usec is defined as:

usec ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2
x þ u2

y

q
ð21Þ

Fig. 6(a) shows the usec at different cross-sections for BHC and
SHC. As the usec of THC and NGC are too small (less than
0:01 m � s�1), they are not presented here. The streamlines of the
typical cross section at Dz ¼ 0:3 m for BHC and SHC are also pre-
sented in Fig. 6(b).

For the BHC, the large usec area is centralized in the center and
two sides of the cross section, which are the narrow paths of the
lightweight fluid leaving the heated wall, as shown in Fig. 6(b).
Because the upward movement of the lightweight fluid can push
the heavy fluid at the top, the heavy fluid will subsequently move

towards the heated wall, which then leads to the enhancement of
convection. With an increase in Dz, the secondary flow gradually
disappears owing to the decrease in the density gradient, as shown
in Fig. 5(c).

For the SHC, a large usec area is centralized on the heated wall
and part of the top wall. With the heating of the heated wall, the
lightweight fluid moves along the heated wall and reaches the
top wall. Owing to the obstruction of the top wall, a lightweight
fluid then changes its direction of movement from vertical to hor-
izontal and moves along the top wall. Finally, a large vortex is
formed in the cross-section, as shown in Fig. 6(b), and the overall
convection is enhanced. Meanwhile, an obvious flow dead zone
can be found in the top-left corner owing to the boundary friction.

Compared with the usec of BHC and SHC, the usec of THC and NGC
only have small magnitudes, which can be neglected. As men-
tioned previously, a large q gradient is necessary for secondary
flow. However, according to Fig. 5(b) and (c), these two cases have
lowest cq and largest gradient of q. The presence of a q gradient
does not ensure the existence of a secondary flow. To form a strong
secondary flow, it is still needed that q decreases in the direction of
the gravitational force.

3.2. Bulk and wall temperatures

The bulk temperature Tb and wall temperature Tw intuitively
reflect the performance of active cooling. Therefore, this section
analyzes Tb and Tw distributions in different cases. The average
Tb was calculated using Eq. (22):

Fig. 6. (a) Secondary flow velocity contours at different cross sections for BHC and SHC; (b) Stream lines at the cross sections of Dz ¼ 0:3 m for BHC and SHC.
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Tb;ave ¼
R
TbqdAR
qdA

ð22Þ

According to Tb distribution along the cooling channel, as
shown in Fig. 7(a), it was found that BHC and SHC have larger
Tb values than THC and NGC. For BHC, the increase in Tb gradu-
ally becomes slower with an increase in Dz. SHC has an S-type
Tb distribution, which increases slightly at the beginning and
end sections and increases rapidly in the middle section. An inter-
section of Tb between BHC and SHC exists at approximately
Dz ¼ 0:17 m. THC and NGC have similar Tb distribution along
the channel, which also have S-type distribution, but their varia-
tion is relatively small.

To reveal the cause of the difference in Tb distribution for these
four cases, the temperature contours at different cross sections are
presented in Fig. 7(b).

For THC and NGC, a significant high-temperature region can be
found in the near-heated-wall region because of the relatively
lower usec as shown in Fig. 6. In this high-temperature region,
according to Eq. (7), the rate constant of cracking reaction can sig-
nificantly increase and therefore a strong cracking reaction can
occur. As the cracking reaction is an endothermic reaction, the heat
from the heated wall can be effectively converted to chemical
latent heat. As a result of the heat conversion, the Tb of THC and
NGC is lower than that of BHC and SHC alone for the whole
channel.

Fig. 7. (a) Bulk temperature along the channel with different heated surfaces; (b) Bulk temperature contours at different cross section with different heated surfaces.
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Both BHC and SHC exhibit obvious temperature stratification in
gravitational direction alone the cooling channel. For BHC, how-
ever, this stratification diminished with an increase in Dz. At the
front of the cooling channel, as most of the fluid enters the
pseudo-critical region (profiled by a dashed line), the increase in
Tb of SHC is inhibited by the increase in specific heat capacity.
Meanwhile, with the decrease of usec in the back section, significant
cracking reactions occurred and the increase in Tb for the BHC is
inhibited. Therefore, an intersection of BHC and SHC Tb distribution
can be found in Fig. 7(a).

The final purpose of active cooling is to reduce the wall temper-
ature Tw. Thus, the wall temperature is a crucial index for evaluat-
ing the performance of cooling and is discussed in this section. The
average wall temperature along the cooling channel was calculated
using Eq. (23):

Tw;ave ¼
R
TwdlR
dl

ð23Þ

where l indicates the line on the heated wall and is vertical to the z-
axis.

For all cases, because of the formation of a thermal boundary
layer, a dramatic increase in the wall temperature can be seen at
the entrance. Owing to the poor magnitude of the secondary flow,
as shown in Fig. 8(a), the THC and NGC had the highest wall tem-
perature. Meanwhile, SHC, where the cold fluid can effectively flow

through the heated wall, has the lowest wall temperature. The BHC
has a moderate Tw, and a sudden decrease in Tw can be observed at
approximately Dz ¼ 0:01 m. This drop is caused by the initiation of
secondary flow. While the secondary flow is initialized, the cold
fluid can enter the heated wall and then significantly decrease its
temperature. As shown in Fig. 8(b), as no obvious secondary flow
occurred in the heating direction, the wall temperature distribu-
tions of the THC and NGC were uniform at the cross section. Con-
versely, for the BHC and SHC, owing to the motion of the fluid in
the heating direction, a large variation in wall temperature exists
at the cross section.

For the BHC, the temperature in the center and two sides of the
heated wall are much higher than those in the other positions. This
is because the lightweight fluid, which has a high temperature,
mainly leaves the heated wall from the center and two sides.
Meanwhile, the heavy fluid, which can effectively cool the heated
wall, moves towards the heated wall from another position. With
the increase in Dz, owing to the elimination of secondary flow, a
significant difference in the wall temperature finally disappeared
at the end of the channel.

For the SHC, an obvious temperature gradient in the vertical
direction can be observed from the front to the end of the channel.
This phenomenon is caused by the upward motion of the fluid with
light weight and high temperature. Owing to the entrance of the
cold fluid, a low-temperature zone can be found at the bottom of

Fig. 8. (a) Wall temperature along the channel with different heated surfaces; (b) Wall temperature contours with different heated surfaces.
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the heated wall. Meanwhile, owing to the dead zone shown in
Fig. 6, a high temperature can be found at the top of the heated
wall as well.

3.3. Energy conversion

As the thermal environment of a scramjet is severe, the local
temperature in the cooling channel usually reaches the cracking
temperature of the hydrocarbon fuel. Therefore, the cracking reac-
tion can occur, and the sensible heat from the heated wall can be
partly converted to chemical latent heat at these positions [3]. This
energy conversion process is the core of hydrocarbon-fueled active
cooling and is analyzed in detail in this section.

To acquire the reaction characteristics in the cooling channel,
the average conversion is defined as Eq. (24):

aave ¼
R
aqdAR
qdA

ð24Þ

The conversion distributions of THC and NGC were similar in
the flow direction, as shown in Fig. 9. These two cases have the
highest conversion as they have the highest wall temperatures,
which can lead to the highest reaction rate in the near-heated-
wall region according to Eq. (7). The BHC and SHC have similar dis-
tribution of conversion at the front section for Dz < 0:17 m. How-
ever, with the increase of Dz, more n-decane of BHC was reacted
because of the higher wall temperature as shown in Fig. 8(a).

To reveal the cause of the difference, the reaction details, espe-
cially in the cross-section, need to be further characterized. There-
fore, basic reaction parameters such as the mass fraction of n-
decane WC10H22 , molar concentration of n-decane CC10H22 , rate con-
stant k; and reaction rate of n-decane rC10H22 at a typical cross sec-
tion of Dz ¼ 0:3 m were extracted and analyzed to further
understand the energy conversion process. The distributions of
these parameters along the heating direction were calculated using
Eqs. (25) and (26):

uave ¼
R
udlR
dl

ðu ¼ C; r; qÞ ð25Þ

uave ¼
R
uqdlR
qdl

ðu ¼ W; kÞ ð26Þ

where l indicates the length along the heating direction.
In the heating direction, as shown in Fig. 10, the variation in

WC10H22 was small, especially for BHC and SHC. For BHC and SHC,
the maximum relative difference in WC10H22 were only 2.6% and
2.0%, respectively. For the THC and NGC, the radial distribution of

WC10H22 increased slightly, but the relative differences were still
less than 13.0%. This result indicates that the diffusion of n-
decane is a quick process, which can keep WC10H22 approximately
uniform in the cross section.

Ci ¼ Wiq
Mi

ð27Þ

However, unlike the variation of WC10H22 , the variation in CC10H22

is quite large in the heating direction, as shown in Fig. 10. The max-
imum relative differences in molar concentration in the heating
direction for BHC, SHC, THC, and NGC were 188.3%, 169.7%,
681.9%, and 684.0%, respectively, which may induce significant dif-
ferences in the reactions. According to Eq. (27), this phenomenon is
mainly caused by the large variation in density, as shown in Fig. 5
(c), while the variation of WC10H22 is small and the MC10H22 is
constant.

In addition to CC10H22 , according to Eq. (6), the rate constant k
also plays a very important role in the energy conversion process.
As shown in Fig. 11(b), because k is directly related to the temper-
ature, the THC and NGC have the highest k, and SHC has the lowest
k. Moreover, for all four cases, because of the rapid decrease in
temperature, the rate constant k can decrease sharply in the
near-heated-wall region and reach zero at approximately
Dh ¼ 0:15 mm. In other words, the cracking reaction only occurs
in the small near-heated-wall region instead of the entire area of
the cross section.

All of the above parameters jointly determine the reaction rate
of n-decane rC10H22 . As shown in Fig. 11(b), in the heated wall, BHC
has the highest rC10H22 and the rC10H22 values for the other three
cases are nearly the same. With the increase of Dh, for all cases,
rC10H22 decreases sharply and finally reach to approximately zero
at Dh ¼ 0:15 mm as well as the k. From heated wall to no reaction
position of Dh ¼ 0:15 mm, SHC, which has the lowest reaction
extent as shown in Fig. 9, always has the lowest rC10H22 . Meanwhile,
although the BHC has the highest rC10H22 in the heated wall, it
decreases more sharply than the other three cases and finally is
lower than THC and NGC at Dh ¼ 0:02 mm. THC and NGC have sim-
ilar distributions of rC10H22 and their rC10H22 both remain at a rela-
tively high level.

In conclusion, the secondary flow that significantly decreases
the wall temperature can also inhibit the cracking reaction. In engi-
neering design, it is very important to find a balance that can sat-
isfy the sufficient utilization of chemical heat absorption and the
temperature limitation of the wall material.

Fig. 10. Mass fraction and molar concentration of C10H22 along heating direction at
the cross section of 0.3 m.

Fig. 9. Conversion of C10H22 along the channel with different heated surface.
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3.4. Energy transport

Enhancing energy transport is an important method to improve
the performance of active cooling. This process includes not only
energy transport in the form of sensible heat, but also energy
transport in the form of latent heat, such as chemical energy. As
mentioned previously, the buoyancy effect has a significant impact
on the property distribution and reaction characteristics of the
fluid, which can further influence the energy transport. Therefore,
understanding the effect of buoyancy on energy transport is neces-
sary before the corresponding enhancement measures are adopted.

To reveal the underlying mechanism of energy transport, a
more delicate method of analysis was established. According to
the energy equation in Eq. (3), the energy transport in the cross
section can be classified into four types of convection, laminar con-
duction, turbulence and species diffusion. To further quantitatively
evaluate the contribution of these ways to the energy transfer, the
equivalent heat flux (EHF) of these four ways can be defined as:

d Convection heat flux qconv:

qconv ¼ uh qEþ pð Þ ð28Þ

E is the total energy of fluid:

E ¼ H � p
q
þ U2

2
ð29Þ

H is the sensible enthalpy:

H ¼
X
i

WiHi ð30Þ

d Laminar conduction heat flux qlam:

qlam ¼ �klam
@T
@Dh

ð31Þ

d Turbulence heat flux qtur:

qtur ¼ �ktur
@T
@Dh

ð32Þ

where ktur is turbulent thermal conductivity defined in Ref. [36].
d Species diffusion heat flux qspec:

qspec ¼
X
i

hiJi;h ð33Þ

Ji;h is the mass flux of species i in heating direction:

Ji;h ¼ �qCeff
@Wi

@Dh
ð34Þ

The total heat flux is the sum of these terms:

qtot ¼ qconv þ qlam þ qtur þ qspec ð35Þ
As shown in Fig. 12, according to the distribution of EHFs, the

cross section can be classified into three regions: near-wall region
I, transition region II, and far-from-wall region III.

In near-wall region I, for all cases, qtot is approximately equal to
qlam, and the EHFs of the other three ways are close to zero. This is
because molecular motion plays a dominant role in the energy
transport in the boundary layer. At the heated wall, where there
is no macro flow, and only molecular diffusion exists, qlam is equal
to the boundary heat flux of 1:0 MW �m�2. With an increase in Dh,
qtot decreases rapidly owing to the temperature increase and
strong cracking reaction in the near-wall region.

In transition region II, for all cases, qlam gradually decreases to
zero, and the other ways begin to take their effect. For the BHC,
qconv, qtur and qspec rapidly increase at the beginning of region II
because of the initiation of secondary flow, an increase in turbu-
lence, and an increase in the concentration gradient. Thereafter,
qtur rapidly decreases to zero, as strong convection eliminates the
temperature gradient. For the SHC, qconv and qtur rapidly increase
at the beginning of region II, and then qtur, as well as the BHC,
quickly decrease to zero. The qconv and qtur of the SHC are larger
than those of the BHC, and the qspec of the SHC is relatively small.
The EHF distributions of THC and NGC are similar. qtur increases
rapidly at the beginning of region II, and qspec follows. Moreover,
for THC and NGC, it is intriguingly noteworthy that qconv has a neg-
ative value in region II. This phenomenon is caused by the reverse
flow, in the direction opposite to that of heating. This negative qconv

indicates that convection impairs the energy transport for THC and
NGC. Meanwhile, in region II, the qtot of THC and NGC is less than
the qtot of BHC and SHC, as more heat flux was converted to chem-
ical latent heat.

In distal region III, for all cases, qlam is close to zero. In this
region, convection plays a dominant role in the BHC and SHC,
and turbulence plays a dominant role in the THC and NGC. For
BHC and SHC, species diffusion only has a small contribution,
and turbulence has almost no contribution to energy transport.
For THC and NGC, convection and species diffusion both have
non-negligible contributions to energy transport. It is interesting
that for SHC, qtot is equal to qtur because the effects of convection
and species diffusion offset each other. The negative qtur is caused
by the positive temperature gradient, as shown in Fig. 7(b).
Because of this positive temperature gradient, energy can be trans-
ferred in the inverse direction of heating.

Fig. 11. (a) Rate constant and (b) reaction rate of C10H22 along heating direction at
the cross section of Dz ¼ 0:3 m.
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4. Conclusions

In the active cooling process, the buoyancy and cracking reac-
tions are strongly coupled. Most of the previous studies have only
investigated the effect of one of these phenomena; however, few
studies have been conducted to determine their coupling relation-
ship. This study numerically investigated their relationship with
complete consideration of different cases of heating, and in terms
of energy conversion and transport. The bottom heated case
(BHC), side heated case (SHC), and top heated case (THC) were
all examined and compared with the no-gravity case (NGC). The
main conclusions are summarized as follows:

(1) For all cases, buoyancy had little effect on the average den-
sity distribution in the flow direction, but had a significant effect
on the density profile in the cross section. For these two cases of
BHC and SHC, buoyancy induced a strong secondary flow and
improved the density uniformity in the cross section. Moreover,
because of the buoyancy effect, for BHC and SHC, obvious density
stratification occurred in the gravitational direction.

(2) The average bulk temperatures of the BHC and SHC were sig-
nificantly larger than those of the THC and NGC. However, as the
secondary flow enhances the heat transfer between the heated
wall and fluid, the wall temperatures of the BHC and SHC were
lower than those of the THC and NGC. For the wall temperature
profile, the high-temperature region is positioned at the center
and two sides of the heated wall for the BHC, and the top for the
SHC, while the wall temperatures of the THC and NGC are uniform.

(3) The buoyancy effect can impair energy conversion by
decreasing the reaction rate. At the outlet, the conversion of THC
and NGC was approximately 40 % higher than that of BHC, and
50 % higher than that of SHC.

(4) According to the energy transport ways, the cross-section of
the bulk fluid can be classified into three regions in the heating
direction. In near-wall region I, laminar conduction plays a domi-
nant role in all cases. In transition region II, the contribution of
laminar conduction reaches zero, and the other three methods
start to take their effect. Convection has a positive effect on energy
transport for BHC and SHC, but has a negative effect on THC and
NGC. The effect of species diffusion for THC and NGC is much
greater than that for BHC and SHC. In far-from-wall region III, con-
vection plays a dominant role for BHC and SHC, and turbulence
plays a dominant role in THC and NGC.
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Fig. 12. Equivalent heat flux of convection, laminar conduction, turbulence and species diffusion along heating direction at cross section of Dz ¼ 0:3 m with different heated
walls: (a) BHC; (b) SHC; (c) THC; (d) NGC.
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Nomenclature

A area, m2

A0 pre-exponential factor, s�1

C molar concentration, kmol �m�3

D distance, m
E total energy, J � kg�1

Ea activation energy, kJ �mol�1

g gravity acceleration, m � s�2

H enthalpy, J � kg�1

J mass diffusion flux, kg �m�2 � s�1

k rate constant, s�1

l length, m
Mw molecular weight, kg � kmol�1

_m mass flow rate, kg � s�1

p pressure, Pa
q heat flux, W �m�2

_q volumetric heating power,W �m�3

R universal gas constant, J � kmol�1 � K�1

r reaction rate, kg �m�3 � s�1

Re Reynolds number
T temperature, K
U vector velocity, m � s�1

u scalar velocity, m � s�1

V specific volume, m3 � kg�1

v stoichiometric number
W mass fraction
x molar fraction
a conversion
C mass diffusivity, m2 � s�1

k thermal conductivity, W �m�1 � K�1

q density, kg �m�3

s stress tensor, N �m�2

u generic variable
x acentric factor
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