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ABSTRACT

Natural convection in an annular space provided with metal foam fins attached to the inner cylinder
Is studied numerically. The metal foam fins made of copper were inserted in different axial sections
with three fins in each section. The temperature of the inner cylinder is kept constant while the
annular outer surface is adiabatic. The thickness effect of the inner pipe wall was considered. Naiver
Stokes equation with Boussinesq approximation is used for the fluid regime while Brinkman-
Forchheimer Darcy model is used for metal foam. In addition, the local thermal non-equilibrium
condition in the energy equation of the porous media is presumed. The effect of Rayleigh number
and number of foam fins in the axial direction, on fluid flow and heat transfer characteristics, were
examined. The current model was valid with the available published results and good agreement is
noticed. Results showed that as the Rayleigh number increases the dominated of convection mode
increases and average Nusselt increases. It was found that at Rayleigh of 10% Nusselt reached its
higher value which is 4.6 for the case of adding seven axial metal foams. A comparison between
adding foam fins and copper fins was established for a range of Rayleigh numbers between 10* and
108. It showed a good enhancement in Nusselt number and the greatest enhancement percentage
was 45.9% at Rayleigh equal 10° for the case of using seven sections of foam fins.

Keywords: Natural convection, metal foam, concentric cylinders, local thermal non-equilibrium,
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1. INTRODUCTION

Natural convection in a concentric annulus has a wide variety of practical applications such as gas-
insulated electrical transmission systems, double-pipe heat exchangers, solar collectors, cooling of
electronic components, thermal storage, pressurized and water reactors. Researchers began to shed
light on such heat exchangers in 1976 where the researcher Caltagirone performed two researches
for theoretical models and experimental tests for natural convection two-dimensional flow with a
fixed radius horizontal annulus. He studied the performance of this type of heat exchanger and the
ability to use it in such applications. Several studies were followed by the study of such heat
exchangers, such as the researcher (Hamad and Khan, 1998) conducted an experiment on natural
convection in horizontal and inclined annuli to investigate the effects of inclination angle and
diameter ratio on heat transfer. They compared their experimental data with numerical results
predicted using the FLUENT CFD package. At the beginning of the 21" century, researchers began
to study ways to develop heat exchangers for various applications. One of these ways is to introduce
metal foam to such heat exchangers. (Mansour, 2008) studied the effects of constant temperature
variation on the outside and adiabatic conditions on the inner borders with constant volumetric heat
flow on two-dimensional natural convection in a thin horizontal cylindrical annulus filled with a
porous material. (Targui and Kahalerras, 2008) presented a numerical study of heat transfer and
fluid flow in a double pipe heat exchanger provided with porous media blocks in the annular space.
Hot fluid was passing in the inner pipe while the cold fluid was in the annular gap with the counter-
flow model. The outer pipe was adiabatic. Two cases for porous blocks distribution in the annular
space were investigated; first, the porous is attached to the outer surface of the inner pipe, while in
the second case the porous is attached to both the outer surface of the inner pipe and the outer pipe
inner wall with a staggered model. Forchheimer- Brinkman Darcy extended equation with local
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thermal equilibrium model was adopted with laminar, two-dimensional, steady, incompressible, and
axisymmetric flow considerations. The influence of permeability, arrangement, and height of the
blocks, and the thermal conductivity ratio were examined. They found that the Nusselt number
increases by increasing block thickness for lower values of Darcy number and its increase by
increasing thermal conductivity ratio. Moreover, they found that the second arrangement is more
efficient than the first one. (Xu, et al., 2011) introduced numerically fully developed force
convection in a circular tube partially filled with metal foam located aligned to the inner wall of the
tube. They used the Brinkman flow model, local thermal non-equilibrium to represent heat transfer
equation and interfacial coupling conditions for temperature and velocity at the foam-fluid interface.
They concluded that the fluid temperature outlet increased with foam pore density increases. They
also studied the influence of thermal conductivity ratio Ki/Ks and they found that decreasing this
ratio would yield an increase in Nu followed by an increment in heat transfer as a result of the
deterioration of heat conduction resistance. The theoretical and experimental study had been
conducted by (Abeed, 2012) on two dimensions, laminar and steady-state then transient natural
convection in the annular between two concentric cylinders filled with porous media. Two situations
for the cylinders were considered; horizontal and inclined by an angle of 45° . He adopted the
Brinkman-extended Darcy equation and local thermal non-equilibrium model as governing
equations and the Fluent program was used to simulate his problem. The theoretical part studied the
effect of Ra and Nu numbers on dissipation ability while the experimental part studied the effect of
Nu and inclined angle on heat dissipation. (Qu, et al., 2013) studied numerically natured convection
in an annular partially filled with metallic foam. They adopted two equations for non-equilibrium
heat transfer, a model | had the porous layer on the inner wall, while model Il had it on the outside
wall. Forchheimer and Brinkman’s model and local thermal non-equilibrium model were used to
describe momentum and energy equations. They conducted that increasing Ra and Pr would
strengthen convective performance and lead to an increment in Nu. By comparing Nu for the two
models, they noticed that Nu of a model 1 is rather larger than Nu of model Il. (Sheremet and
Trifonova, 2014) considered their numerical results as standard guidelines for the use of the Darcy
and Brinkman extended Darcy models in the case of transient conjugate natural convection in a
vertical cylinder partially filled with a porous media and have heat-conducting solid walls of finite
thickness in conditions of convective heat exchange with the environment. (Senthilkumar and
Palanisamy, 2015) presented an experimental investigation of forced convection in an annular gap
filled with porous media. The flow was turbulent with steady-state conditions. Four different porous
media particles were examined in their study: cast iron, mild steel, copper, and aluminum They
obtained the heat transfer coefficient and conducted a Nusselt number of correlations for the four
tested porous media particles for Re>8500. (Shehab, 2016) presented experimental investigation
of natural convection heat transfer in a gap between two concentric pipes filled with porous media.
He used two types of porous media respectively; glass and plastic balls. The inner surface was
subjected to constant heat flux using electrical heater while the outer surface was isothermally
cooled. The effected parameters which examined in his study are the annular ratio, balls radius and
porous media material. He found that average Nusselt number increase by increasing ball radius and
the outer diameter of the annular, he also found experimental relations for average Nusselt number

of both glass and plastic balls. (Alhusseny, et al., 2017) used the metal foam beside the rotation to

enhance the heat transfer of a double-pipe exchanger. They studied the effectiveness, pressure drop,
and the overall system performance and found that the thermal effectiveness could be enhanced, but
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extra caution should be taken to prevent the costs associated with an increase in pressure losses. A
numerical study of natural convection for unsteady, laminar, and two-dimensional flow in a
semicircular cavity filled with saturated fluid porous media was presented by (Chamkha, et al.,
2018). Boussinesq approximation and local thermal equilibrium were assumed. The finite difference
method was used to solve the governing partial differential equations. They analyzed the effect of
Ra and Darcy numbers, and thermal conductivity ratio on fluid flow and average Nu. They
conducted that an increment in Ra or Da yield an increase in Nu and fluid flow resistance. (Roy,
2019) investigated the flow characteristics of natural convection in an annulus surrounded by two
wavy wall cylinders generated by the exothermic reaction., their numerical results illustrate that the
Frank-Kamenetskii number, the Rayleigh number for thermal diffusion, the buoyancy force
parameter, the amplitudes of inner and outer wavy wall cylinders, and the Lewis number all affect
the streamlines, isotherms, and isolines of concentration. (Chen et al., 2020) investigated a
numerical study for forced convection in a double pipe heat exchanger filled with metal foam. The
theoretical model was done using ANSYS FLUENT. This study was divided into two parts; uniform
configuration and graded configuration. Results showed that for uniform configuration an increase
in the effectiveness occurs with increasing thermal conductivity till a peck point then it reverses into
decreasing. They noticed that effectiveness and pressure drop increases with increasing pore density
and decreasing of porosity. For graded configuration, the best performance was held for the case in
which lower porosity was attached to both sides of the inner pipe wall and at a small pore density
nearby the inner pipe wall. Finally,( Hamzah and Nima), studied convection heat transfer and fluid
flow characteristic in a double pipe heat exchanger with the presence of metal foam blocks in the
annular gap numerically in 2019 and experimentally in 2020 . Hot water flows in the inner pipe
that made of copper and cold air flows in the annular space. The outer pipe was made of Perspex.
Finite volume method was adopted to solve the governing equation of the two-dimensional model.
The heat exchanger flow was parallel with ten fins distributed in the gap between the two pipes. The
numerical results showed that inserting foam blocks increase the heat transfer coefficient and
Nusselt number. For the experimental study they adopted two thermal Teflon flanges to make the
two pipes concentric together. Each flange has 12holes distributed with equal angles to allow the
air to enter the annular gap and exit uniformly. Copper foam blocks of 40PPI were attached to the
outer surface of the copper tube and inclined by angle of 30[7 with the tube entrance. These metal
foams were distributed along the inner pipe as four blocks for each section. To make sure that air
enters the annular uniformly, they used special manufactured chamber with four hoses and
distributer. They examined the effect of inserting the foam blocks on heat transfer and fluid flow
for a Reynold number range from 616 to 2343. Both parallel and counter flow arrangement were
investigated. They concluded that adding the metal foam blocks Promote heat transfer coefficient
and Nusselt number and that the highest value of Nusselt was for counter flow model. They also
found that the presence of foam blokes had no significant influence on pressure drop.

By reviewing previous literary studies, we noted that few of them dealt with free or mixed
convection within cylindrical annular with the presence of metal foam, especially for three-
dimensional flow. Also, very few had studied inserting metal foam in the form of blocks distributed
within the annular space and the suggested metal foam fin design had not been presented before.
Moreover, we did not find in the researches presented in this chapter any study that tested the case
of the constant inner surface temperature of the annular with the outer surface being insulated.



Number 4 Volume 28 April 2022 Journal of Engineering

In this paper, a three-dimensional numerical study of natural convection in an annular space between
two concentric horizontal cylinders partially filled with metal foam was introduced. The metal foam
was partially distributed with both radial direction and angular direction as fins. Copper foam fins
were arranged in the form of three pieces distributed on the surface of the inner tube in each section,
allowing heat to be transferred from the inner tube to the fluid directly on one side and through the
metal foam on the other. These pieces are designed in a way that allows the convection currents to
move between them freely and smoothly. All of this contributed to promoting the heat transfer and
fluid flow characteristics with respect to economic consideration.

2. MATHEMATICAL MODEL AND PROBLEM DESCRIPTION

The geometry of the problem under investigation is shown in Fig. (1). It consists of two cylinders;
the inner cylinder is maintained at a constant temperature while the outer cylinder is insulated. Metal
foam is inserted as three pieces distributed with equal distances in the annular space aligned to the
inner cylinder in different sections. Metal foam fin designed in a way that the surface area increases
gradually with the radius toward the outer cylinder. This design leads to an increase in contact area
between the fluid and the metal foam and helps in mixing the fluid passing through them. The
annular test section length was 45 cm. The diameters of inner and outer cylinders are 10 cm and 5
cm respectively. The flow is assumed to be steady-state, three-dimensional, laminar and
incompressible with constant thermophysical properties except for fluid density which follows the
Boussinesq approximation. Metal foam is isotropic, homogeneous, and saturated with porosity of
0.9 and pore density w equal 10. Governing equations used for fluid and metal foam are:

Liquid region: Jiji, 2009
p(V V)V = —VP + pgBAT + u V%V Momentum Eq. ... .. (1)
pcp(V - VT) = KVAT HeatEq. 2)

Foam region: Bejan, 2008

LV V)V = VP + prgBAT + 2L v2y —ELy 22|y Momentum Eq. *............. (3)
K2

pece(V - VT) = ke V2T Fluid HeatEgq. ... .o . (4)

ke V2T =0 Solid Heat E@. .. (5)

3. MATERIALS AND METHODS
3.1 Numerical method

The numerical analysis is presented for steady state, three-dimensional, laminar and natural
convection heat transfer. CFD ANSYS FLUENT software package (version 18.2), a computer
package that uses a finite volume method to model fluid flow and how to transfer the heat in simple
and collector geometric shapes that are difficult to solve in other languages (Aziz and Nima, 2020).
The ANSYS FLUENT provided the ability to model, mesh, give appropriate boundary conditions
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and simulated the governing equations of the present case. To reduce the computational cost; a
symmetric model was used. A grid independent test was made to choose the suitable mesh which
contains 2665423 elements. A local thermal non-equilibrium model was considered for metal foam
and air was used as a working fluid. Brinkman- Forchheimer Darcy model used to describe
momentum equations in metal foam. Thus it is necessary to define both the reciprocal of
permeability C1, and inertial loss coefficient C2, where : (Ergun, 1952)

2=35%=2 .. (6)

3
dpe

3.2 Parameters definition

To predict the improvement of heat transfer using the new design of metal foam for natural
convection in annular space several parameters were adopted. Rayleigh Ra number and
permeability K are the most affected parameters and they defined as follows:

Raq = ZBATS® (D

va

Where § is the distance between the two cylinders; § = r, — r;, K is the permeability which
defined as follows Qu, et al., 2013:

d?e?
K=Toamer (8)

The local Nusselt number (Nu) can be expressed as follows Al-Hattab, et al., 2008:

hir;
Nulocal = Tr In T /T'i ............ (9)

3.3 Validation

To ensure the validity of numerical work, a comparison was made with the results presented by
(Khanafer, et al., 2008) for Ra = 7.5 * 10°, Tyorous/Ti = 1.5 Da = 1073and ks /k; = 100. Fig.2
show results of the comparison for isotherms contours.

Another compression was done with the numerical results obtained by Al-Hattab, et al., 2008 at
Ra = 7.12 * 107, diametric ratio=2. Fig.3 shows results of the comparison for streamline contours
and isotherms patterns. Table-1 shows the results of these comparisons for Nusselt number. These
comparisons showed good agreements between the current results and other researchers’ work.

4. RESULTS AND DISCUSSION

The considered problem has been analyzed at different values for Rayleigh numbers
namely;10%.5 = 10%.5 * 10°& 10° with metal foam fins distributed in four sections along the inner
pipe then three other intermediate fins were added. The aim was to investigate the effect of these
parameters on fluid flow and heat transfer inside the annuli space in presence of the suggested design
of metal foam fin. In addition, a comparison has been established between the results of the percent
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case with a copper fins case to estimate the effect of using this design for metal foam in annular
gaps.

Fig. (4 & 5) show the influence of the Rayleigh number on the temperature and velocity contours
in fluid and metal foam regions at x/I= 0.55 for the case of 4 metal foam sections. Figure 4 illustrates
that for both of Ra= (10* and 5*10°) the metal foam fins are isotherm and the upper fluid regions
are at the highest temperature. The lower region temperature was graduated toward the outer
cylinder. For Ra=10* the lowest temperature was trapped between the two fins and it look like
semicircular around outer wall. The graduated temperature region for Ra=10% is large than that in
case of Ra=5*10°. For Ra=5*10° the lowest temperature region crawling downward. In figure 5 the
effect of Ra on velocity contours was shown. The velocity is zero at the inner and outer walls for
both Rayleigh numbers. A stagnation region appears at the upper region in case of Ra=5*10° since
the temperature reached its maximum value. It can be noted from both figures that velocity and
temperature values increases by increasing Ra.

Fig. 6 illustrated temperature and velocity contours along the annular for Ra=10° in the four foam
fins case. It can be seen that the presence of metal foam fin in the bottom helped in improving heat
transfer in this region. The other fin helped in improving heat transfer in the left side. They are both
working on mixing the fluid and generating a movement in these weak heat transfer regions. It’s
also clear that both temperature and velocity were increasing toward the end of the annular.

Fig. (7&8) display the impact of Ra for 7 sections on temperature and velocity contours
respectively. Similar to the case of 4 sections, Fig. 7 shows the metal foam at the highest
temperature. The foam fin at the upper region; which is the hottest region, transfers heat to the lower
fluid which improves heat transfer. By increasing Rayleigh number, the temperature of inner pipe
and metal foam solid matrix will increase which means an increase in temperature difference
between solid and fluid. Based on the above; an obvious increase in heat transfer coefficient will
occur. Fig. 8 shows that an increase in Ra will enhance fluid flow characteristics. Metal foam fins
geometry helps in mixing fluid between and through fins and transfers heat to fluid far from inner
cylinder thereby increase its temperature, therefore its velocity will increase and turn from the
stagnation status.

Influence of Rayleigh number on local Nusselt number along the annular length at Ra = 10%.5 *
10%.10°.5 * 10°&10° illustrated at Fig. 9 and 10 for cases of 4 and 7 metal foam sections
respectively. A significant increase in Nu appeared in the sections where foam fins were inserted.
An increase in Rayleigh number led to an increase in Nusselt number along the annular. We can
observe that Nu number decrease gradually along the annular as a result of temperature difference
decrease. An exaptation for cases of Ra=5*10° &10° for the first case where Nu value remains
constant after x/I=0.3 which belongs to the stability of temperature difference. These figures also
showed that Nu number for clear fluid sections increase along the annular as a result of heat transfer
improvement and fluid mixing that occurred due to the presence of foam fins.

Fig. 11 presents a comparison between the average Nusselt number for 4 sections of foam fins with
a corresponding case of copper fins and the case of 7 sections of foam fins. All curves showed an
increment in Nu number by increasing Ra number till Ra=10° where copper fins Nusselt number
started to decrease by increasing Nu. That decrement gives an indication that the conduction heat
transfer becomes the dominant mode. The reason for this phenomenon belongs to the disability
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caused by copper fins for the fluid movement which clearly appear by increasing inner wall
temperature that presents an increase of Ra. On the other hand, the metal foam allows the fluid to
move through it because of its high permeability. By increasing metal foam number along the
annular heat transfer by solid matrix to the fluid and mixing of fluid will increase. As a result, the

above average Nu number will increase.

Journal of Engineering

[ Dimensions | values |
r 0.044m
ri 0.05m
lo 0.1m
O 0.05
h 0.02m
L 0.45m

Figure 1. Physical geometry of the present problem; side view and three dimensional

model with four metal foam sections with the necessary dimensions.
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Present work Khanafer work

Figure 2. Comparison with Khanafer, et al., 2008for isotherms contours.

resent work
P Al-Hattab work present work

Al-Hattab work

Figure 3.Comparison with Al-Hattab, et al., 2008 for isolines and isotherms contours.

Tabel. Nusselt number of the present work and the corresponding researchers work.

Khanafer Present work Al-Hattab Present work

8 8.2 0.96 1
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Figure 4. Effect of Rayleigh number on temperature contours at x/I= 0.55 for the case of four

sections.
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Figure.5 Effect of Rayleigh number on streamline contours at x/I= 0.55 for the case of
four sections.
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Figure 6. Temperature and Velocity contours along the annular at Ra = 10°.

12



Number 4 Volume 28 April 2022 Journal of Engineering

2,990e+002 3.020e+002
2.990e-+002 3.019e+002
2.989e+002 3.0190+002
2.989e+002 3.018a+002
2,989e+002 3.0 Te+002
2.989a+002 3,0168+002
2.988e+002 3.016a+002
2.988e+002 3.015a+002
2.988a+002 3.014e+002
2.987e+002 3.014e+002
2.08Te+D02 3.013e+002
[¥] K]
o 0o 9.060 {m) o 003 0.060 (m)
015 oms T —
Ra=10* Ra=5*10*
Tangore g
3.0500+002 3.3500+002
3.048e+002 3.34Tes002
3.048e+002 3.345¢+002
3.047e+002 3.342e+002
3.046e+002 3.340e+002
3.0456+002 3.33Te+002
3.044e+002 3.334e+002
3.043e+002 3.332e+002
3.042a+002 3.320e+002
3.042e+002 3.32Te+002
3.041e+002 3.324e+002
[K] [K]
0 0.03 0.080 (m) [ 0.03 0UDBD [m)
LI —
0.015 0.045 0015 0.045
Ra=10° Ra=5*10°

13



Number 4 Volume 28 April 2022 Journal of Engineering

3.720e+002
3.713e+002
3.706e+002
3.699e+002
3.692e+002
3.684e+002
3.677e+002
3.670e+002
3.663e+002
3.6560+002
3.649e+002

0 003 0.060 (m)
E—
0015 0,045

Ra=10°

Figure 7. effect of Rayleigh number on temperature contours at x/I=0.45 for the case of
seven sections.
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Figure 8. effect of Rayleigh number on velocity contours at x/I=0.45 for the case of
seven sections.
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Figure9. Effect of Rayleigh number on local Nusselt number at different values of Ra for
the case of four sections.
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FigurelO. Effect of Rayleigh number on local Nusselt number at different values of Ra for
the case of seven sections.
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Figure.11. comparison between Nusselt number for foam fins in 4 and 7sections with
copper fins.

5. CONCLUSION

Natural convection heat transfers in annular space between two concentric cylinders filled partially with
metal foam was presented in this paper. Metal foam is inserted as three fins distributed with angle of 60°
around the inner surface. Different number of metal foam fins along the annular space was examined. That
distribution would allow heat to be transferred from the inner tube to the fluid directly on one side and through
the metal foam on the other. These fins are designed in a way that allows the convection currents to move
between them freely and smoothly. All of this contributed to an increase in heat transfer in addition to
reducing the amount of metal foam used and thus reducing the cost.

Three-dimensional laminar flow, steady state conditions with constant properties were assumed. Boussinesq
approximation used for fluid density. The inner cylinder was kept at a constant temperature while the outer
surface of the annular was insulated. ANSYS FLUENT software was used to solve this problem.

For this problem; the heat transfer is confined to the upper region of the annular and by increasing Rayleigh
number the conduction will be the demotivate mode of heat transfer. The reason behind this behavior is that
heat will transfer from the inner surface to the fluid which as a result will get hotter and raises to the top of
the annular which is adiabatic. Here the hot fluid will remain at the top and prevent the lower fluid from
rising. The lower fluid will be at stagnation status and thus convection currents will be stopped. From the
results of adding metal foam fins with the suggested configuration, we concluded that the heat transfer by
convection is improved. Results showed that adding foam fin in the lower region enhances heat transfer in
this region which is the weakest region. Also, adding two additional fins distributing around the inner pipe
with an angle of 60° helps in transferring heat from the top to the rest of the annular thereby fluid turns from
stagnation to a movable status. As a result; the average Nusselt number increases. We concluded that the
local Nusselt number in metal foam sections decreases towards the end of the annular for all Ra values as a
result of decreasing the difference in temperature between the solid and fluid. We also concluded that the
average Nusselt number increases by increasing Rayleigh number and meatal foam fins along the annular.

The increase in Nusselt number by adding meatal foam fins is more than the increase which occurs when
adding copper fins for the Ra number range between (10* and 10°). The highest average Nu was for the case
of 7 sections of metal foam which was 4.4 at Ra=10° while the lowest was 2.38 for copper fin case at Ra=10°.
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NOMENCLATURE

c: specific heat capacity (J - kg* - K1) g porosity

Da: Darcy number AT: temperature difference

w:dynamic viscosity (kg - m* - s v: kinematic viscosity (m? - %)

k: thermal conductivity (W - m™* . K1) K: permeability (m?)

Nu: Nusselt number p: density (kg - m™)

a: Heat diffusivity m?/s g: gravity acceleration (m/s?)

AP: pressure difference (N - m2) 6: width of the annular gap (m)

h: heat transfer coefficient W/(m?.K) T: temperature (K)

Ra: Rayleigh number o: pore density [PPI (pores per inch)]
V: velocity vector (m - s72)

Subscripts

e: effective f, s: fluid, solid

i: inner 0: outer

r: radial position (m) p: porous

Greek Symbols

B: volume expansion coefficient (K—1) w wall ]

19



