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ABSTRACT

Fins are used ubiquitously in engineering devices and systems for enhancement of heat transfer and en-
ergy storage. While traditional fins are made of non-porous materials, porous fins with natural convection
porous flow orthogonal to the fin direction have also been studied. In contrast to these, there is a lack of
work on porous fins in which the fluid flow may be along the direction of the fin. In such a fin, porosity
may increase advective heat removal due to increased flow rate but may also impede conductive heat
removal due to reduction in effective thermal conductivity. Due to these competing trade-offs, there is a
need for comprehensive analysis of thermal performance of such a porous fin. This work derives a solu-
tion for the steady-state temperature distribution in a porous fin with advection along the fin direction.
It is shown that temperature distribution in such a porous fin is governed by a convection-diffusion-
reaction equation. A solution for the temperature distribution is derived in the form of modified Bessel
functions of non-zero order. Two distinct fin performance parameters are defined and derived in order to
characterize porous fin performance. It is found that thermal properties of the fin as well as ambient con-
vective conditions strongly impact the relationship between fin porosity and fin performance. While in
some cases, it is found that an optimum porosity exists that maximizes heat removal, in other cases, the
use of a porous fin is found to be not desirable at all. The analysis presented here helps fully understand

these trade-offs, and provides useful guidelines for porous fin design for maximum heat removal.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

Fins are used commonly in a wide variety of engineering prob-
lems for enhanced heat transfer and energy storage [1,2]. Com-
mon applications include thermal management of engines and mi-
croelectronics [3], improvement in rate of phase change energy
storage [4]| and heat transfer enhancement in heat exchangers [2].
The fin effect also appears in bioheat transfer [5]. When a well-
designed fin is placed over a hot base surface, the reduction in
heat transfer to the ambient due to reduced direct contact with
the hot surface may be overcome by the additional heat trans-
fer through the fin, thereby providing an improvement in overall
heat transfer. Fin performance is often characterized by parame-
ters such as fin effectiveness and fin efficiency [1,2]. While the fin
effectiveness refers to heat removal rate by the fin relative to heat
removal in the absence of any fin at all, fin efficiency refers to the
heat removal rate by the fin relative to the best possible fin that is
isothermal at the base temperature. While the fin efficiency is, by
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definition, always less than one, the effectiveness of a fin must be
greater than one in order to justify the use of the fin.

Fins are most commonly made of solid materials such as met-
als, although the use of porous fins, which offer reduced fin
weight, among other possible advantages, has also been investi-
gated. Porous metal fins are of particular interest for electron-
ics cooling [6]. Heat transfer enhancement in a porous fin occurs
due to additional heat removed by the porous fluid flow [7]. For
example, vertical infiltration of a horizontal fin by buoyant fluid
flow from the ambient results in an additional, non-linear sink
term in the energy conservation equation [7,8], which has been
shown to improve fin performance. Buoyancy-driven porous flow
in such fins is often modeled on the basis of the Darcy law [9,10]
and the Boussinesq approximation [11]. The energy equation gov-
erning the natural convection porous fin is non-linear. A number
of analytical techniques such as homotopy perturbation method
[12] and differential transformation method [8] have been used for
determining the temperature distribution, and, subsequently, the
fin performance characteristics. A number of numerical techniques
[13,14] have been proposed as well. The effects of natural con-
vection [15] as well as radiation [16] in a porous fin have been
accounted for. Performance of porous fins of various shapes and
sizes has been characterized [17,18], and fin optimization has been
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Nomenclature

A Péclet number

B ratio of convective heat removal and diffusion terms

Bigjp Biot number at the fin tip

o fluid heat capacity (Jkg='K-1)

h convective heat transfer coefficient around the fin
(Wm—2K-1)

hyip convective heat transfer coefficient at the fin tip
(Wm—2K-1)

Kefr effective thermal conductivity (Wm~—1K-1)

ke fluid thermal conductivity (Wm~1K-1)

ks solid thermal conductivity (Wm~1K-1)

L fin radial length (m)

L non-dimensional fin radial length

r radial coordinate (m)

Ro fin base radius (m)

T temperature (m)

Tso ambient temperature around the fin (K)

Too tip ambient temperature at the fin tip (K)

Ty fin base temperature (K)

U velocity (m)

w fin height (m)

w non-dimensional fin height

Ap pressure difference (Pa)

K permeability (m?)

n viscosity (kgm~1s—1)

[0) porosity

of fluid density (kgm—3)

% non-dimensinal temperature

Ostip  DNon-dimensional ambient temperature at the fin tip

non-dimensional radial coordinate

carried out [19]. Comparison of fin performance with the base-
line solid fin has also been carried out [20]. Other, more compli-
cated considerations, such as temperature-dependent heat genera-
tion [21] or thermal properties [22] have also been analyzed.
Most of the literature on porous fins assumes a horizontal
fin, through which, buoyancy-driven vertical cross-flow of the sur-
rounding fluid occurs, which results in heat removal from the fin.
However, other porous fin configurations may also be possible that
result in enhanced heat transfer. For example, it is possible for
porous fluid flow between the base of the fin and the tip of the
fin along the fin direction, as opposed to across the fin direction.
This could be driven, for example, by an imposed pressure differ-
ence between the fin base and tip. Such a pressure-driven flow
may be a lot more effective in heat removal than the natural con-
vection driven cross-flow considered in most of the past literature
on porous fin heat transfer [7,8,12,13]. An illustrative example of
this scenario is presented in Fig. 1(a) that shows a radial fin con-
nected to a base cylinder, where, a pressure gradient driven porous
fluid flow is established in the radially outward direction, provided
that the is sealed to prevent any fluid leakage on the lateral sur-
face. In such a case, heat removal from the base cylinder by the
radial fin occurs due to two mechanisms acting in parallel - ther-
mal conduction down the porous fin material, governed by the ef-
fective thermal conductivity of the porous fin, and advection of
heat by the porous fluid flow from the hot base of the fin to the
relatively cooler tip of the fin. The conductive and advective heat
transport mechanisms are likely to be influenced very differently
by the fin porosity. For example, increased porosity in the fin ma-
terial likely reduces conductive heat removal due to reduction in
effective thermal conductivity [10]. On the other hand, increased
porosity likely improves porous fluid flow rate by increasing the
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pore area through which the fluid can flow [9], thereby improv-
ing the advective removal of heat. Due to these opposing effects,
it is of much interest to carry out heat transfer analysis of the
porous fin considered here with radially outwards pressure-driven
fluid flow. Primary interests in such analysis include the deriva-
tion of the temperature distribution and fin performance param-
eters, identification of key non-dimensional numbers that govern
this problem and development of an understanding of how the two
thermal transport mechanisms - conductive and advective - are
affected by properties of the porous material and other problem
parameters. It is of much practical importance to determine under
what conditions is the use of a porous fin beneficial, and when so,
whether there exists an optimal value of the porosity due to com-
peting trade-offs between conductive and advective heat removal.
Such an optimization may help design a porous fin to deliver the
best possible thermal performance under given conditions. Unfor-
tunately, the analytical tools that have been developed for studying
convective porous fin with natural convection driven flow across
the fin direction [7,8] or for optimizing non-porous fins [23,24] are
not readily translatable to study this problem, for which, the gov-
erning energy equation applicable to the present problem must be
formulated and solved.

This work presents theoretical heat transfer analysis of a porous
fin with radially outwards porous flow driven by a pressure gradi-
ent. It is shown that the temperature field of the fin is governed by
a convection-diffusion-reaction (CDR) equation containing certain
non-dimensional parameters. A solution of this equation is used
to characterize the fin performance parameters, and, in particular,
the impact of porosity on fin performance. A number of special
cases of the analysis are also considered. This work presents new
insights into porous fin theory, which may be helpful in the design
of porous fins for enhanced heat removal.

2. Problem Definition

The problem of interest in this work pertains to heat removal
from the outer wall of a hot cylindrical body by a radial fin. The
fin is made of a porous material that permits radially outwards
fluid flow from the wall towards the tip, as shown schematically in
Fig. 1(a). The lateral surfaces of the fin are assumed to be sealed, so
that only radially outwards porous flow is possible. The hot cylin-
drical body is assumed to be hollow and thin walled, and carrying
a fluid within, so that a pressure difference between the inside of
the cylindrical body and the tip of the fin results in radially out-
wards fluid flow through the fin material.

Heat transfer in the porous fin described above occurs both due
to diffusion in the solid and due to advection by fluid flow through
the pores of the porous material. This is in contrast with traditional
non-porous fins, in which diffusion is the only heat transfer mech-
anism within the fin. Note that the radial porous fin configuration
being analyzed here is distinct from previously studied porous fin
configurations, in which, buoyancy-driven fluid flow occurs in a di-
rection orthogonal to the fin direction [7,8,12,13], as opposed to
advection-driven flow along the fin in the present work.

The interest here is to derive expressions for the steady state
temperature distribution in the porous fin and thus determine its
heat transfer performance. Understanding the contributions of dif-
fusion and advection towards overall heat removal may help iden-
tify scenarios where such a porous fin may be particularly effective
or ineffective.

The inner and outer radii of the fin are Ry and Ry+L, where
L is the fin length. The height of the fin is w. Uniform porosity
and permeability of the fin material are denoted by ¢ and K, re-
spectively. Thermal conductivity, density and heat capacity of the
fluid are taken to be ks, pf and ¢y, respectively. A similar nomen-
clature is followed for solid component of the fin, with subscript s.
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Fig. 1. (a) Schematic of the geometry of a porous radial fin with outwards, pressure-driven flow through the pores of the fin material, (b) Schematic of energy balance for
an infinitesimal element of the porous fin, showing advective and diffusive transport through the fin as well as convective heat loss to the surrounding medium.

Fluid viscosity is denoted by p. The effective thermal conductivity
of the porous medium is taken to be kg The pressure difference
between the base (r=Ry) and tip (r=Rg+L) of the fin is taken to be
Ap. Temperature at the base of the fin is denoted by Tj,. Freestream
temperature of the medium surrounding the fin is taken to be T..
Thermal interactions between the outer surface of the fin and the
surrounding ambient are assumed to be represented by a convec-
tive heat transfer coefficient h. In addition, a convective heat trans-
fer coefficient hy, along with an external freestream temperature
T tip is assumed at the tip of the fin. Note that in many cases,
T tip = Too, although this assumption is not needed/made in this
work.

A number of other assumptions are made in order to carry out
a thermal analysis of a porous fin. Axisymmetry of the temperature
field is assumed. The velocity field is assumed to be only radial, as
the fin surfaces are sealed to prevent fluid leakage normal to the
fin direction. All transport properties are assumed to be indepen-
dent of temperature. Radiative heat transfer and natural convec-
tion effects around the fin are neglected, due to a reasonably small
temperature difference between the fin base and ambient. Note
that radiative effects may be modeled approximately by an effec-
tive heat transfer coefficient [25], but this is not investigated in de-
tail in the present work. The porous flow is assumed to be Newto-
nian and laminar, and, therefore, governed by the Darcy equation.
A constant permeability is assumed. Based on these assumptions, a
governing differential equation for the radial temperature distribu-
tion in the porous fin may be derived by considering energy con-
servation in an infinitesimal element at radial location r and of ra-
dial dimension dr. As shown in Fig. 1(b), thermal energy flows in
and out of this element include thermal conduction, advection due
to radial fluid flow and heat loss/gain from the ambient due to the
imposed convective heat transfer coefficient. By carrying out a bal-
ance between these energy flow terms in steady state, the follow-
ing governing energy equation may be derived [1,2]:

keff8<raT> _ ¢pfcfﬁ(r.’[,u)_ %(T—Tm) =0

r or\ or r or M

where T(r) and U(r) are the temperature and velocity fields, respec-
tively, within the porous fin. ke is the effective thermal conductiv-
ity of the medium that accounts for thermal conduction through
both solid and fluid constituents. Compared to the standard fin
equation [1], Eq. (1) contains an additional term that models ad-
vective thermal transport.

Appendix A shows that, based on the Darcy equation for porous
flow in radial coordinates, the radial velocity field in the porous fin

is given by
Uy = % 2)
podn (B -r

The 1/r dependence of the velocity field above is consistent
with the requirement of mass conservation as the fluid flows ra-
dially outwards.

The two boundary conditions associated with Eq. (1) are

T=T, (r=Ro) (3)
oT
_keffW = hgp (T - Too,tip)

The following non-dimensional variables and parameters are in-
troduced:

(r=Ro+1) (4)

- - K.prcr-Ap- _ hRZ2 .
g:L;Q:T Io _ 'Of{HLpd’;B: o.j_ L.
Ro Ty — T - In( Bt )k, e kegsw Ro
, hipRo Totip— T - W
Bisi, = Tff, Oso tip = ﬁ, w= Ry (5)

Note that based on definitions above, A may be interpreted as
the ratio of advective and diffusive transport, i.e., a Péclet number
[10]. Similarly, B is the ratio of the term representing heat removal
to the ambient and diffusive thermal transport term [1,26], similar
to the Damkohler number that appears in mass transfer problems
[27].

Inserting the form of the velocity field from Appendix A as well
as the non-dimensional variables from Eq. (5) into the governing
equation given by Eq. (1) results in the following non-dimensional
governing energy conservation for the temperature field in the fin

10 a6 Ad0 -

ﬁ%@%) F ©
This is a Convection-Diffusion-Reaction (CDR) equation that ap-

pears in several other heat and mass transfer problems including

drug delivery [26], reactor engineering [28] and pollution disper-

sion problems [29]. The non-dimensional boundary conditions as-

sociated with this equation are given by

f=1 (£=1) (7)

_% = Bin‘p (9 - eoo,[ip)

3F (£=1+1) (8)
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3. Solution of the Problem

In order to solve Eq. (6), one may substitute 6(§) = EA/zd)(é),
which can be shown to result in the following equation for ¢:

0%¢ Lo} - A2
2 4t~ —[BE2+=)p=0 9
§3$2+53§ 5+ )¢ 9)
which is the modified Bessel equation [30]. Therefore, a solution
for the temperature distribution may be written as

06) ="l (VBE) + oKy o (VBS) (10)

where I and K refer to modified Bessel functions of the first and
second kind, respectively. A/2 is the order of the modified Bessel
functions. Note that by definition, B > 0. c; and c, are constants to
be determined from the boundary conditions.

Inserting Eq. (10) into the boundary conditions given by
Egs. (7) and (8) results in the following two linear algebraic equa-
tions in ¢; and c,.

il (VB) + ok, (VB) =1 (11)

(14" [VB(ety (VB +D) -y, (VB(1+D)))
+ Bigp (ql,z3 (\/ﬁ(l + Z)) + oKy <\/§(1 + Z)))] = BitipOoo.cip

(12)

from where, ¢; and ¢, may be determined as follows

VB, (VB(1+I)) + Bisgky (VB(1+ D)) ~ OucipBicp(1 + i) fk, (VB)
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Fig. 2. An approximate schematic of the thermal resistance network of the porous
fin showing conductive and advective heat removal from the base, as well as dissi-
pation into the ambient through the fin surface and fin tip.

4. Fin Performance Parameters

A number of performance parameters are commonly used to
compare the rate of heat removal by the fin with idealized and
baseline cases [1]. In the present porous fin analysis, two specific
cases are of interest. Firstly, performance of the porous fin may be
compared with a baseline case with no fin at all, in which case,
heat removal occurs purely due to convective heat transfer directly

¢ = _\/E(Ké,l <\/§(1 +i))1§ (\/E) +,§71<\/§(1 +i))1<%— (\/E)) +Bitip(K§ (\/E(l +i))lé (\/zg) —1 (\/E(l +i))K§ (\/E)) (13)
and
0= \/Elgu (\/E(l + E)) + Bicipl <\/§(1 + i)) — O-c ipBicip(1 + i)iélé (\/;?) (14)

This completes the solution for the fin temperature field.

Note that the effective thermal conductivity k. appearing in
Eqg. (1) combines thermal conduction in both solid and fluid con-
stituents of the porous fin. In general, k. depends on the porosity
of the medium [10]. Depending on the nature of the porous mate-
rial, a number of theoretical models are available to compute ke
[10]. In the present work, the weighted average model is used as
follows:

keff = (1 — ¢)ks + d)kf (15)

where ks and k¢ are the thermal conductivities of the solid and
fluid, respectively.

In order to help understand the relative role of advective and
conductive heat removal mechanisms, as well as the influence of
various problem parameters, heat transfer in this problem may be
represented approximately by a thermal resistance network of the
porous fin shown in Fig. 2. Heat from the base is removed by the
fin through conduction and advection, which are distinct mecha-
nisms that operate in parallel as represented by the resistances
Reong and Rgg, in Fig. 2. Heat transported conductively through
the fin is eventually transferred to the ambient either through the
outer surface of the fin (Ry,y), or, in parallel, through the fin tip
(Riip). In case heat transfer through the fin tip is negligible, for ex-
ample, in case of a very long fin, Ry, may be omitted from the
resistance network in Fig. 2.

\/E(I,ZL1 <\/§(1 + Z))K%: (/E) +K; (\/E(l n i))l,% (\/E» + Bigy (1; <\/§(1 + i))K%- (\/ﬁ) K <\/§(1 + i))Ié (/E))

from the base of the fin into the ambient. Another interesting com-
parison is between heat removal by the porous fin and by a com-
parable non-porous fin. This may help understand the impact of
porosity of the fin material and subsequent pressure-driven flow
on heat removal.

In order to carry out such comparisons, the heat removal rate
from the porous fin must be determined first. Heat is removed
from the base of the fin due to both diffusion and advection. Thus,
the heat removal rate may be written as

q= <_k€ff(aaz:> +¢,0foU(R0)(Tb—TOC)>27TR0W (16)
r=Ry

Thus, a non-dimensional heat removal rate may be defined as
follows

Go 4 _ (%
©kepp(Ty —To)2mw — \ 04 £t

A= —\/§<c11,jLl <\/E> —ok; <\/§>> +A (17)

where the first and second terms represent conductive and advec-
tive heat transfer rates, respectively.
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4.1. Comparison with no fin case

The ratio of heat removed by the fin and heat removed with-
out the fin is usually referred to as the fin effectiveness [1]. In the
present case, the rate of heat removed without the fin is simply
h(T, — Tso )27 Row. Using this in conjunction with Eq. (16), the fol-
lowing expression for fin effectiveness may be obtained

=l (),
(e (9 () o

For a well-designed fin, n must be larger than one, since the fin
is expected to remove more heat than would be removed without
it.

4.2. Comparison with non-porous fin case

In order to quantify the benefit of porous flow in the fin, one
may define a porous fin effectiveness, nporous by comparing the
heat removed by the porous fin with heat removed by a compa-
rable non-porous fin of the same dimensions and in the same con-
ditions. nporous quantifies whether it is beneficial to replace a solid
fin with a porous fin under the same operating conditions. On one
hand, compared to the non-porous fin, the porous fin offers greater
heat removal due to advection along with the radially outwards
porous fluid flow. However, it may also suffer from reduced heat
removal by conduction down the fin due to the expected reduc-
tion in effective thermal conductivity of the fin compared to that
of the baseline non-porous fin.

In order to understand which of these effects may dominate,
one may compute the heat removed by a non-porous fin using the
results presented here, but with A = 0 and using thermal conduc-
tivity of the solid material instead of the effective thermal con-
ductivity. By doing so, the following expression for the porous fin
effectiveness may be derived

et () -, (1)

_ kegs (19)

n =
T ks —\/3:5<C14511 (\/B:s> - 25K (\/B:s>)

where Bs = Zsi‘fz’v and ks refers to thermal conductivity of the solid
material. The coefficients c;s and ¢, are obtained from the bound-
ary conditions corresponding to the zero-advection non-porous fin
problem, i.e., by setting A =0 and B = By in Eqs. (13) and (14).

n and Nporous defined above are important fin performance met-
rics that characterize how well the porous fin performs compared
to cases without a fin at all and with a comparable but non-porous
fin. While n represents how well the porous fin performs com-
pared to no fin at all, nporous governs whether the porous fin is
better than an equivalent non-porous fin. These parameters also
help understand the impact of various problem parameters, such
as porosity on fin performance.

5. Special Cases
5.1. Special cases for transport conditions

The general problem solved in Section 3 accounts for both con-
duction and advection driven heat transfer down the fin. While
both mechanisms may be important in general, two special cases
in which one or the other mechanism dominates may be of inter-
est in specific applications.
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5.1.1. Negligible diffusion
In certain cases, diffusion may be negligible compared to ad-
vection, for example when the flow velocity is relatively large. In
order to model this special case, the first term on the left hand
of the governing equation, given by Eq. (6) may be neglected. This
results in the following simplified governing equation
A 20
§ 0§
As expected, in the absence of diffusion, the governing equation
becomes a first-order differential equation, for which, only the up-
stream boundary condition (8 =1 at £ = 0) is needed. The solution
for the temperature distribution in the fin is given by

+Bo=0 (20)

B
o) -6 =
which is indeed the solution for a pure-advection problem [25].
2 Ro+L
oiIn( = =

Note that B/A = Ko Appw’

fin does not appear in the expression for the temperature distribu-
tion. This is to be expected since diffusion is assumed to be negli-
gible in this special case.

i.e., thermal conductivity of the

5.1.2. Negligible advection

The other extreme scenario of theoretical interest is where ad-
vection is small or negligible. In such a case, the second term on
the left hand of the governing energy equation may be neglected.
This results in

10 a0 -
=852 )-BO=0 22)
£ 0 (5 as) (

which is indeed the standard governing equation for a purely dif-

fusive fin. A general solution for this problem obtained by setting
A =0 in the general solution, Eq. (10) is

0¢) = alo(VBE) + cako (V5 ) (23)

which matches with the standard solution for this pure-diffusive
problem [1]. The constants appearing in Eq. (23) may be obtained
using boundary conditions, similar to the general case considered
in Section 2. For example, for an adiabatic tip, one may derive

ki (VB +1) )io(VEE) + 1 (VB(1+ D))o (VS )
ki (VB(1+ D) )1o(VE) + 1 (VB(1 + D) ) o (VE)

(24)

0() =

5.2. Tip boundary special cases

While the model presented in Section 2 assumes general con-
vective boundary conditions at the tip, including a general tip am-
bient temperature, depending on the specific conditions encoun-
tered in a problem, a number of simplifications may be considered.

A commonly encountered special case is that of an adiabatic
tip. This may be relevant, for example, when heat transfer at the
tip may be negligible due to the small tip area, or because the fin
is very long. In either case, temperature distribution in the fin may
be obtained by setting Bi;, = 0 in Eqgs. (10), (13) and (14), resulting
in

e i (VBO+0))ta(VBE) +1, (VB( +1) )Kso(VEE)
=5 Ky, (VBO+D))1y (VB) +1,, (VB(1+D))ky (VB)

(25)
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Fig. 3. Impact of A: (a) fin temperature distribution for multiple values of A, (b) heat transfer rate G as a function of A. Other problem parameters are B = 2.5, L = 3.0,

W =05, Big, = 0.5 and 0., ;p = 0.0.

While the adiabatic tip excludes any heat transfer at the tip, the
opposite, best-case scenario for heat transfer at the tip arises when
the tip is specified to be at a certain temperature 6, ;;,. Results
for this case may be obtained by setting Bi;, — oo in Egs. (10),
(13) and (14), which results in

K; <\/§(1 + E)) ~ Oorink (/E))IA P <\/§5> - ( %( (1+I) ) ~ Ol (/E))IA /2<\/§§)

shows that the fin temperature curves shift upwards with increas-
ing value of A, which can be attributed to greater heat removal
down the fin at large A due to advection, which increases the fin
temperature in general. The curves for various values of A approach

9(&):5/‘/2( 2

Ky (VB +I) )15 (VB) - 15 (VB( +

Finally, in many scenarios, the freestream temperature associ-
ated with the convective boundary condition at the tip is the same
as the ambient temperature, i.e., 0, = 0. In such a case, temper-
ature distribution in the fin further simplifies to

+i))lA/2 (VEs)

Ky (VBO -+ D) )1 (VEE) - 1, (VB(T
iy (VB D)1 (VB) —15 (VB(1+1) Ky (VB)

0&) =& —
(27)

Expressions for fin performance parameters, including heat re-
moval rate, fin effectiveness and porous fin effectiveness can be
simplified similarly.

6. Results and Discussion
6.1. Impact of A and B on fin temperature distribution

A and B are the two key non-dimensional parameters that ap-
pear in the governing energy equation, and consequently in the ex-
pressions for temperature distribution and fin performance param-
eters. A represents heat advection due to the radial porous flow in
the fin driven by the imposed pressure gradient, relative to diffu-
sive heat flow, and thus, is a Péclet number. On the other hand,
B represents the rate of heat loss from the fin surface to the sur-
rounding, also relative to diffusive heat flow, and is similar to the
Damkoéhler number in mass transfer analysis. It is pertinent to ex-
amine the impact of these key non-dimensional parameters on the
fin temperature distribution and fin performance.

Fig. 3 examines the impact of A. A number of temperature dis-
tribution curves for different values of A are plotted in Fig. 3(a).
The values of other parameters are B=2.5 [=3.0, w=0.5,
BOo,tip=0.0 and Bis, = 0.5. For comparison, the zero advection
curve corresponding to a non-porous fin is also plotted. Fig. 3(a)

(26)

D) (V5)

the limiting case of the traditional non-porous fin as A decreases.
Note that in each case, as expected, the temperature at the fin base
(§ =1) has a value of 1, whereas the magnitude and gradient of
the temperature distribution at the fin tip, £ = 1 + L, is determined
by the convective boundary condition at the tip.

The impact of A on fin performance is further shown in
Fig. 3(b), in which the total heat removed by the fin, given by
Eq. (17), is plotted as a function of A. Even though conductive heat
removal decreases with increasing A, as evidenced by the decreas-
ing slope of temperature plots at the base seen in Fig. 3(a), yet, the
increased advective heat transfer at large A results in increasing to-
tal heat removed with increasing A.

Note that several dimensional parameters and properties con-
tribute towards A, as defined in Eq. (5). For example, increasing
the permeability or pressure gradient, reducing the viscosity or re-
ducing the fin length relative to its radius all contribute towards
increasing A, and thus improving fin performance. Note that the
fin porosity impacts fin performance in a more complicated man-
ner, because while A increases with increasing fin porosity, it also
reduces the effective thermal conductivity ke, thereby affecting
other non-dimensional parameters such as B too. This is examined
in more detail in a later sub-section.

In contrast with A, which represents advective cooling, B rep-
resents heat removal due to convective heat transfer from the fin
surface to the surrounding ambient. The impact of B on fin tem-
perature distribution and heat removal is investigated in Fig. 4. Fin
temperature curves for multiple values of B are plotted in Fig. 4(a),
whereas total heat removal is plotted as a function of B in Fig. 4(b).
All other problem parameters are the same as Fig. 3, along with
A =2.5. As expected, the larger the value of B, the greater is the
heat removed from the fin, and, therefore, the cooler is the fin.
Fig. 4(a) also shows strong dependence of the slope of the temper-
ature curve at the fin base on B, which indicates greater heat re-
moval from the base as B increases. This is also seen more directly
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in the heat removal plot in Fig. 4(b), where the heat removed by
the fin is seen to increase with increasing value of B.

Per Eq. (5), the key physical quantity that appears in the expres-
sion for B is the convective heat transfer coefficient around the fin,
h. All other parameters being the same, the greater the value of h,
the greater is the heat removal to surroundings. This is clearly seen
in Figs. 4(a) and 4(b). Note that while several other dimensional
parameters also appear in the expression for B, most notably the
effective thermal conductivity (as well as the porosity that appears
within k), these parameters also influence other non-dimensional
numbers. Therefore, the influence of these parameters is analyzed
separately in a later sub-section.

6.2. Fin Performance Parameters

Section 4 defines two key performance parameters of the fin.
These parameters represent how much heat is removed by the
porous fin relative to the no fin case, and relative to a compara-
ble non-porous fin. The impact of key non-dimensional numbers
appearing in the problem - A and B - on these two parameters is
investigated in detail.

6.2.1. Fin Effectiveness, n

The fin effectiveness, n is considered first. As defined in
Eq. (18), n represents heat removal by the porous fin relative to
the baseline case without any fin at all. Fig. 5 plots n as the func-
tion of the non-dimensional convective heat transfer coefficient B.
Curves are presented for multiple values of A. In each case, fin ef-
fectiveness reduces with increasing B, rapidly at first, followed by
a plateau at larger values of B. Also, the curves in Fig. 5 shift up-
wards with increasing value of A. This is because at large B, there
is relatively large convective heat removal, implying that the per-
formance of the fin is increasingly closer to heat removal without
the fin at all. In contrast, A simply appears as an additional term
in the fin effectiveness expression given in Eq. (18), and, therefore
simply shifts the curves upwards.

The impact of B is also confirmed from Fig. 4(a) that shows
that the magnitude of the slope of the temperature curve at £ =1
increases with B, but does not change appreciably at large B. This
explains the plateauing out of the curves in Fig. 5.

These results indicate that when the non-dimensional convec-
tive heat transfer coefficient is relatively large, increasing the ad-
vective heat removal, for example, by making the fin more porous
does not significantly improve fin performance. This is because the
rate-limiting step is the conductive heat removal from the fin. The
impact of porosity on performance of the porous fin is likely to be

30 . w , :
25 || v J
\ —05
20 Iy 1.5 i
\ —— 2.5
= 15 M1 35 ]
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10 Bitip=0.5; 0tip=0.0 =
\
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0 1 1 1 1
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Fig. 5. Fin effec_tiveness as a function of B for multiple values of A. Other problem
parameters are L =3.0, w = 0.5, Bi;j, = 0.5 and 60 i, = 0.0.

significant when the convective heat removal from the fin surface
is not very strong, for example, in conditions approaching natural
convection around the fin.

The fin effectiveness plotted in Fig. 5 is found to be greater than
one throughout the parameter space considered here, indicating
that more heat is removed by the fin than without, which is de-
sirable. It is found that the fin effectiveness flattens out at large
values of B. This is because when the convective heat transfer co-
efficient around the fin is very large, then the effect of increased
surface area due to the fin is not very significant any more.

In contrast with Fig. 5, fin effectiveness is plotted as a function
of A in Fig. 6. As expected, fin effectiveness increases monotonically
with A, which is because A appears as an independent term in the
expression of 7, given by Eq. (18). As expected, the larger the value
of B, the lower are the effectiveness curves in Fig. 6. This is mainly
because, as shown and discussed in Fig. 5, fin effectiveness reduces
with increasing B.

6.2.2. Porous Fin Effectiveness, 0porous

The porous fin effectiveness 7porous Which compares perfor-
mance of the porous fin with that of a comparable non-porous fin
is considered next. Similar to Figures in the previous sub-section,
Nporous i plotted as a function of B for multiple values of A in
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Fig. 7, and as a function of A for multiple values of B in Fig. 8.
These curves show strong dependence of 7porous ON A, and rel-
atively weaker dependence on B, particularly at small A. This is
mainly because the key difference between the porous fin and the
non-porous fin is the porous convective term A. The greater the
value of A, the greater is the heat removal by the porous fin com-
pared to the non-porous fin, which is completely unaffected by A.
This can also be confirmed mathematically from the expression of
g, given by Eq. (17). Therefore, the porous fin becomes more and
more attractive compared to the non-porous fin as A increases.

In contrast, the porous fin effectiveness is not as strongly de-
pendent on B, particularly for small values of A. This is because
when A is small, there is no particular distinction between the
porous and non-porous fin, and no particular thermal advantage of
the porous fin over the non-porous fin. Since B is expected to af-
fect both porous and non-porous fins similarly, therefore, when A
is small, the fin performance is not significantly impacted by B, and
Nporous is close to one, indicating that the porous and non-porous
fins have nearly the same performance.
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6.3. Effect of porosity: Trade-off between conductive and advective
heat removal

The parallel placement of R,; and R4, in the resistance net-
work shown in Fig. 2 presents interesting trade-offs and opportu-
nities for optimization of fin performance. Specifically, it is of inter-
est to examine how these two components change as the porosity
of the fin is changed since changing the porosity of the fin ma-
terial is an important design question. In general, increasing the
porosity is expected to reduce the effective thermal conductivity,
per Eq. (15), since the solid material comprising the fin is likely to
have greater thermal conductivity than the fluid. This is expected
to lead to reduced conductive heat removed by the fin. On the
other hand, greater porosity also results in greater area available
for porous fluid flow, and, thus, greater advective heat removal.
Mathematically, this can be seen in the A term that increases with
increasing porosity due to the ¢ and ke terms in the numera-
tor and denominator, respectively, and that results in greater fin
heat removal, per Eq. (5). Moreover, the porosity ¢ appearing in
the advection term in the energy conservation equation given by
Eq. (1) also shows the enhancement in advective heat removal
due to increased porosity. The opposing effects of porosity on con-
ductive and advective heat removal pose an interesting theoretical
question about whether an optimal porosity exists that maximizes
or minimizes total heat removal. This is also a question of much
practical relevance, and, therefore, is investigated in more detail.

To begin with, heat removed by a representative porous fin
is considered. The baseline solid material is assumed to be alu-
minum, and the fluid is assumed to be air, with constant prop-
erties corresponding to room temperature. Permeability of the fin
is taken to be K=5.7 x 10~2 mZ2. The inner radius fin length and
fin width are taken to be Ry=5 cm, L=15 cm and w=5 cm, re-
spectively. The pressure difference driving the porous flow is taken
to be Ap =100 Pa. The convective heat transfer coefficient, both
around the fin and at the tip is taken to be hy;,=50 Wm~2K-1.
Under these conditions, Fig. 9 presents the total heat removed as
well as the conductive and advective components as functions of
porosity, corresponding to 20°C temperature difference between
the base and ambient. As expected from the discussion above, the
conductive and advective components of heat removed decrease
and increase, respectively, with increasing porosity. While the ad-
vective component increases nearly linearly, the advective compo-
nent has a more complicated, non-linear reduction. This is because
aside from the effect on effective thermal conductivity, porosity in-
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Fig. 9. Heat removal rate as a function of fin porosity for a baseline set of design
parameters. Total heat removed as well as the conductive and advective compo-
nents are plotted.

creases the advective term in the governing energy equation (A)
linearly, whereas the impact of porosity on conductive heat trans-
fer is more complicated, driven by the slope of the temperature
distribution at the base, as given by the solution involving modi-
fied Bessel functions. Interestingly, in this case, the total heat re-
moved changes non-monotonically with porosity and exhibits a
maxima at a porosity of around 0.65. This shows the importance
of careful design of the porous fin, particularly its porosity in or-
der to maximize the benefit of the porous fin.

Note that the impact of porosity on fin effectiveness is some-
what complicated due to the number of ways in which the poros-
ity affects heat removal rate, depending on the values of various
problem parameters and non-dimensional numbers that appear in
the analysis presented above. While an optimal porosity is found
for the set of parameters considered above, the location of the op-
timal porosity, or even the existence of an optimal porosity itself
is not universal. For example, the impact of the convective heat
transfer on these curves is examined. Figs. 10(a) and 10(b) plot the
total heat removed as well as the conductive and advective com-
ponents as functions of porosity for h=12 Wm~2K-! and h=150
Wm~2K-1, respectively. All other parameters remain the same. It is
found that changing the convective heat transfer coefficient com-
pletely changes the nature of the heat removal curves. The non-
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monotonic behavior of total heat removed seen in Fig. 9 is not seen
any longer in Figs. 10(a) and 10(b). It is found instead that the
total heat removed increases (Fig. 10(a)) or decreases (Fig. 10(b))
monotonically with porosity when the convective heat transfer co-
efficient is lower or higher, respectively, than the value considered
in Fig. 9. This is mainly because increasing h reduces the convec-
tive resistance at the fin surface, Ry, as shown in Fig. 2 with-
out impacting the advective resistance R,4,. As a result, more heat
is drawn conductively through while the advective component re-
mains the same. As a result, the total heat removed is dominated
by the conductive component, and, thus shows a decreasing trend
with porosity, as seen in Fig. 10(b). A similar explanation may be
provided for the impact of reducing h on heat removal rates.

Fig. 10 shows that when the convective heat transfer is very
small, such as in natural convection conditions around the fin, it is
best to design the fin to be as porous as possible, within other con-
straints such as structural integrity. On the other hand, as shown in
Fig. 10(b), under forced convective conditions around the fin, hav-
ing a porous fin is not beneficial at all, since the improvement in
advective heat removal with increasing porosity is completely over-
whelmed by the reduction in conductive heat removal as porosity
increases.

As another illustration of the impact of design parameters on
how the heat removal rate varies with porosity, the same base-
line case as Fig. 9 is considered again, but with different values of
the imposed pressure gradient. In contrast with the baseline value
of Ap =100 Pa, Figs. 11(a) and 11(b) plot heat removal curves as
functions of porosity for Ap =400 Pa and Ap =20 Pa, respec-
tively. It is found that while a greater pressure difference results
in a monotonically increasing heat removal rate as a function of
porosity, a lower pressure difference completely reverses the trend,
resulting in a monotonically decreasing heat removal rate as a
function of porosity. This is mainly because changing the pressure
difference affects the advective resistance R, without affecting
any other resistances in the problem, thereby making the total heat
removal more dominant or less dominant by advective or conduc-
tive heat removal, respectively, at larger or smaller pressure differ-
ences.

Similar to the effect of the convective heat transfer coeffi-
cient examined in Fig. 10, this analysis shows that determining
whether a porous fin is beneficial or not and, if so, selecting the
best porosity depends strongly on the available pressure difference
that drives the porous flow. For very large pressure difference, the
larger the porosity, the more effective is the fin. In contrast, for
very small pressure difference, there may be little or no benefit of
using a porous fin.
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Whether an optimal value of the porosity exists, and if so, de-
termining that value can be addressed by examining the derivative
of the total heat removed with respect to the porosity. Differenti-
ating Eq. (16) and setting to zero results in

a6 ad a0
(kf - ks) (&:)E] + keff% (ag)gl
(28)

The root of Eq. (28), if one exists between 0 and 1 is the opti-
mal porosity for maximizing heat removal by the fin.

3 K- pgcy- Ap _
()

6.4. Effect of tip conditions

Similar to a traditional, non-porous fin, the nature of the con-
vective boundary conditions at the fin tip is expected to influence
the temperature distribution in the porous fin. The two key non-
dimensional parameters that describe thermal conditions at the fin
tip are the tip Biot number Biy;, and tip temperature 6, ;. As dis-
cussed in Section 3, specific values of these parameters transform
the general problem considered here into special cases, such as an
adiabatic tip or an isothermal tip.

In order to examine the impact of Bi;, and 6, on thermal
response of the fin, the fin temperature distribution is plotted for
multiple values of Bi;, and 6, ¢, in Figs. 12(a) and 12(b), respec-

tively. Fig. 12(a) is plotted for 6, ;, = 0.0, while Fig. 12(b) is plot-
ted for Bis, = 1.0. Other non-dimensional parameters are A=25,
B=0.5,L=3.0 and W= 0.5. Fig. 12(a) shows that for Biy, = 0.0,
the fin is, in general, the hottest. This, however, does not imply
greater heat removal, since all curves in Fig. 12(a) have nearly the
same slope at § = 1. Note that Bi;, = 0.0 renders the fin tip adi-
abatic, resulting in no heat removal from the end of the fin, as
confirmed by the flat nature of the Bi;, = 0.0 curve at § =1L As
Biyjp, increases, the fin temperature curves shift downwards and the
slope at the fin tip becomes larger in magnitude, indicating in-
creased heat loss from the fin tip. However, the effect of fin tip
conditions does not extend throughout the fin, and, in particular,
significantly does not influence heat removal from the base. For
very large value of Biy), Fig. 12(a) shows that the fin tip temper-
ature becomes very close to 6 ;ip, approaching isothermal fin tip
conditions. Note that the tip temperature for both Bi;, = 10.0 and
Bisjp = 100.0 curves is close to 0, sp, indicating that both values of
the Biot number are close to isothermal conditions.

The impact of 6, i, is examined in Fig. 12(b). In this case,
Bisjp = 1.0, which is a reasonably low value. This is the reason why
the temperature curves in Fig. 12(b) do not reach 6, ., at the
tip. Nevertheless, the lower the value of 6, ., the lower is the
temperature curve in general. Note that for relatively large value
of 0 +ip = 0.4, the temperature curve actually reaches a minima
within the fin and then rises towards the fin tip, indicating that
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some parts of the fin may be cooler than the fin tip. This only oc-
curs for large value of 6, ;jp, which is likely unrealistic, since the
fin tip is unlikely to be hotter than the ambient around the fin. In
most cases, the two are expected to be the same, and, therefore,
Bo.tip = 0.0 is the most likely scenario.

Note that in both Figs. 12(a) and 12(b), changing the tip condi-
tions, i.e., Biy;p, and O, ¢, does not appreciably change the slope of
the temperature at the base of the fin. This indicates that the con-
ductive heat removed by the fin is largely independent of the tip
conditions. Since the convective heat removal also does not depend
on Biyp, and 0, ;p, therefore, under the conditions considered here,
fin performance is largely independent of the fin tip. This may be
because of the relatively large length of the fin considered here.
For a shorter fin, it is likely that increasing the tip Biot number
may have a stronger impact on the non-dimensional fin heat re-
moval.

7. Conclusions

The key contributions of this work include the thermal analy-
sis of a radial porous fin in which heat removal is aided by ra-
dial pressure-driven flow instead of natural convection flow con-
sidered in past papers, and the identification of key conduction-
vs-advection trade-offs in fin design. Under a certain set of pa-
rameters, it is shown that there exists a fin porosity that maxi-
mizes heat removal rate. Under certain other set of parameters, it
is shown that a porous fin may not offer any benefits at all over a
non-porous fin of the same geometry. These insights may be help-
ful to choosing whether to use a porous fin or not in a given heat
transfer problem, and if so, the correct porosity to choose.

Non-dimensional curves presented in this work improve the
general understanding of extended surface heat transfer, particu-
larly in the context of porous fins. Such curves may be useful for
the general design of heat transfer systems.

It must be noted that this work analyzes only the heat trans-
fer aspects of a porous fin. A highly porous fin is also light-weight.
Weight reduction may be desirable for certain applications, but it
comes at the cost of reduced ability to withstand mechanical loads.
For applications where weight and load bearing capability are im-
portant, such mechanical considerations must also be accounted
for in fin design and optimization, in addition to the thermal anal-
ysis presented here. In addition, the pumping power needed to
sustain the pressure-driven flow, which is not considered here,
may be important in certain problems.

While the porous flow in this work is assumed to be driven by
a pressure gradient, other fluid flow mechanisms, such as electro-
osmotic flow can be easily analyzed within the same framework as
the one presented here. The present work assumes negligible nat-
ural convection of the porous fluid within the fin. Radiative effects
have also been neglected due to a reasonably small temperature
difference. Thermal properties of the fin material and fluid are as-
sumed to be independent of temperature. Porous fluid flow is as-
sumed to be Newtonian and laminar, and with constant perme-
ability. While these assumptions are reasonable for a wide range
of applications, in other problems, several of these assumptions
can potentially be relaxed, in which case, the use of numerical
techniques to solve the resulting equations may be necessary. Nev-
ertheless, several important trade-offs identified here may persist
even in such scenarios.
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Appendix A. Derivation of radial velocity field in the porous fin

This Appendix derives an expression for the velocity field in the
porous fin. Based on the assumptions listed in Section 2, fluid flow
in the fin is driven by the pressure gradient between the inner pipe
and the ambient at the fin tip, and is purely radial in nature. As-
suming that the porous fluid flow is purely Darcian in nature, the
following relationship exists between the volumetric flow rate g
and local pressure gradient at any location r [9,10]:

_Kadp

- (A1)

Where A = 2w rw¢ is the cross-section area for fluid flow at the
radial location r, and K, ¢, and p are the permeability, porosity and
viscosity, respectively. Rearranging and integrating equation (A.1)
between r = Ry and r = Rg + L results in
B KA Ap
- Ro+L\ 1

poIn(fgE)

Where Ap is the total pressure difference between the inner
tube and the fin tip. Finally, since ¢ =A-U(r), therefore, the fol-
lowing expression for the velocity field may be written:

K Ap
Ur)= ——5——+—

O ()

This completes the derivation of the radial velocity field in the
porous fin. As expected, the radial velocity has a 1/r dependence,

due to the requirement of mass conservation as the fluid flows ra-
dially outwards.

q (A2)

(A3)

References

[1] A.D. Kraus, A.M. Aziz, J.R. Welty, Extended Surface Heat Transfer, John Wiley,
New York, 2002.

[2] R.L. Webb, B. Sunden, N.-.H. Kim, Principles of Enhanced Heat Transfer, Rout-
ledge, Boca Raton, 2005.

[3] RJ. McGlen, R. Jachuck, S. Lin, Integrated thermal management techniques for
high power electronic devices, Appl. Therm. Eng. 24 (2004) 1143-1156, doi:10.
1016/j.applthermaleng.2003.12.029.

[4] A. Mostafavi, M. Parhizi, A. Jain, Theoretical modeling and optimization of
fin-based enhancement of heat transfer into a phase change material, Int.
J. Heat Mass Transf. 145 (2019) 118698 1-10, doi:10.1016/j.ijheatmasstransfer.
2019.118698.

[5] H.H. Pennes, Analysis of tissue and arterial blood temperatures in the resting
human forearm, J. Appl. Physiol. 1 (1948) 93-122, doi:10.1152/jappl.1948.1.2.
93.

[6] S.-.H. Park, J.H. Jeong, Analytical fin efficiency model for open-cell porous
metal fins based on Kelvin cell assumption, Int. J. Heat Mass Transf. 196 (2022)
123283, doi:10.1016/j.ijheatmasstransfer.2022.123283.

[7] S. Kiwan, M.A. Al-Nimr, Using porous fins for heat transfer enhancement,
ASME J. Heat Mass Transf. 123 (4) (2001) 790-795, doi:10.1115/1.1371922.

[8] M. Torabi, H. Yaghoobi, Series solution for convective-radiative porous fin using
differential transformation method, J. Porous Media 16 (2013) 341-349, doi:10.
1615/JPorMedia.v16.i4.60.

[9] D.A. Nield, A. Bejan, Convection in Porous Media, 4th Ed., Springer, 2013.

[10] M. Kaviany, Principles of Heat Transfer in Porous Media, 2nd Ed., Springer New
York, NY, 1995, doi:10.1007/978-1-4612-4254-3.
[11] EM. White, Viscous Fluid Flow, 3rd Ed., McGraw Hill, 2005.


http://refhub.elsevier.com/S0017-9310(23)00262-4/sbref0001
http://refhub.elsevier.com/S0017-9310(23)00262-4/sbref0002
https://doi.org/10.1016/j.applthermaleng.2003.12.029
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118698
https://doi.org/10.1152/jappl.1948.1.2.93
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123283
https://doi.org/10.1115/1.1371922
https://doi.org/10.1615/JPorMedia.v16.i4.60
http://refhub.elsevier.com/S0017-9310(23)00262-4/sbref0009
https://doi.org/10.1007/978-1-4612-4254-3
http://refhub.elsevier.com/S0017-9310(23)00262-4/sbref0011

A. Jain, M.M. Abbas and M. Torabi

[12] S. Saedodin, M. Shahbabaaei, Thermal analysis of natural convection in porous
fins with homotopy perturbation method (HPM), Arab. ]. Sci. Eng. 38 (2013)
2227-2231, doi:10.1007/s13369-013-0581-6.

[13] T. Zhao, H. Tian, L. Shi, T. Chen, X. Ma, M. Atik, G. Shu, Numerical anal-

ysis of flow characteristics and heat transfer of high-temperature exhaust

gas through porous fins, Appl. Therm. Eng. 165 (2020) 114612, doi:10.1016/j.
applthermaleng.2019.114612.

H. Kahalerras, N. Targui, Numerical analysis of heat transfer enhancement in a

double pipe heat exchanger with porous fins, Int. ]. Numer. Methods for Heat

& Fluid Flow 18 (2008) 593-617, doi:10.1108/096155308108797382008.

S. Kiwan, Thermal analysis of natural convection porous fins, Transp Porous

Media 67 (2007) 17-29, doi:10.1007/s11242-006-0010-3.

R. Das, Forward and inverse solutions of a conductive, convective and ra-

diative cylindrical porous fin, Energy Conv. Management 87 (2014) 96-106,

doi:10.1016/j.enconman.2014.06.096.

[17] M. Hatami, D.D. Ganji, Thermal performance of circular convective-radiative
porous fins with different section shapes and materials, Energy Conv. Manage-
ment 76 (2013) 185-193, doi:10.1016/j.enconman.2013.07.040.

[18] M. Turkyilmazoglu, Efficiency of heat and mass transfer in fully wet porous

fins: exponential fins versus straight fins, Int. J. Refrig. 46 (2014) 158-164,

doi:10.1016/j.ijrefrig.2014.04.011.

D.S. Kumar, S. Jayavel, Optimization of porous fin location and investigation

of porosity and permeability effects on hydro-thermal behavior of rectangular

microchannel heat sink, Int. Communic. Heat Mass Transf. 129 (2011) 105737,

doi:10.1016/j.icheatmasstransfer.2021.105737.

B. Kundu, D. Bhanja, K.-.S. Lee, A model on the basis of analytics for comput-

ing maximum heat transfer in porous fins, Int. J. Refrig. 55 (2012) 7611-7622,

doi:10.1016/j.ijheatmasstransfer.2012.07.069.

[14]

[15]

[16]

[19]

[20]

12

International Journal of Heat and Mass Transfer 209 (2023) 124109

[21] M. Hatami, A. Hasanpour, D.D. Ganji, Heat transfer study through porous fins
(Si3sNg and Al) with temperature-dependent heat generation, Energy Conv.
Management 74 (2013) 9-16, doi:10.1016/j.enconman.2013.04.034.

[22] J. Ma, Y. Sun, B. Li, H. Chen, Spectral collocation method for radiative-
conductive porous fin with temperature dependent properties, Energy Conv.
Management 111 (2016) 279-288, doi:10.1016/j.enconman.2015.12.054.

[23] M. Turkyilmazoglu, Exact heat-transfer solutions to radial fins of general pro-
file, J. Thermophys. Heat Transf. 30 (2015) 1-5, doi:10.2514/1.T4555.

[24] M. Turkyilmazoglu, Thermal management of parabolic pin fin subjected to a
uniform oncoming airflow: optimum fin dimensions, J. Therm. Anal. Calorime-
try 143 (2021) 3731-3739, doi:10.1007/s10973-020-10382-x.

[25] EP. Incropera, D.P. DeWitt, T.L. Bergman, A.S. Levine, Fundamentals of Heat and
Mass Transfer, 6th Ed., John Wiley & Sons, 2006.

[26] A. Jain, M. Parhizi, L. Zhou, G. Krishnan, Imaginary eigenvalues in multi-
layer one-dimensional thermal conduction problem with linear temperature-
dependent heat generation, Int. J. Heat Mass Transf. 170 (2021) 120993 1-10,
doi:10.1016/j.ijheatmasstransfer.2021.120993.

[27] A. Jain, S. McGinty, G. Pontrelli, L. Zhou, Theoretical modeling of endovascular
drug delivery into a multilayer arterial wall from a drug-coated balloon, Int.
J. Heat Mass Transf. 187 (2022) 122572 1-17, doi:10.1016/j.ijjheatmasstransfer.
2022.122572.

[28] E.B. Nauman, Chemical Reaction Design, Optimization and Scaleup, 2nd Ed,
John, Wiley & Sons, Hoboken, NJ, 2008 ISBN: 9780470282069.

[29] E. Augeraud-Véron, C. Choquet, E. Comte, Optimal control for a groundwater
pollution ruled by a convection-diffusion-reaction problem, ]. Optimiz. Theory
& Appl. 173 (2017) 941-966, doi:10.1007/s10957-016-1017-8.

[30] M. Abramowitz, I. Stegun, Handbook of Mathematical Functions, United States
Department of Commerce National Bureau of Standards, 1964.


https://doi.org/10.1007/s13369-013-0581-6
https://doi.org/10.1016/j.applthermaleng.2019.114612
https://doi.org/10.1108/096155308108797382008
https://doi.org/10.1007/s11242-006-0010-3
https://doi.org/10.1016/j.enconman.2014.06.096
https://doi.org/10.1016/j.enconman.2013.07.040
https://doi.org/10.1016/j.ijrefrig.2014.04.011
https://doi.org/10.1016/j.icheatmasstransfer.2021.105737
https://doi.org/10.1016/j.ijheatmasstransfer.2012.07.069
https://doi.org/10.1016/j.enconman.2013.04.034
https://doi.org/10.1016/j.enconman.2015.12.054
https://doi.org/10.2514/1.T4555
https://doi.org/10.1007/s10973-020-10382-x
http://refhub.elsevier.com/S0017-9310(23)00262-4/sbref0026
https://doi.org/10.1016/j.ijheatmasstransfer.2021.120993
https://doi.org/10.1016/j.ijheatmasstransfer.2022.122572
http://refhub.elsevier.com/S0017-9310(23)00262-4/sbref0029
https://doi.org/10.1007/s10957-016-1017-8
http://refhub.elsevier.com/S0017-9310(23)00262-4/sbref0031

	Steady state thermal analysis of a porous fin with radially outwards fluid flow
	1 Introduction
	2 Problem Definition
	3 Solution of the Problem
	4 Fin Performance Parameters
	4.1 Comparison with no fin case
	4.2 Comparison with non-porous fin case

	5 Special Cases
	5.1 Special cases for transport conditions
	5.1.1 Negligible diffusion
	5.1.2 Negligible advection

	5.2 Tip boundary special cases

	6 Results and Discussion
	6.1 Impact of  and  on fin temperature distribution
	6.2 Fin Performance Parameters
	6.2.1 Fin Effectiveness, 
	6.2.2 Porous Fin Effectiveness, 

	6.3 Effect of porosity: Trade-off between conductive and advective heat removal
	6.4 Effect of tip conditions

	7 Conclusions
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Appendix A Derivation of radial velocity field in the porous fin
	References


