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Abstract: Hydrocarbon fuel has been widely used in air-
breathing scramjets and liquid rocket engines as coolant
and propellant. However, possible heat transfer deteriora-
tion and threats from local high heat flux area in scramjet
make heat transfer enhancement essential. In this work,
2-D steady numerical simulation was carried out to study
different schemes of heat transfer enhancement based on
a partially filled porous media in a tube. Both boundary
and central layouts were analyzed and effects of gradient
porous media were also compared. The results show that
heat transfer in the transcritical area is enhanced at least 3
times with the current configuration compared to the clear
tube. Besides, the proper use of gradient porous media
also enhances the heat transfer compared to homogenous
porous media, which could help to avoid possible over-
temperature in the thermal protection.
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Nomenclature
C inertial resistance factor, m−1

d tube diameter, m
e internal energy of fluid, J

kg
Gr Grashof number
h heat transfer coefficient, W

(m2·K)
lz the length of heated section, m
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P pressure, Pa
Pb back pressure, Pa
qw heat flux, W

m2

Re Reynolds number
r radius coordinate, m
r0 tube radius, m
rp radius of porous media, m
T temperature, K
Tin inlet temperature, K
Tw wall temperature, K
Tf average fluid temperature, K
u axial velocity component, ms
uin inlet velocity, ms
v radial velocity component, ms
z axial coordinate, m

Greek Letters
α permeability of porous media, m2

ϵ porosity
λ thermal conductivity, W

(m·K)
λe effective thermal conductivity, W

(m·K)
λf fluid thermal conductivity, W

(m·K)
λs solid thermal conductivity, W

(m·K)
µ viscosity, Pa • s
ρ density, kg

m3

Subscripts
w wall
f fluid
s solid
e effective



660 | Y. Jiang et al.

1 Introduction
Thermal protection is one of the key issues when devel-
oping both air-breathing and rocket engines, especially in
a scramjet [1–3]. The thermal load is extremely large due
to a high combustion temperature and high flight Mach
number. Due to the high total temperature of free stream,
air cannot be used as the coolant anymore as in the tra-
ditional engines. Regenerative cooling using endothermic
hydrocarbon fuel has been considered as themost promis-
ing cooling method for the scramjet [4, 5, 7, 8]. Fuel flows
through thewall to cool it downbefore it’s injected into the
combustor. The heat transfer efficiency has thus become
the key factor affecting the thermal protection. However,
dramatic changes in properties when hydrocarbon fuel ex-
periences the pseudo-critical temperature during the cool-
ing [9] may lead to severe heat transfer deterioration [10–
13] and the structure may get over-temperature, which is
unacceptable. For another, at a certain local high heat flux
zone, for example, the cavity, heat flux can be as high as
3MW/m2, which is a serious challenge for thermal protec-
tion [14, 15]. As a result, proper heat transfer enhancement
methods for hydrocarbon fuel are in urgent need.

Heat transfer enhancement has been one of the re-
search focuses in all kinds of heat exchangers [16], since
it is efficient in boosting the operation economy and keep-
ing the temperature of heat sources normal. Increasing the
heat exchange area and surface heat transfer coefficient
have been proved to be valid rules for heat transfer en-
hancement. The local structures, such as ribs, grooves and
rough surfaces, are classic examples of these two rules [17].
More than that, it’s worth noting that the porous medium
has shown an excellent capability in heat transfer en-
hancement. The porous medium contains a tremendous
specific surface area since its loose and porous internal
structure, raises the heat exchange area greatly. What’s
more, the effective thermal conductivity can be highly en-
hanced by a porous medium like metal foam [18]. Thus,
heat transfer enhancement using a porous medium has
drawn wide and consistent research interests.

Moran Wang investigated the effective conductivity of
high porosity porous foam using the lattice boltzmann
method considering the radiation effect [19], and the effec-
tive physical properties of complex multiphase materials
were also studied [20]. K. Vafai1 and S. J. Kim developed
a theoretical model for heat transfer in a porous medium
and found the thickness of themomentum boundary layer
depends on both the Darcy number and the inertia pa-
rameter for a high permeability [21]. AA. Mohamad found
similar results with a two dimensional model and the best

porous radius ratio was discussed [22]. M.E. Nimvari et al.
studied both central and boundary arrangements and the
results show that porous thickness depends on Da num-
bermuch less in turbulence than in laminar flow [23]. M.K.
Alkam et al. researched the heat transfer in parallel plates
with porous inserts and the effects of thermal conduc-
tion ratio, Darcy number, and microscopic inertial coeffi-
cientwere presented [24]. A local thermal non-equilibrium
model is another research interest [25–27]. Besides, there
is experimental research about heat transfer of air or water
in ducts or channels with porous inserts or ribs [28–31].

So far, adjusting the aspect ratios [32–34] and use of
ribs [35] are commonmethods to enhance the heat transfer
of hydrocarbon fuel. Gascoin and his team have published
work about the permeation, pyrolysis and coke formation
of high temperature hydrocarbon fuel in a porousmedium
like metal foam [36–38]. However, the heat transfer en-
hancement is not the focus. Research on heat transfer en-
hancement of hydrocarbon fuel using a porous medium is
hardly found. Fortunately, cooling channels of a scramjet
are not that sensitive to the extra pressure drop caused by
a porous media as flow restrictions are essential to keep a
supercritical pressure and to adjust the fuel supply, which
makes the porousmedia a potentialmethod for heat trans-
fer enhancement of hydrocarbon fuel in applications like
scramjets.

In this work, a 2-D numerical model was developed to
investigate the heat transfer enhancement of hydrocarbon
fuel in a tubepartially filledbymetal foamunder supercrit-
ical pressure. Different schemes of heat transfer enhance-
ment were studied and compared. The characteristics of
heat transfer enhancement were presented.

2 Model descriptions

2.1 Physical model

Tubes are usually used to simulate the cooling channels of
scramjet. A 2-D steady state and axisymmetric numerical
model using commercial CFD code, Ansys/Fluent, was es-
tablished in thiswork, as illustrated in Fig. 1 (L2 = 100mm,
rp = 0.75 mm). Three arrangements were presented which
respectively are (a). boundary arrangement, (b). the cen-
tral arrangement and (c). the boundary fin for the compar-
ison reason.

N-Decane is selected as the fluid. The tube is made
of steel. There is an entrance section and exit section be-
fore/after the heated flow passage. The porous medium is
steel foam (ϵ = 0.876 and PPI = 20 for the homogenous
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Figure 1: Schematic of the problem.

cases) partially placed parallel to the central line of the
tube in the boundary or the core.

2.2 Governing equations

A local thermal equilibrium (LTE) assumption is usually
assumed to exist between solid and fluid phase when the
volumetric heat transfer coefficient is high and there is no
heat released in the fluid or solid phase [39, 40]. There-
fore, LTE is assumed in our work. As regards the common
used turbulence model, the k − ϵmodel is applicable to
free-shear-layer flows with small pressure gradients [41].
The k − ωmodel goes for flows with adverse pressure gra-
dients and separation [42–44]. Considering the high heat
flux and dramatic thermos-physical property variation in
the near wall region aswell as the low-Re turbulent flow in
this work, the SST k − ωturbulence model is adopted [45].
The buoyancy effect is neglected as Gr

Re2 ≪ 1. The SIM-
PLEC algorithm was adopted. The continuity, momentum
and energy equations are listed below,

Continuity Equation

1
r
∂(ρur)
∂r + ∂(ρu)∂z = 0 (1)

r-Momentum Equation

1
r
∂(ρvvr)
∂r + ∂(ρvu)∂z = −∂P∂r +

1
r
∂
∂r

(︂
rµ ∂v∂r

)︂
(2)

+ ∂
∂z

(︂
µ ∂v∂z

)︂
− µ vr2 − f (µα v + C

1
2ρ |V| v)

z-Momentum Equation

∂(ρuu)
∂z + 1

r
∂(ρuvr)
∂r = −∂P∂z + 1

r
∂
∂r

(︂
rµ ∂u∂r

)︂
(3)

+ ∂
∂z

(︂
µ ∂u∂z

)︂
− f (µα u + C

1
2ρ |V| u)

The parameter f is set to unity for the porous region
and zero for the clear region |V| =

√
u2 + v2.

Energy Equation (The viscous dissipation and heat
generation is neglected)

∂(ρeu)
∂z + 1

r
∂(ρerv)
∂r = λe

∂
∂z

(︂
∂T
∂z

)︂
+ 1
r
∂
∂r

(︂
r ∂T∂r

)︂
(4)

ThePeng-Robinson equation of state is used in this pa-
per to predict the density of fluid in a wide range (from
liquid to gas) [5] with a good prediction of the fuel prop-
erties near the critical points [6]. It requires knowing the
critical properties such as the critical temperature, pres-
sure, volume and the acentric factor. In the porous zone,
the physical properties are obtained by combining prop-
erly the fluid characteristics with the solid ones. For exam-
ple, by default, λe is the effective thermal conductivity of
fluid plus solid evaluated with a parallel law. Pyrolysis is
not considered for this work and the fuel temperature is
set lower than its pyrolysis point [46].

λe = ϵλf + (1 − ϵ)λs (5)

The heat transfer coefficient is calculated as follows

h = qw
(tw − tf )

(6)

2.3 Boundary conditions

Asymmetric boundary is set at r = 0.
Inlet boundary conditions:

u = uin , v = 0, T = Tin (7)

Wall boundary conditions:
The wall of entrance and exit section is set as adia-

batic, and constant heat flux is set on thewall of theheated
flowpassage. No slip boundary condition is defined for the
wall.

The adiabatic wall

u = 0, v = 0, ∂T∂r = 0 (8)
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Figure 2: Comparison of wall temperature between this study and
Nihad Dukhan et al’s [47].
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Figure 3: Comparison of wall temperature and fuel temperature
between this study and Jiang’s [48].
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Figure 4: Grid independent test of wall temperature for clear tube.

The heated wall with constant heat flux

u = 0, v = 0, −λ ∂T∂r = qw (9)

The inlet temperature is 400 K and mass flow rate is
8 g/s. The inlet Reynold number is 11275 to ensure a pure
turbulence flow. The outlet backpressure Pb is set to be
3 MPa which is supercritical for n-Decane.

3 Validations

3.1 Model validation

In order to verify the numerical solution of fluid flow
and heat transfer inside the porous media, the geometry
and boundary conditions of Nihad Dukhan et al’s experi-
ments [47] has been simulated. The pipe is fully filled with
aluminum foam. Fig. 2 shows the simulation of wall tem-
perature of this study and experiment in [47]. Good agree-
ment is found between this simulation and the experi-
ment.

In addition, the description of flow and heat transfer
of n-Decane under supercritical pressure is also validated.
Numerical study with the geometry and boundary condi-
tions of Jiang’s study [48] was carried out. Since pyrolysis
conversion rate is less than 10% according to the experi-
mental data, thepyrolysiswasneglected in the simulation.
Fig. 3 shows the wall and fuel temperature of this simu-
lation and experiment data. Good agreement is found be-
tween this simulation and the experiment.

3.2 Grid independence analysis

Different mesh sizes 45 × 2300, 60 × 3150, 80 × 4250, 90
× 4600 were compared to test the model. The solution is
considered to be converged when the normalized residual
of the algebraic equation is less than a prescribed value of
10−6. The analysis belowwill only focus on the heated sec-
tion and the z-coordinates are presented by lz

d . As shown in
Fig. 4 and Fig. 5, the 80 × 4025 size grid was used because
the difference in Tw is less than0.0976%and the difference
in his less than 0.35% when compared with the mesh 90 ×
4600 (h is high at the start of heated section since thermal
boundary layer has not established. It’s not shown in full
scale for the convenience of view.)

4 Results and Discussion
Regenerative cooling using hydrocarbon fuel has been
considered to be the most promising cooling method for
a scramjet. However, heat transfer deterioration may hap-
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Figure 5: Grid independent test of heat transfer coeflcient for clear
tube.
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Figure 7:Wall temperature of clear tube and porous media layouts.

pen because of the transcritical process. As shown in
Fig. 6, the length of heated zone varies from 700 mm to
850 mm to achieve different heat flux and the same fuel
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Figure 8: Heat transfer coeflcient of clear tube and porous media
layouts.

temperature in outlet. Heat transfer deterioration occurs
andworsen with higher heat flux. The properties of hydro-
carbon fuel vary with temperature dramatically, which af-
fects the heat transfer in turn. To make it clear for analy-
sis, the pseudo-critical temperature zone is chosen in this
work. Steel foam is used as the porous media and set in
this zone as illustrated in Fig. 1. The thermal conductivity
is temperature dependent. qw = 1.0331MWm2 is set for all
the following cases.

4.1 Effect of homogenous porous media

The wall temperature and heat transfer coefficient are
shown in Fig. 7 and Fig. 8 respectively. The heat trans-
fer is enhanced in the porous section in both layouts
and the wall temperature falls obviously compared to the
clear tube. Porousmedia increases the heat exchange area
greatly. Besides, as illustrated by Eq. 8, the effective ther-
mal conductivity is much larger than the pure n-Decane.
Especially in the boundary layout, there is direct contact
between the porousmedia and thewall and the heat trans-
fer is thus enhanced 6-7. 76 times in heat transfer coeffi-
cient. Considering the assumption LTE, the result maybe a
little optimistic. Still, the heat transfer is enhanced about
3 times in central scheme, which proved the effect of a
porous media. Meanwhile, as shown in Fig. 9, the turbu-
lence kinetic energy increases due to the flow disturbance
of the porous media. Velocity rises in the clear region of
boundary layout and larger velocity gradient enhances the
heat transfer, too.

Besides, slight heat transfer deterioration occurs in
the start of porous zone. As shown in Fig. 7, the heat trans-
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fer deterioration point is defined as Sx and the peak in
h before is defined as S1. Mass averaged temperature of
the deterioration area is around the critical temperature
617.7K. Sharp variation of properties occurs. The ρu dis-
tribution of S1 and Sx are demonstrated in Fig. 10. It can
be seen that ρu is much lower in Sx due to the sharp den-
sity decrease of n-Decane in the transcritical temperature.
Local heat transfer deteriorates as the fluid is less con-
centrated here. The heat transfer deterioration after the
porous media zone is mainly because of the local vortex
zone caused by the geometry layout.

In the central layout, high effective thermal conductiv-
ity helps to transfer the heat to the central part of the fluid,
too. Yet, there is no direct contact with the wall, and in-
crease of turbulence kinetic energy in the boundary part
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becomes the main reason of heat transfer enhancement
(shown in Fig. 9).

As mentioned above, the rp of boundary and central
layouts are both 0.5. However, the flow area of clear region
in boundary layout is only 1/3 of central layout, which
leads to a higher turbulence kinetic energy in boundary
layout. Besides, there’s no direct contact between porous
media and wall in the central layout. Thus the effect of in-
crease in effective thermal conductivity is weakened. As a
result, the heat transfer is better enhanced with boundary
filled with porous media.

Accordingly, the pressure drop is higher in boundary
layout since there is a smaller clear region area, as can be
seen in Table 1. Nevertheless, it’s a partial fill and only for
a short length, the pressure drop increase is not that ob-
vious when compared to the critical pressure of hydrocar-
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Figure 13: The velocity and turbulence kinetic energy of gradient porous boundary layouts.

Figure 14: The velocity and turbulence kinetic energy of gradient porous central layouts.

Table 1: Pressure drop of heated section in different layouts.

Layouts Pressure drop of heated section
(kPa)

Clear tube 15.35
Boundary filled 173.78
Central filled 45.289

bon fuel. As stated earlier, cooling channels of a scramjet
are not that sensitive to pressure drop as the supercritical
pressure is usually maintained to avoid the boiling heat
transfer deterioration.

4.2 Effect of gradient porous media

The gradient porousmedia is a goodway to adjust the heat
transfer effect without changing the fill ratio, which gives
more degree of freedom. In this section, gradient porous
media in two layouts were simulated and analyzed. Poros-
ity is assumed to distributed from 0.8 to 0.95 by r linearly
or in reverse and homogenous in the z direction. Here we

call the porous media positive gradient when dϵ
dr > 0; oth-

erwise, the negative gradient.
As presented in Fig. 11 and Fig. 12, it can be seen that

the gradient porous media functions differently in bound-
ary and central filled layouts. In boundary filled layout,
positive gradient porousmedia enhances the heat transfer
better and h increases by about 40%. From the perspec-
tive of velocity and turbulence kinetic energy, it can be ex-
plained as follows. Positive gradient means lower poros-
ity adjacent to the clear region and decreases the effec-
tive flow area in reality. As a result, in Fig. 13 it’s seen
that the velocity in the clear region is higher and so is the
turbulence kinetic energy. Positive gradient intensifies the
turbulence of clear region and in turn reinforces the heat
transfer. As to the negative gradient, velocity in clear re-
gion drops a little and turbulence kinetic energy is lower
too. The heat transfer is only slightly changed compared
with the homogenous porous condition.

In the central filled layout, positive gradient also en-
hances the heat transfer. But unlike the boundary layout,
positive gradient means higher porosity adjacent to the
clear region. As we can see in Fig. 14(a), the velocity field
is almost the same. Themain effect of gradient porousme-
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dia is the increase of the turbulence kinetic energy shown
in Fig. 14(b). Therefore, the heat transfer is enhanced by
about 10% increase in h. This is concluded in a turbu-
lence flow. However, it’s different in a laminar flow as pre-
sented in Wang et al’s work [39]. Without turbulence, ve-
locity variation due to the change of effective area becomes
the key factor. Positive gradient means the higher porosity
area is adjacent to the clear region, which leads to larger
flow area and lower velocity. The heat transfer thus dete-
riorates. The results are accordant with conclusion of this
work.

5 Conclusions
In this work, a 2-D steady numerical simulation is carried
out to investigate the heat transfer in a porous media par-
tially filled tube with hydrocarbon fuel under supercritical
pressure. The effects of homogenous and gradient porous
media were both studied. The layouts of boundary and
central filledwere compared. All the simulationswere per-
formed with rp = 0.5. The results show that:

1. Heat transfer is enhanced with porous media par-
tially filled. The kinetic turbulence energy is higher
in global aspect and velocity in the clear region rises
to make a larger velocity gradient, which both con-
tribute to the heat transfer enhancement.

2. The effect of boundary layout with homogenous
porous media is better (the h increases to 6-7.76
times) with rp = 0.5, while h increases about 3 times
in the central scheme. This is because the effective
thermal conductivity of porous zone contributes to
the convection with wall directly.

3. In boundary layout, a gradient porous media with
lower porosity adjacent to clear region enhances the
heat transfer by 40% increase in h; as it decreases
the flow area and increases the velocity in clear re-
gion. Thus, the turbulence is strengthened and heat
transfer is enhanced.

4. However, in central layout, heat transfer is en-
hancedby gradient porousmediawith higher poros-
ity adjacent to clear region by 10% increase in h.
Since the change in flow area is not obvious while
the flow is disturbed and the turbulence kinetic en-
ergy increases; the heat transfer is thus enhanced

Generally, heat transfer enhancement using a porous
media is valid, but more parametric study is needed,
which is also the future research focus.
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