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Abstract: Forced flow and radiation-convection coupled heat transfer in an annulus filled with
open-cell foam was numerically investigated at high temperatures. The Darcy-Brinkman-Forchheimer
model was utilized to represent the fluid transport. The two-energy equation model was applied
for the non-equilibrium heat exchange between the fluid and solid phases, while the radiation heat
transfer within the foam material was solved using the P1 approximation. Two different cases of
thermal boundary conditions were studied and discussed in detail, namely the inner wall with a
constant heat flux while the outer wall was adiabatic (case I) and vice versa (case II). The effects
of pertinent factors on the heat transfer characteristics were examined, such as the foam structural
parameters and the radii ratio of the annulus. The temperature, local and average Nusselt number
were predicted. The results indicate that neglecting the thermal radiation causes a large deviation in
predicting the thermal performance of such foam-fluid systems. Increasing the porosity and pore
diameter both promote the radiation heat transfer, while it is weakened by increasing the radii ratio.
The average Nusselt number decreases as the porosity increases, while it exhibits a non-monotonic
change with the pore diameter and radii ratio. Besides, case I shows a higher average Nusselt number
than case II and presents an improved thermal performance.

Keywords: open-cell foam-filled annulus; radiation-convection heat transfer; local thermal
non-equilibrium; high temperature

1. Introduction

Holding the structural and functional features, the reticulated open-cell foams exhibit a favorable
performance in various engineering applications. Due to the tortuous microstructure and the high
surface area density, the foams are regarded as a promising material for augmenting heat transfer.
The flow and heat transport inside the open-cell foam have great practical interests in many thermal
systems, especially under high-temperature conditions, such as solar receivers [1], thermochemical
reactors [2], porous radiant burners [3], and melt filters [4].

So far, the flow and thermal characteristics inside the foam materials have been extensively
investigated. Nevertheless, the extreme randomness of foam structure has greatly limited the design
optimization through experimental tests [5]. In the numerical predictions, a macroscopic approach, based
on the volume averaging technique (VAT), is widely used. This approach is to solve the volume-averaged
governing equations and considers the fluid and solid phases as equivalent continuous media [6]. The two
distinctive models, the local thermal equilibrium (LTE) model and the local thermal non-equilibrium
(LTNE) model, are frequently used to characterize the heat exchange between the fluid and solid matrix.
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Moreover, taking the temperature difference between the two phases into account, the LTNE model has
been demonstrated to be more adequate and reliable [7–10]. The promotion in the thermal performance
of a compact heat exchanger with a foam insert has been reported in comparison with an identical heat
exchanger with no foam or even other surface extension techniques. A large amount of information can be
found in the literature addressing fully or partially filled foam tubes and channels [11,12], foam wrapped
tubes [13], foam fins [14] and other configurations. Among these, the annular duct is a commonly used
configuration in heat exchangers, thermal storage devices, and heat sinks [15,16], and some investigations
on the thermal performance of these devices with porous inserts have also been performed, without
considering the radiation heat transfer.

Several investigations have been conducted on the convection heat transfer in a cylindrical annulus
occupied by porous material using the LTE model. Considering the wall effects, Cheng and Hsu [17]
presented an analysis of the forced convection in a packed-sphere bed within concentric annular
cylinders at different temperatures. Analytical results were derived by Chikh [18] for the convection
inside an annular duct, which was partially occupied with porous media, while the inner wall was
subjected to a constant heat flux and the outer wall was well insulated. Experimental tests were
performed by Noh [19] to study the flow and thermal transport within an annulus with aluminum
foam and new empirical expressions for the Nusselt number and friction factor were established.
The entropy generation in a porous annulus heat exchanger was analyzed by Chikh and Allouache [20]
to find an optimal porous layer thickness. A thermally developing flow inside an elliptic annulus with
a metal foam was analytically and numerically investigated by Benmerkhi [21] using the LTE model.
A sensitivity analysis was carried out by Milani Shirvan [22] to study the thermal performance of a
porous double-pipe heat exchanger with the LTE model.

Considering the temperature difference between the fluid and solid matrix, only a few studies have
been done on the forced convection inside an open-cell foam filled annulus. Using the LTNE model,
the transient non-thermal equilibrium heat transfer between the two phases was studied by Kuznetsov [23]
for a concentric porous annulus at a constant wall temperature. The thermal performance of a tube-in-tube
heat exchanger with a metal foam insert under the counter-flow arrangement was analyzed by Zhao [24]
with a prescribed heat flux on the interface wall. With the thermal boundaries of heat flux at the inner
cylinder and an adiabatic outer cylinder, the forced convection heat transfer in a foam-air annulus was
studied by Yang [25]. The flow and heat transfer within a partly filling foam annulus were theoretically
investigated by Qu [26]. A theoretical investigation was carried out by Wang [27] for a micro-annulus
with a porous insert under two distinctive cases using the LTNE model. Besides, the analytical solutions
for convection in a porous annulus, subjected to asymmetrical heating, were developed by Xu [28,29],
considering the effects of slip and no-slip conditions. The forced convection through a vertical annulus
filled with a foam material was analyzed by Orihuela [30] experimentally and numerically.

From a literature survey, the prior work has mainly focused on the convection heat transfer within
the foam filled annulus, while neglecting the thermal radiation, which may dominate the heat transfer
at a high temperature. With increasing high-temperature applications [31–33], the radiation-convection
coupled heat transfer behavior in such foam-fluid systems should be comprehensively studied. To the
authors’ best knowledge, the high-temperature coupled heat transfer in an open-cell foam filled
annulus has not been reported in the literature. In this study, the main objective was to build a
numerical model to investigate the heat transfer behavior of such thermal systems and to further
discuss the effects of pertinent design parameters under two typical cases of thermal boundary
conditions. The results provide a reference for the design of such foam-fluid heat exchangers at a
high temperature.

2. Problem Statement

Figure 1 presents the schematic of the physical problem in this work. The annulus was completely
filled with open-cell foam in order to intensify the heat transfer. The radii of the inner and outer
concentric cylinders are R1 and R2 respectively, while the length is L. Two typical thermal boundary
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conditions were imposed on the inner and outer walls, namely a constant heat flux and thermal
insulation, while two cases were taken into consideration here (see Figure 1). In order to keep the
same total imposed heat load and to make a direct comparison between the two cases, the heat fluxes
follow the correlation qw2 = qw1R1/R2. The fluid flow was laminar, steady and incompressible. At the
entrance, the fluid had a uniform velocity and temperature. The foam material was regarded as gray,
absorbing, emitting, and isotropically scattering homogeneous media. Additionally, the fluid (air) was
completely transparent to thermal radiation.
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Figure 1. Schematic diagram of an annulus with a foam material insert, (a) case I: Constant heat flux at
the inner wall and (b) case II: Constant heat flux at the outer wall.

3. Governing Equations

The Darcy-Brinkman-Forchheimer formulation was utilized to describe the forced fluid flow
through the foam region. The mass and momentum equations for the fluid phase can be expressed as

∇ · (ρ f u) = 0 (1)

1
φ
∇(ρ f

u · u
φ

) = −∇p +∇ · (
µ f

φ
∇u)−

µ f

K
u−

ρ f CF√
K
|u|u (2)

where ρ f and µ f are the fluid density and the dynamic viscosity respectively; u denotes the superficial

velocity; Sm = − µ f
K u− ρ f CF√

K
|u|u is the source term due to the fluid flow across the random porous

microstructure, which consists of the viscous and inertia effects; K and CF are the permeability and
Forchheimer coefficients respectively; φ denotes the porosity and p is the fluid pressure.
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The two energy equation model (known as the LTNE model) was used here for the heat transport
simulation inside the foam material. The governing equations were built for the fluid phase and
the solid phase. Each equation included an interactive term to elucidate the effect of interfacial heat
exchange between the two phases. The energy equations were given as

∇ · (ρ f cpuTf ) = ∇ · (λ f e∇Tf ) + hv(Ts − Tf ) (3)

∇ · (λse∇Ts) + hv(Tf − Ts)−∇ · qr = 0 (4)

where Tf , Ts, λ f e and λse represent the temperatures and the effective thermal conductivities of the
two phases, λ f e = φλ f , λse = 1

3 (1− φ)λs [34]; Sr = −∇ · qr is the source term for the effect of the
radiation heat transfer; cp is the thermal capacity of the fluid and hv denotes the volumetric heat
transfer coefficient, which is utilized to couple the two energy equations. The following correlations
were used to determine the momentum source term and volumetric heat transfer coefficient [2].

Sm = −44.5
φd2

p
µ f u− 0.55

φ2dp
ρ f |u|u (5)

hv = 0.34φ−2Re0.61
d Pr1/3λ f /d2

p (6)

where dp is the mean pore diameter and the Reynolds number is defined as Red = ρ f udp/µ f .
The P1 approximation was employed to simulate the radiation transport inside the porous foam,

as it is an effective approach that is less time consuming and provides high accuracy [35,36]. For an
isotropic scattering medium, the governing equation of the incident radiation, G, was expressed as [37]

∇ ·
(

1
3β
∇G

)
+ κ(4σT4

s − G) = 0 (7)

G =
∫

4π
I(r, s)dΩ (8)

where κ and β are the absorption coefficient and extinction coefficient for infrared radiation respectively
and I is the radiative intensity. Therefore, the source term produced by thermal radiation in the foam
material can be determined as Sr = −∇ · qr = −κ(4σT4

s − G). Additionally, the radiation transport
properties were computed as [6]

κ =
3ε(1− φ)

2dp
, β =

3(1− φ)

dp
. (9)

A prescribed uniform velocity and temperature, u = uin and Tf = Tf ,in, were imposed at the
entrance and the outlet boundary condition was defined with a static pressure of p = patm and
∂T/∂n = 0. The cylinder walls were assumed to be grey and diffuse and the Marshak’s condition was
used for the radiation transfer equation. The thermal boundary condition for the heating wall was
given as follows [38]

case I : λ f e
∂Tf

∂r
+ λse

∂Ts

∂r
+ qr = −qw1, Tf = Ts = Tw (10)

case II : λ f e
∂Tf

∂r
+ λse

∂Ts

∂r
+ qr = qw2, Tf = Ts = Tw. (11)

In addition, the air was treated as an ideal gas, whereas the viscosity, thermal capacity, and thermal
conductivity were determined using temperature-dependent functions [39]. The dynamic viscosity
was computed using Sutherland’s law and the others were calculated by the following formulae

cp = 1.93× 10−10T4
f − 8× 10−7T3

f + 1.14× 10−3T2
f − 4.49× 10−1Tf + 1.06× 103 (12)
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λ f = 1.52× 10−11T3
f − 4.86× 10−8T2

f + 1.02× 10−4Tf − 3.93× 10−3. (13)

Due to the large thermal conductivity and high thermal-shock resistance, SiC was chosen as the
foam solid phase, with a thermal capacity of 750 J/(kg·K), a density of 3210 kg/m3, an emissivity of
0.9, and a temperature-dependent thermal conductivity, which was determined as [40]

λs =
52000 exp

[
−1.24× 10−5(Ts − 273)

]
Ts + 164

. (14)

4. Numerical Solution and Validation

The 3D continuity, momentum, and energy governing equations were solved using the software
ANSYS FLUENT 16.0 with a finite volume method. Several user-defined functions (UDFs) were
programmed to determine the transport parameters and the source terms. The SIMPLE algorithm
was adopted to couple the pressure and velocity. The P1 approximation simulation was executed by
building a user-defined scalar (UDS) equation. A second-order upwind scheme was used in the solution
of momentum and P1 equations, while the QUICK was applied for the energy equation discretization.
Uniform grids along the circular and axial directions were used, while non-uniform grids in the radial
direction with refinement near the annulus walls were used, as depicted in Figure 2. A grid size of r ×
θ × x = 50 × 120 × 200 was used after the grid dependence check. Besides, the convergence criteria
were set to 10−8 for all of the equations.
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Figure 2. Numerical grids used for the coupled heat transfer simulation in the foam filled annulus.

The source term from the radiation heat transfer in the solid phase energy equation was
calculated by UDFs through solving Equation (7). The codes and numerical procedure using the
P1 approximation have already been validated at elevated temperatures in Reference [2]. To avoid
duplication, the comparison was not repeated here. Additionally, the methods to deal with the
boundary condition of constant heat flux at the wall and the LTNE heat exchange between the fluid
and solid phases were checked against the data from Reference [26] for the convention in a foam
filled annulus (R1 = 0.01 m, R2 = 0.03 m), where the thermal radiation was disregarded. The thermal
boundary condition of case I, in Figure 1, was used, as well as the same parametric conditions and
material properties. It can be clearly seen in Figure 3 that the results of the velocity and temperature
distributions along the radial direction show satisfactory agreements. In the figure, the dimensionless

variables are defined as η = r−R1
R2−R1

, Re =
ρ f uin ·2(R2−R1)

µ f
, U = u

uin
and Θ = T−Tw1

qw1R1/λse
.
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Figure 3. Comparison of the velocity profile (a) and the temperature profile (b) between results
calculated in this work and those in Reference [26].

Another validation check was performed for the heat transfer in a foam filled channel with
one side uniformly heated, which was experimentally tested by Calmidi and Mahajan [41] and the
thermal radiation was also ignored. The Nusselt number is defined as Nu0 = hL

λe
= qw L

λe(Tw−Tf ,in)
,

where λe = λ f e + λse is the effective thermal conductivity and Tw is the average temperature of the
heating wall. The operating conditions and transport parameters are directly given in Reference [41].
The variation of the Nusselt number along with the Reynolds number, ReK = ρ f uin

√
K/µ f , is exhibited

in Figure 4, which shows good agreement between the prediction in this work and the experiment in
Reference [41].
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5. Results and Discussion

The geometrical dimensions of the foam filled annulus were R1 = 0.02 m, R2 = 0.04 m and
L = 1.0 m. The inlet velocity and temperature were respectively uin = 1.0 m/s and Tf ,in = 300 K.
A comparison between the two cases in Figure 1 was made on the basis of a specified total quantity
of heat and the imposed heat flux in case I was qw1 = 5× 104 W/m2 while qw2 = qw1R1/R2 in case
II. The wall surfaces were opaque with an emissivity of 1.0. Some dimensionless parameters were
introduced as

e =
R2

R1
, χ =

x
L

, θ =
T − Tf ,in

qwR/λse
(15)

q∗w f =
qw f

qw
, q∗ws =

qws

qw
, q∗wr =

qwr

qw
(16)

where qw denotes the total heat flux at the heating wall; qw = qw f + qws + qwr, qw f , qws, qwr are
respectively the wall heat fluxes for the fluid phase convection, conduction in the solid phase and
radiation transport, and qwR = qw1R1 = qw2R2.

The local total heat transfer coefficient was computed as

hlx =
qw

Tw,h − Tf ,b
(17)

where Tw,h and Tf ,b are the temperature of the heating wall and the bulk mean fluid temperature of
the cross-section, respectively. The local Nusselt number was computed as

Nulx =
hlx · 2(R2 − R1)

λ0
(18)

where λ0 is the reference thermal conductivity and here it was assumed to be the thermal conductivity
of the fluid phase at the inlet temperature.

5.1. Effect of Thermal Radiation on the Heat Transfer Performance

The influence of high-temperature thermal radiation on the coupled heat transfer inside a foam
filled annulus is discussed first. Figure 5 depicts a comparison between the temperature profiles at
χ = 0.9 and two conditions considering or neglecting the thermal radiation. The foam morphology
parameters were given as a porosity of 0.9 and a pore diameter of 2.5 mm. The results clearly show
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that a large deviation will occur if the thermal radiation is not considered, especially for case I.
The maximum temperature deviations (δ) were 19.5% (240 K) and 9.3% (112 K) at χ = 0.9 for the
two cases respectively. Besides, since the volumetric effect of radiation transfer within the foam,
the temperature gradient along the radial direction was greatly reduced, as displayed in Figure 5.
Thermal radiation promotes the heat transfer from a heating wall to the foam matrix and afterward to
the airflow, improving the overall heat transfer.
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illustrated in Figure 6. It can be observed that the maximum value was located near the adiabatic 
wall. 

Figure 5. Temperature distribution and deviation for the conditions of considering or neglecting the
thermal radiation at χ = 0.9: (a) Case I; (b) Case II.

The high-temperature radiation-conduction coupled heat transfer in the foam matrix resulted in a
rapid increment of the solid temperature. Consequently, the temperature difference between the fluid
and solid phases became slightly larger than for the condition of neglecting radiation, as illustrated in
Figure 6. It can be observed that the maximum value was located near the adiabatic wall.
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The heat fluxes along with the heating wall are displayed in Figure 7, in order to clarify the 
relative contributions of radiation transport, solid-matrix conduction, and fluid-flow convention. It 
is apparent that radiation transport was most significant in the vicinity of the outlet, due to the higher 
temperature. The maximum proportion of radiation flux reached 69.0 and 66.5% at the downstream 
part of the annulus for the two cases respectively. In addition, a limiting interaction between the 
radiation and conduction was noticed from the variation trends shown in Figure 7. In contrast, the 
solid conduction was the primary heat transfer mode under the condition of neglecting the thermal 
radiation, while the conduction flux had a little decrease along the flow direction. 

Figure 6. Temperature difference between the fluid and solid phases at a cross-section χ = 0.9: (a) Case
I; (b) Case II.

The heat fluxes along with the heating wall are displayed in Figure 7, in order to clarify the relative
contributions of radiation transport, solid-matrix conduction, and fluid-flow convention. It is apparent
that radiation transport was most significant in the vicinity of the outlet, due to the higher temperature.
The maximum proportion of radiation flux reached 69.0 and 66.5% at the downstream part of the
annulus for the two cases respectively. In addition, a limiting interaction between the radiation and
conduction was noticed from the variation trends shown in Figure 7. In contrast, the solid conduction
was the primary heat transfer mode under the condition of neglecting the thermal radiation, while the
conduction flux had a little decrease along the flow direction.



Energies 2018, 11, 2713 10 of 20
Energies 2018, 11, x FOR PEER REVIEW  10 of 20 

 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

q*
wr 

q*
ws 

q*
wf 

q* w

χ

hollow symbol: non-radiative
solid    symbol: radiative 

(a) case I
η = 0
heating wall

 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

η = 1
heating wall

q*
wr 

q*
ws 

q*
wf 

q* w

χ

hollow symbol: non-radiative
solid    symbol: radiative 

(b) case II

 
Figure 7. Heat flux at the heating wall along the flow direction: (a) Case I; (b) Case II. 

Figure 8 presents the local Nusselt number at the heating wall along the flow direction. The 
values attained from the radiative simulation were almost larger than those of the non-radiative 
simulation, while no great difference was observed in the inlet region. This can be attributed to the 
low temperature in this region that results in little radiation effect. When the radiation effect was 
neglected, the local Nusselt number gradually achieved an asymptotic value due to the existence of 
a fully developed state. However, a fully developed temperature profile could not be obtained under 
consideration of the thermal radiation; accordingly, no such an asymptotic value of the local Nusselt 
number was determined. This trend is consistent with the phenomena reported in Reference [42]. The 
radiation improved the local Nusselt number nearly 5 and 4 times near the outlet for case I and II 
respectively. Besides, the curves indicate that the local Nusselt number in case I was generally larger 
(21–34%) than that in case II when considering the radiation heat transfer. 

Figure 7. Heat flux at the heating wall along the flow direction: (a) Case I; (b) Case II.

Figure 8 presents the local Nusselt number at the heating wall along the flow direction. The values
attained from the radiative simulation were almost larger than those of the non-radiative simulation,
while no great difference was observed in the inlet region. This can be attributed to the low temperature
in this region that results in little radiation effect. When the radiation effect was neglected, the local
Nusselt number gradually achieved an asymptotic value due to the existence of a fully developed
state. However, a fully developed temperature profile could not be obtained under consideration
of the thermal radiation; accordingly, no such an asymptotic value of the local Nusselt number was
determined. This trend is consistent with the phenomena reported in Reference [42]. The radiation
improved the local Nusselt number nearly 5 and 4 times near the outlet for case I and II respectively.
Besides, the curves indicate that the local Nusselt number in case I was generally larger (21–34%) than
that in case II when considering the radiation heat transfer.
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Figure 8. Variation of the local Nusselt number at the heating wall.

5.2. Parametric Analysis of the Heat Transfer

The impacts of the foam morphology and the radii ratio of the annulus on the coupled heat
transfer in a foam filled annulus were explored. As the trends for the two cases in Figure 1 are similar,
the comparisons were mainly given by the results of case I.

As clearly presented in Figure 9a, the solid temperature for the higher porosity was relatively higher,
while the temperature difference between the two phases became larger. It was mainly caused by the
coupling effect of the three heat transfer modes. As the porosity increased, the fraction of solid matrix
decreased, yielding a low thermal capacity and a low effective conductivity. However, the higher porosity
has a more sparse pore structure and the penetration of the radiation improved. This can be also reflected
by the proportions of the wall heat flux, as presented in Figure 9b. The proportion of the wall radiation
flux had a significant increase, from 28.6 to 63.8% at χ = 0.9, as the porosity increased from 0.7 to 0.9,
while the solid conduction flux decreased from 68.0 to 31.0%. Overall, the thermal radiation dominated
the heat transfer process at the rear for the higher porosity. Besides, increasing the porosity reduced the
volumetric convection heat transfer coefficient, leading to a larger temperature difference between the fluid
and solid phases.
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Figure 9. The effects of the foam porosity on the temperature field and wall heat flux distribution for case I.
(a) The effect on the temperature distribution; (b) the effect on the distribution of the wall heat flux.

Figure 10a demonstrates that the local Nusselt number mostly decreased with the increment
of foam porosity. In addition, the minimum value moved towards the annulus inlet, due to the
increasing importance of radiation along the flow direction (see Figure 9b). In order to assess the
overall heat transfer performance, the parameter Nu = 1

L
∫ L

0 Nulxdx, defined as the average Nusselt
number, with different porosities is depicted in Figure 10b. It can be seen that Nu gradually decreased
as the porosity increased. Thus, even though an increasing porosity improved the penetration of
the radiation, the lower porosity yielded a greater heat transfer rate, which can be attributed to the
improved conduction in the solid phase. The average Nusselt number decreased from 1457.4 to
704.2 for case I as the porosity increased from 0.65 to 0.95, or 1197.4 to 516.0 for case II.
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Figure 10. The effect of the foam porosity on the Nusselt number. (a) The effect on the local Nusselt
number distribution; (b) the effect on the average Nusselt number.

Figure 11 presents the influence of pore diameter on the temperature and heat flux distributions
with a fixed porosity of 0.9, while similar trends were observed as those reported in Figure 9.
Additionally, the variation in the temperature difference between the fluid and solid phases became
more noticeable, as an increased pore diameter reduced the specific surface for heat exchange.
The radial temperature distribution was relatively uniform at a large pore diameter due to the
enhancement of radiation transport. The proportion of the wall radiation flux increased from 58.2 to
66.6% for case I at the axial location of χ = 0.9.
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monotonic variation, with the maximum located at a pore diameter of 2.0 mm and 1.5 mm for cases 
I and II, respectively. For the largest pore diameter, here (3.5 mm), the predicted average Nusselt 
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Figure 11. The effects of the pore diameter on the temperature field and wall heat flux distribution
for case I. (a) The effect on the temperature distribution; (b) the effect on the distribution of the wall
heat flux.

Figure 12 shows the impact of pore diameter on the Nusselt number. In general, the local Nusselt
number had no great change versus the pore diameter, except in the vicinity of the inlet. As the
conduction dominated this region and the fluid temperature increased quickly and uniformly for a
small pore diameter, which holds a larger volumetric heat transfer coefficient, the temperature between
the fluid and heating wall became small. At the rear of the annulus, a non-monotonic change with pore
diameter was noticed. Besides, the average Nusselt number also exhibited a non-monotonic variation,
with the maximum located at a pore diameter of 2.0 mm and 1.5 mm for cases I and II, respectively.
For the largest pore diameter, here (3.5 mm), the predicted average Nusselt number for case I was
40.5% higher than that of case II.
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Figure 12. The effect of the pore diameter on the Nusselt number. (a) The effect on the local Nusselt
number distribution; (b) the effect on the average Nusselt number.

The temperature and heat flux distributions with different radii ratios for the foam filled annulus
are provided in Figure 13, while the radius of the inner cylinder was fixed at 0.02 m under the
conditions of φ = 0.9 and dp = 2.5 mm. It can be clearly seen that both the fluid and solid temperatures
descended sharply as the radii ratio ascended. Figure 13b reveals that the solid conduction played
an important role at the rear for the large radii ratios, while the radiation flux decreased quickly.
The trends were quite different from those for the effects of foam porosity and pore diameter.

From Figure 14a, it is apparent that the distribution of the local Nusselt number along with the
heating wall became relatively even with the increment of the radii ratio. The radiation effect became
small as the radii ratio increased and the solid conduction dominated the heat transfer, especially in
the inlet zone (See Figure 13). In addition, the hydraulic diameter ascended as the radii ratio increased,
as well as the Reynolds number, the local Nusselt number held a large value in the inlet domain, owing
to the entrance effect and the relatively thin thermal boundary layer. The change of the average Nusselt
versus radii ratio is displayed in Figure 14b. With an increase in the radii ratio, the average Nusselt
number gradually increased after reaching a minimum value. The minimum occurred at a radii ratio
of 2.25 and 2.0 respectively for case I and case II. For a small radii ratio, the radiation effect was more
significant, as presented in Figure 13, which enhanced the overall heat transfer, especially downstream
due to the high temperature. As the radii ratio increased, the radiation effect became remarkably
weak. The local Nusselt number in the inlet zone increased gradually while decreasing considerably at
the rear, leading to a slight reduction in the average Nusselt number. Furthermore, with further an
increasing radii ratio of the annulus, the high local Nusselt number in the entrance zone, due to a high
Reynolds number, led to a relative increase in the average Nusselt number.
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Figure 13. The effects of the radii ratio on the temperature field and the wall heat flux distribution for case
I. (a) The effect on the temperature distribution; (b) the effect on the distribution of the wall heat flux.
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Figure 14. The effect of the radii ratio of the annulus on the Nusselt number. (a) The effect on the local
Nusselt number distribution; (b) the effect on the average Nusselt number.

6. Conclusions

In this study, a numerical investigation has been conducted on the radiation-convection coupled
heat transfer in an open-cell foam filled annulus for two thermal boundary conditions (cases I and
II, in Figure 1). The LTNE model, along with the P1 approximation, was employed for the energy
transport within the foam. Parametric simulations were implemented to develop basic information for
understanding the effects of key factors on the heat transfer performance of such systems. The main
conclusions are drawn as follows:

(1) Thermal radiation strongly affected high-temperature energy transport in a foam filled annulus.
Ignoring the thermal radiation led to a significant deviation in predicting the temperature and
local Nusselt number, nearly 20% and 400% were found.

(2) Limiting interactions between radiation transport and solid conduction were observed, while
radiation became predominant by increasing the porosity and pore diameter and decreasing the
radii ratio of the annulus.

(3) The porosity and annulus radii ratio had a great effect on the distribution of the local Nusselt
number along the flow direction, while the effect of pore diameter was not conspicuous.
The average Nusselt number gradually decreased as the porosity increased, whereas it presented
a non-monotonic variation with pore diameter and radii ratio.

(4) The difference in the average Nusselt number for the two cases increased as the pore diameter
increased, with a maximum of 40.5%, while no great change with the porosity and radii ratio was
observed. However, the average Nusselt number was always higher for case I, which presented a
better performance under the same operating conditions.
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writing were done by X.C. and C.S., and data analysis and paper improvement are done by R.L.
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51536001) and the China Postdoctoral Science Foundation (No. 2018M630350).

Conflicts of Interest: The authors declare no conflict of interest.



Energies 2018, 11, 2713 18 of 20

Nomenclature

cp specific heat, J·kg−1·K−1

CF inertial coefficient
dp pore diameter, m
e radii ratio
G incident radiation, W·m−2

hlx local total heat transfer coefficient, W·m−2·K−1

hv volumetric heat transfer coefficient, W·m−3·K−1

I radiation intensity, W·m−2·sr−1

K permeability, m2

L length of annulus, m
Nulx local Nusselt number
Nu average Nusselt number
p pressure, Pa
Pr Prandtl number
q heat flux, W·m−2

Red Reynolds number based on the pore diameter
R1, R2 radius of annulus, m
S source term
T temperature, K
u velocity vector, m·s−1

u velocity in x direction, m·s−1

U dimensionless velocity
x, r coordinates in flow region, m
Greek symbols
µf dynamic viscosity, kg·m−1·s−1

ρ density, kg m−3

φ porosity
σ Stefan-Boltzmann constant, W·m−2·K−4

λ thermal conductivity, W·m−1·K−1

θ dimensionless temperature
ε emissivity
β extinction coefficient, m−1

η dimensionless r coordinate
κ absorption coefficient, m−1

χ dimensionless x coordinate
Subscripts
e effective
f fluid
in inlet
out outlet
r radiation
s solid
w wall
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