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In this work, the thermal behavior of fin made of palladium material under
the influences of thermal radiation and internal heat generation is inves-
tigated. The thermal model for the extended surface made of palladium 
as the fin material is first developed and solved numerically using finite 
difference method. The influences of the thermal model parameters on the 
heat transfer behaviour of the extended surface are investigated. The results 
show that the rate of heat transfer through the fin and the thermal efficiency 
of the fin increase as the thermal conductivity of the fin material increas-
es. This shows that fin is more efficient and effective for a larger value of 
thermal conductivity. However, the thermal conductivity of the fin with 
palladium material is low and constant at the value of approximately 75 W/
mK in a wider temperature range of -100℃ and 227℃ . Also, it is shown 
that the thermal efficiencies of potential materials (except for stainless steel 
and brass) for fins decrease as the fin temperatures increase. This is because 
the thermal conductivities of most of the materials used for fins decreases 
as temperature increases. However, keeping other fin properties and the 
external conditions constant, the thermal efficiency of the palladium is con-
stant as the temperature of the fin increases within the temperature range of 
-100℃ and 227℃ . And outside the given range of temperature, the thermal 
conductivity of the material increases which increases the efficiency of the 
fin. The study will assist in the selection of proper material for the fin and in 
the design of passive heat enhancement devices under different applications 
and conditions.
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1. Introduction

Palladium is a lustrous silvery-white metal that be-
long to platinum group metals (PGMs). Palladium 
is used in electronics, multilayer ceramic capac-

itors, watch making, aircraft spark plugs, metallizing 
ceramics, solar energy, catalytic converter, fuel cells, elec-
trical contacts, surgical instruments, production of ethanol 
fuel, oil refining, hydrogen purification, production of 
purified terephthalic acid, platinotype process, groundwa-

ter treatment, medicine, blood sugar test strips, industrial 
products, chemical applications, dentistry (dental alloys), 
medicine, and jewelry and it is a key component in pollu-
tion-control devices for cars and trucks. 

Over the years, the demands for fins applications for pas-
sive cooling in thermal systems have grown exponentially. 
Fins, as passive devices for cooling and thermal control of 
thermal and electronics equipment. Further augmentation 
of the heat transfer has been achieved through the use of 
porous fins. The importance of such fins in various thermal 
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and electronic equipment aroused various studies [1-23]. Var-
ious key parameters in the porous fin thermal models have 
been used for the improved heat transfer enhancement [2-

6].  Some of the past works have focused on the utilizations 
of the fin geometry as well as the thermo-electro-magnetic 
properties of fin to achieve the optimized heat transfer aug-
mentation of the porous fin [7-14]. In some of the studies, the 
properties of the surrounding fluid around the passive de-
vice have been used to increase the heat dissipating capac-
ity of the fin [15-17]. Additionally, some authors displayed the 
efficacy of some new analytical and numerical methods in 
the thermal analysis of the porous fin [18-23]. Further studies 
on porous fin are presented in [24-47].

In the applications of fin for the heat transfer enhance-
ment, it is established that the thermal conductivities of the 
materials for fins are temperature-dependent as shown in 
Figure 1. Therefore, the effects of the temperature-dependent 
thermal properties on the fin performance have been taken 
into consideration in previous studies. However, as depicted 
in Tables 1, 2 and 3,  the thermal conductivities of the palla-
dium at different temperatures. Even though the Tables pres-
ent different values of thermal conductivity for palladium at 
different temperature, the stability of thermal conductivity 
palladium with temperature can be well established. Also, 
Figure 2 shows that the thermal conductivity of palladium is 
constant at a relatively low temperature. The relatively low 
temperature is the temperature region where the fin operates. 
Therefore, it is very important to analyze the thermal per-
formance of this metal with temperature-invariant thermal 
conductivity. In this work, the thermal analysis of porous fin 
using palladium is analyzed. Parametric studies are carried 
out and the results are discussed. 

Figure 1. Variation of Thermal conductivity with tem-
perature for difference materials

Figure 2. Variation of palladium thermal conductivity 
with temperature 

Table 3.1 Thermal conductivity of Palladium with tem-
perature [48]

S/N Temperature (K) Thermal conductivity (W/mK)
1
2
3
4
5
6
7

100.15
150.15
200.15
250.15
300.15
400.15
500.15

76.0
75.5
75.0
75.0
75.4
75.5
75.7

Table 3.2 Thermal conductivity of Palladium with tem-
perature [50]

S/N Temperature (K) Thermal conductivity (W/mK)
1
2
3
4

100.15
300.15
400.15
500.15

75.1
75.4
75.4
75.7

Table 3.3 Thermal conductivity of Palladium with tem-
perature [49]

S/N Temperature (K) Thermal conductivity (W/mK)
1
2
3

173.15
273.15
373.15

72.0
72.0
73.0

2. Problem Formulation

Consider a longitudinal rectangular fin with pores having 
convective and radiative heat transfer as shown in Figure 
3. In order to derive the thermal model of the porous fin, it 
is assumed that the porous medium is isotropic, homoge-
neous and it is saturated with single-phase fluid. The phys-
ical and thermal properties of the fin and the surrounding 
fluid surface are constant. The temperature varies in the 
fin is only along the length of the fin as shown in the Fig-
ure 3. and there is a perfect contact between the fin base 
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and the prime surface. 

Figure 3. Schematic of the convective-radiative longitudi-
nal porous fin with internal heat generation

From the assumptions and with the aid of Darcy’s mod-
el, the energy balance is  

q q dx q T dx mc T T

+ − + − +

x x p a

hP T T dx P T T dx q T A dx

− + + = −

( ) ( )
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The fluid flows through the pores at the rate of mass 
flow given as 

( )m u x Wdxρ=  (2)

Also, the fluid velocity is given as

( )( ) a
gKu x T T

v
β

= −  (3)

Then, Equ. (1) becomes
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As dx→0, Eq. (3.5) reduces 
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Applying Fourier’s law for the heat conduction in the 
solid, one has

eff cr
dTq k A
dx

= −  (6)

where the effective thermal conductivity of the fin is 
given as

(1 )eff f sk k kφ φ= + −  (7)

According to Roseland diffusion approximation, the 
rate of radiation heat transfer is 

44
3

cr

R

A dTq
dx

σ
β

= −  (8)

From Eqs. (6) and (8), the total rate of heat transfer is 
given by 

44
3

cr
eff cr

R

AdT dTq k A
dx dx

σ
β

= − −  (9) 

Substitution of Eq. (9) into Eq. (6) leads to
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Expansion of the first term in Eq. (10), provides the 
governing equation for the required heat transfer  

− − − − − =

d T d dT
dx k dx dx k tv

2 4

k t k t

2

eff eff

h

+ − −

( ) ( ) ( ) 0

3
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 (11)

The boundary conditions are

0, 0,dTx
dx

= =  , bx L T T= =  (12b)

The internal heat general varies linearly with tempera-
ture as 

( )( )int.( ) 1a aq T q T Tλ= + −  (13)           

When Eq. (13) is substituted into Eq. (11), one e arrives at
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The term T4 can be expressed as a linear function of 
temperature as

( ) ( )24 4 3 2 3 44 6 ... 4 3T T T T T T T T T T T∞ ∞ ∞ ∞ ∞ ∞ ∞= + − + − + ≅ −

 (15)

Substitution of Eq. (15) into Eq. (14), results in 
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Applying the following adimensional parameters in Eq. 
(17) to Eq. (16), 
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One arrives at the adimensional form of the governing 
Eq. (16) as presented in Eq. (18), 

( ) ( )
2

2 2
21 4 1 0h

dRd S M Nr Q
dX
θ θ θ θ γθ+ − − − + + =  

 (18)

and the adimensional boundary conditions

0, 0dX
dX
θ

= =  (19a)

1, 1X θ= =  (19b)

3. Numerical Solution of the Thermal Model 
using Finite Difference Method

The numerical analysis of the nonlinear thermal model 
using finite difference method is presented in this section. 
The governing Eq. (18) and also, the boundary conditions 
in Eq. (19) are discretized as shown in Figure 4, Eqs. (20) 
and (22).

Figure 4. Nodal representation for finite difference meth-
od
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From Eq. (20), the final algebraic form of the finite dif-
ference equation becomes
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The finite difference discretization of the boundary 
conditions is 

2 0
2 01, 0

2
i

X
θ θ θ θ−

= = ⇒ =
∆

 (22a)

, 1Ni N θ= =  (22b)

From the above finite difference scheme in Eqs. (21) 
and (22), a set of 50 non-linear algebraic equations are 
developed. These systems of the non-linear equations are 
solved simultaneously with the aid of MATLAB using 
fsolve. 

In order to investigate the impact of the constant ther-
mal conductivity (temperature-invariant thermal conduc-
tivity), a variable thermal conductivity is introduced as

( )( )1a ak k T Tψ= + −  (23)
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The dimensionless thermal model becomes 

(
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where

( )b aT Tβ ψ= −  (25)

The finite difference discretization of Eq. (24) is
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After simplification, we have 
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The finite difference discretization of the boundary 
conditions is 

2 0
2 01, 0

2
i

X
θ θ θ θ−

= = ⇒ =
∆

 (28a)

, 1Ni N θ= =  (28b)

Also, a set of 50 non-linear algebraic equations are de-
veloped from Eq. (27) and (28). As before, these systems 
of the non-linear equations are solved simultaneously with 
the aid of MATLAB using fsolve. 

It should be noted that when 0β =  in Eq. (27), Eq. 
(21) is recovered as well the results of the temperature-in-
variant thermal conductivity,

4. Heat Flux and Efficiency Models of the Fin

The fin base heat flux is given by

( )bn c
dTq A k T
dx

=  (29)

Using the dimensionless parameters in Eq. (17), at the 
base of the fin, the dimensionless heat transfer rate is de-

veloped as
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The finite difference discretization is given by

1i i
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X
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  (31)

The total heat flux of the fin is given by

)( bc

b
T TThA

q
q

−
=  (32)

After substitution of Eq. (29) and using the dimension-
less parameters in Eq. (17), one arrives at

1 1
T

k d dq
Bi h dX Bi dX

θ θ
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The finite difference discretization is given by

11 i i
Tq

Bi X
θ θ+ − =  ∆ 

 (34)

The fin efficiency is the ratio of the rate of heat transfer 
rate by the fin to the rate of heat transfer that would be if 
the entire fin were at the base temperature and is given by

η = =
Q Ph L T T
Q
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f
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L
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b b
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−

−
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Applying the dimensionless parameters in Eq. (17) to 
Eq. (35), the fin efficiency in dimensionless variables is 
given by

 η θ= ∫
1

0

dX   (36)

After finite difference discretization, we have is 

1

N

i
i

η θ
=

=∑  (37)

5. Results and Discussion

The numerical solutions are coded in MATLAB and the 
parametric and sensitivity analyses are carried out using 
the codes. 
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Figure 5. Dimensionless temperature distribution in the 
fin parameters for varying thermo-geometric parameter 

when Sh,= 0.2,M=0.4

Because of the temperature-invariant of thermal con-
ductivity of the material (palladium) under consideration, 
effect of thermal conductivity parameters on the dimen-
sionless temperature distribution are first study as present-
ed in Figures 5 and 6. It is established that as the thermal 
conductivity parameter ( )β  increases, the adimensionas 
temperature distribution in the fin increases which results 
in increase in the local temperature. A situation where 

0β = implies constant or temperature-invariant thermal 
conductivity as in the material (palladium) under consid-
eration. This situation provides the lowest temperature 
distribution in the fin.It is shown that the temperature 
profile has steepest temperature gradient at the lower val-
ue of thermal conductivity especially when the thermal 
conductivity parameter 0β = . The higher the values of 
the thermal conductivity, the lower temperature difference 
between the base and the tip of the fin. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.9

0.91

0.92

0.93

0.94

0.95

0.96

0.97

0.98

0.99

1

D
im

en
si

on
le

ss
 te

m
pe

ra
tu

re
, θ

 

Dimensionless lenght, X

β = 0.0
β = 0.3
β = 0.6
β = 0.9
β = 1.2

Figure 6. Dimensionless temperature distribution in the 
fin parameters for varying thermo-geometric parameter 

when Sh,= 0.1,M=0.4
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Figure 7. Dimensionless temperature distribution in the 
fin parameters for varying thermo-geometric parameter 

for constant thermal conductivity
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Figure 8. Effects of porous parameter on the temperature 
distribution in the fin parameters for constant thermal 

conductivity

The small value of the temperature difference between 
the base and the tip of the fin is attributed to lower ther-
mal resistance offered by the material.Also, it should be 
noted that the temperature difference becomes more pro-
nounced as the thermo-geometric parametric increases. 
From the Figure 1, except for stainless steel and brass, 
the thermal conductivities of most of the materials used 
for fins decreases as temperature increases. Therefore, the 
thermal efficiencies of these materials for the fins decrease 
as the fin temperatures increase.However, keeping other 
fin properties and the external conditions constant, the 
thermal efficiency of the palladium is constant as the tem-
perature of the fin increases within the temperature range 
of -100oC and 227oC. The is due the temperature-invariant 
thermal conductivity of palladium.
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Figure 9. Effects of thermal conductivity and porosity on 
heat flux when M=0.5, Nr=0.2
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Figure 10. Effects of thermal conductivity and porosity 
on heat flux when M=2, Nr=0.3
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Figure 11. Effects of thermal conductivity and porosity on 
heat flux when M=2.5, Nr=0.4
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Figure 12. Effects of thermal conductivity and conduc-
tive-convective parameter on the fin efficiency when 

M=2, N=0.2, S=0.5

The impact of porous parameter on the adimensional 
temperature is presented in Figures 7 and 8. It is shown in 
the figures that when the porosity parameter increases, the 
adimensional fin temperature decreases and the heat trans-
fer rate through the fin increases.

Figures 9, 10 and 11 show the effects of tempera-
ture-dependent thermal conductivity parameter on the 
adimensional heat transfer rate at the base of the fin at dif-
ferent radiation parameters.

Figure 12 shows that increase in the thermal conductiv-
ity parameter, the heat transfer rate through the fin and the 
thermal efficiency of the fin increase.Fin is more efficient 
and effective for larger value of thermal conductivity. This 
trend was also depicted in Figure 13.
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Figure 13. Effect of internal heat generation on the fin 
efficiency when Sh=0.5, Nr=0.2, γ=0.8

5. Conclusion

The thermal performance of fin made of palladium mate-
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rial under the influences of internal transfer mechanisms 
such as thermal radiation and temperature-dependent in-
ternal heat generation has been analyzed in this work. The 
developed thermal model for the extended surface made 
of palladium as the fin material was solved numerically 
with the aid of finite difference method. Effects of various 
parameters on the heat transfer model of the extended sur-
face are investigated and the following are established:

(1) The results showed that the heat transfer rate 
through the fin and the thermal efficiency of the fin in-
crease as the thermal conductivity of the fin material in-
creases. 

(2) This shows that fin is more efficient and effective 
for larger value of thermal conductivity.

(3) The thermal efficiencies of most materials (except 
for stainless steel and brass) for fins decrease as the fin 
temperatures increase. 

(4) Keeping other fin properties and the external con-
ditions constant, the thermal efficiency of the palladium 
is constant as the temperature of the fin increases within 
the temperature range of -100oC and 227oC. And outside 
the given range of temperature, the thermal conductivity 
of the material increases which increases the efficiency of 
the fin.

The selecting of proper material for the fin and in the 
design of passive heat enhancement go a long way in 
enhancing the heat transfer in thermal and electronic sys-
tems. Therefore, the present study will greatly help in this 
area of heat transfer augmentation in such systems.

Nomenclature

A　Section Area of the fin
g　Gravity constant 
k　The parameter describing the thermal conductivity 

variation.　 ( )1 1Wm K− −

h　Convective heat transfer coefficient

L　Length of the fin　 ( )m

pc 　Specific heat 　 ( )1 1J kg K− −

wv 　Velocity of fluid passing through the fin　 ( )1m s−

pS 　Porosity parameter

rN 　Radiation parameter

TC 　Dimensionless ratio of ambient to difference be-

tween wall and ambient temp.　
b

T
T T

∞

∞−

W 　Width of section fin　 ( )m

t　Thickness of section fin　 ( )m

m 　Mass flow rate　 ( )1kg s−  

g　Acceleration due to gravity　 ( )29.81 m s−

T 　Local fin temperature　 ( )K

bT 　Fin base temperature　 ( )K

T∞　Ambient or surrounding temperature　 ( )K

x　Axial coordinate　 ( )m
X 　Dimensionless axial coordinate

Greek symbols

θ　Dimensionless temperature

σ 　Stephen-boltzman constant　 ( )8 2 1 45.67 10 Wm s K− − −×

ε 　Emissivity of porous fin

ν 　Kinematic viscosity　 ( )2 1m s−

ρ 　Density　 ( )3kg m−

Subscript 

b　Condition at the fin base 
∞　Condition of the ambient temperature
p　Porous property
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