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One-dimensional steady-state heat transfer in fins of different profiles is studied. The problem considered satisfies the Dirichlet
boundary conditions at one end and the Neumann boundary conditions at the other. The thermal conductivity and heat coeflicients
are assumed to be temperature dependent, which makes the resulting differential equation highly nonlinear. Classical Lie point
symmetry methods are employed, and some reductions are performed. Some invariant solutions are constructed. The effects of

thermogeometric fin parameter, the exponent on temperature, and the fin efficiency are studied.

1. Introduction

Heat transfer through extended surfaces has been studied
quite extensively [1], perhaps because of its frequent applica-
tions in engineering. Through the process of mathematical
modeling, heat transfer problems are reduced to nonlinear
differential equations.

Accurate and efficient exact, analytical, and approximate
schemes for solving differential equations have been devised
through considerable effort, particularly those arising in
heat conduction through one-dimensional fin problems (see,
e.g., [2-8]). The obtained solutions include series solutions
[3, 4, 7], homotopy methods [2], and differential trans-
formation methods (approximate analytical methods) [9].
Few exact solutions exist for one-dimensional problems. In
fact, the existing solutions are constructed only for constant
thermal conductivity and heat transfer coefficient. Recently,
Moitsheki et al. [10] constructed the exact solutions of
the one-dimensional fin problem given nonlinear thermal
conductivity and heat transfer coeflicient. This work has been
extended in [11] whereby the introduction of the Kirchhoft
transformation linearized the one-dimensional fin problem

when heat transfer is a differential consequence of thermal
conductivity.

Symmetry methods have been used to analyze the one-
dimensional fin problems with heat transfer coefficient
depending on the spatial variable [12-16]. However, these
analyses excluded real-world applications. In recent years,
many authors have been interested in the steady-state prob-
lems [2-4,10] describing heat flow in one-dimensional longi-
tudinal rectangular fins. The symmetry analysis, in particular,
group classification of the unsteady fin problem, has attracted
some interests (see, e.g., [12-16]). Recently, Moitsheki and
Harley [17] considered fins of various profiles with both heat
transfer coefficient and thermal conductivity being given as
temperature dependent. An analysis of a steady nonlinear
one-dimensional fin of a rectangular profile was given by
Moitsheki and Mhlongo [18].

An accurate transient analysis provided insight into the
design of fins that failed in steady-state operations but worked
well for some operating periods [19]. The transient problem
is considered for a fin of arbitrary profile in [20]. However,
both thermal conductivity and heat transfer are considered to
be constants. Transient response of longitudinal rectangular
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FIGURE 1: Schematic representation of a longitudinal fin of an
arbitrary profile.

fins to step change in base temperature and in base heat flow
conditions was studied by Mhlongo et al. [21].

In this paper, we determine exact solutions of nonlinear
fin problem for steady heat transfer in longitudinal fin of
various profiles where the thermal conductivity is related to
temperature by a power law. In Section 2, we provide the
mathematical formulation of the problem. We determine the
exact solution using MAPLE in Section 3. A brief description
of symmetry analysis is provided in Section 4. In Section 5,
we employ the symmetry techniques to determine, wherever
possible, the invariant solutions. Some discussions and con-
cluding remarks are given in Sections 6 and 7, respectively.

2. Mathematical Models

We consider a longitudinal one-dimensional fin with a cross-
sectional area A_ as shown in Figure 1. The perimeter of the
fin is denoted by P and the length of fin by L. The fin is
attached to a fixed base surface of temperature T;, and extends
into a fluid of temperature T,. The fin profile is given by the
function F(X) and the fin thickness at the base is §;,.

The energy balance for a longitudinal fin is given by

d

AL
“dX

5
<F(X)K(T) Z—Q = ?bPH (M) (T -T,), 0

0<X<IL,

where K and H are the nonuniform thermal conductivity and
heat transfer coeflicient depending on the temperature, T is
the temperature distribution, F(X) is the fin profile, t is time,
and X is the spatial variable. The fin length is measured from
the tip to the base. The prescribed boundary conditions are
given by (see, e.g., [1])

dr

TW=T, =0 @)
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Introducing the dimensionless variables and the dimen-
sionless numbers,

Ph,1*
XZE, k:E, h:ﬂ) MZZL’
L k, h, Ak,
T-T )
[ —
Tb_Ta

reduce (1) to
d oy .
E(f(x)k(e)a)—Mh(G)G, 0<x<1. (4

The dimensionless boundary conditions are given by

do

6(1)=1, —
(1) Ix

= 0. 5)

x=0

Here, M is the thermogeometric fin parameter and § is
the fin thickness, 0 is the dimensionless temperature, x is the
dimensionless spatial variable, f(x) is the dimensionless fin
profile, k is the dimensionless thermal conductivity, k, is the
thermal conductivity of the fin at the ambient temperature,
h is the dimensionless heat transfer coefficient, and h;, is the
heat transfer coefficient at the fin base. For most industrial
applications, the heat transfer coefficient may be given as the
power law [22]:

T-T \"
) ©)

H(T) = hb<Tb T
where the exponents #n and h;, are constants. The constant
n may vary between —6.6 and 5. However, in most practical
applications, it lies between —3 and 3 [22]. If the heat transfer
coeflicient is given by (6), then the hypothetical boundary
condition (i.e., insulation) at the tip of the fin is taken into
account [22]. If the tip is not assumed to be insulated, then
the problem becomes overdetermined (see also [23]). This
boundary condition is realized for sufficiently long fins [22].
Besides, the heat transfer through the outermost edge of the
fin is negligible compared to that which passes through the
side [23]. The exponent n represents laminar film boiling or
condensation when n = —1/4, laminar natural convection
when n = 1/4, turbulent natural convection when n = 1/3,
nucleate boiling when n = 2, and radiation when n =
4, and n = 0 implies a constant heat transfer coefficient.
Exact solutions may be constructed for the steady-state one-
dimensional differential equation describing temperature
distribution in a straight fin when the thermal conductivity
isa constant and n = -1, 0, 1, and 2 [22].

The thermal conductivity of the fin may be assumed to
vary nonlinearly with the temperature; that is,

T-T, >’"
Tb_Ta '

K(T) = ka( %)

The one-dimensional heat balance equation is then given by

di [f(x)emj—e] =M™, 0<x<1. (8)
X X
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Recently, (8) has been analyzed using the differential
transform methods (DTM) [9]. A proposition in the work
of Ndlovu and Moitsheki in [9] concluded that f(x), in
equations such as (8), needs to be given by an exponential or
power law with exponent being strictly 0.5 for DTM to work
successfully. Here, we employ basic integration and Lie point
symmetry techniques.

2.1. Fin Efficiency. The heat transfer rate from a fin is given
by Newton’s second law of cooling:

L
Q- J PH (T) (T - T,) dX. ©)
0

Fin efficiency is defined as the ratio of the fin heat transfer
rate to the rate that would be if the entire fin was at the base
temperature and it is given by (see, e.g., [1])

Q  JyPH(D)(T-T,)dX

Qideal Pth (Tb - Tu)
In dimensionless variables, we have
1
n= J 0" dx. (11)
0

2.2. Heat Flux. Heat flux at the base of the fin is given by
Fourier’s law:

daT
=A K(T)—. 12
qp = AK(T) X (12)
The total heat flux of the fin is given by [1]
_ v
1 AHD(T-T,) )
In dimensionless variables, we have
1 k(6) do
= 14
1% Bih(6) dx (14)

where the dimensionless parameter Bi = h,L/k, is the Biot
number.
3. Exact Solutions

In this section, we analyze the governing equation (8), given
m = n. In this case, (8) is linearizable by a transformation
y = 0", Under such a transformation, (8) becomes

d dy 2

a4 2l om+1) My =0, 1

o [f(x)dx] (n+1)M°y =0 (15)
and the boundary conditions transform to

y)=1,  y'(0)=0. (16)

Equation (15) is analyzed for various situations in the next
sections and all the solutions in illustrative examples satisfy
both the Dirichlet and the Neumann boundary conditions.
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FIGURE 2: Temperature distribution for the profile f(x) = Vx +1
given in (18) in a fin with varying values of M.

3.1. Case: n>—1 with m=n+—1. As an illustration, we use
two examples, and the rest of the exact solutions are listed in
Tables 1 and 2.

Example 1. Given f(x) = Vx + 1, (15) becomes
(x+1)y”+y’—(n+1)M2\/x+ =0, 17)

with solution

0

— 1/4 x+ 1\ Y L 1/(n+1)
_[(x+1) ]1/3(/3< 3 ) @) Y -1 ,

(18)
where f = (4Mivn+1)/3 andy = V8, with i = V-1.

Consider the following:

vl (ym (g) +2Y,, (,B)M\/m) Ji3 (BY)

2
x (‘]1/3 (B) Yys (By) + 2Yy3 (By) Jas3 (B) MVn+1

+Y1/5 (B) Jiy3 (BY)=2J1/3 (By) Yay3 (B) MVt 1)
(19)

-1

The efficiency is given by

- Ll [(x + 1) (ﬁ(xTH)3/4>

~v-1)]ax

(o®
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TABLE I: Solution forn > -1 withm =n+ — 1.
f(x) Parameter Solution
. . - . - [(n+1)
a a arbitrar IMAn+ 1x!~ @2 IMVF Ik~ @\ 1!
X Y 0= x| e )+ xRy [ e
a+2 a-2 a-2
1(n+1)
x* a=0 0= [cl sin(iM n+1x)+czcos(iM\/n+1x)] o
i 1 iy [ AMyE T ey [ 4MynE TN
x a=3 0=|cax""]; — +6x Y 3 — 5
a . . 1/(n+1)
X a=1 0= [cl]o (zZM\/(n + l)x) +6Y, (12M\/(n + l)x)]
1/(n+1
X° a=2 0= [Cle(u/zn(l/z)) 1+4M%(n+1) +czx7((1/2)7(1/2)) 1+4M2(n+1) [+ D
1/(n+1
. 0 al, (iZM\/(n + 1)/x) +qY, (iZM\/(n + 1)/x) feren
X a=3 =
x
. 7, (ax/2) . 7 - (ax/2) \ 1Y+ D)
eax a 7&0 9 _ |:Cle_(ax/2)]1 <12M n+le ) " cze_(ax/z)Yl (12M n+le >}
a a
1
0"*! = HeunG (2,— n+1)M%0,1, =, 1,sinx + 1) + 1-sinx)**
L 1 (n+ 1) : = <1 o )
1/4
X [cz(l +V1-— coszx) / ] HeunG (2,—(n+ DM*+ =, =,2, 2, 1,sinx + 1)
] 4°2 22
0"*' = ¢ HeunG (2,—(n+ 1)M?,0,1,=,1,cos x + 1) + (1 - cos x)3/4
cos x 1 1/4 2 sinSx 133
X [cz(l + V1 - sinzx) HeunG (2, —(n+ l)M2 + -, =, =, =, I,sinx + 1)
4 2 2 2
TABLE 2: Modified general solution for f(2) where ' = x+ 1, n>-l,andm =n# — L.
() Parameter Solution
. _ _ [(n+1)
a a arbitrar 2M~n+ 1212 DMV 1L @\ 1!
A Y 0=1a" 4 w2 )y TP a-a e
a+2 a-2 a-2
1/( 1
° a=0 0=[clsin(iM\/n+1&”)+czcos(iM\/n+lﬁl”)]/n+)
. . /(n+1)
1 AM~Nn 12 aMn 127\
x° a=> 0= [61&”1/411/3 <7I n3 +o MY, pyvny L n3
1/(n+1
- a=1 6 = [, (2M\n+ D) + &Y, (i2M G+ DZ)] "
1/(n+1
q a=2 6= [CI%—((1/2)+(1/2)) 1+4M2(n+1) +Q=%_((1/2)_(1/2)) 1+4M2(n+1) fre )
1/(n+1
o , o[k (2M\1+ DIT) + oY, (i2Myn+ 7)) 17"
a= =
X
. _ . _ [(n+1)
, , M+ T @2/ ; M ¥ Te @\
il a+0 0= [cle'(”/z)h (—l nroe toe @Ry (BRI E
a a
"' = ¢ HeunG (2, —-n+1)M?0,1,=,1,sinZ + 1) + (1-sin2)**
sin . %7133
1/4
X 1+ V1-costd HeunG (2,-(n+ 1)M*+ =, =, =, =, L,sinZ + 1
@ 42 2 2
1
0"+ = ¢ HeunG (2, —-n+1)M?0,1, > 1,cos X + 1) + (1-cos)**
cos X

sin
1/4 5133
X [cz(l + V1 —sinzfl") ]HeunG(Z,—(n+ I)M2 + i,i,i,i,l,sin&’+ 1)

The temperature distribution along the surface for this profile
is depicted in Figures 2 and 3. The fin efficiency as function
of the thermogeometric parameter is shown in Figure 4.

Example 2. Incaseof f(x) = (x+ 1)%, then (15) is transformed
into

(x+1°y" +3x+1)%y —(n+1)M*> =0 (21)

which is solved by Bessel functions, and the solution in terms
of original variables is

1/(n+1)

S

(22)

9:|: ]2(06/\/96+1)] ~ Yz(cx/\/x+1) g
Lo (a/V2) (x+1) Y, (a/V2)(x+1)
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TABLE 3: Solution forn < -1 withm =n# — 1.

f(x) Parameter Solution
a a arbitrary A-a)f2 M~ T 1x!~@? (a2 DM T Ixl - @2\ /0D
x ai2 0=¢x Ja-aja-2 T R Yo-aya-2) T a2
x7 a=0 0= [c1 sin(M n+1x)+czcos(M\/n+ lx)]l/(nﬂ)
1 AMVn ¥ 1 AMAa T 1\
x* a=- 0= [c1x1/4]1/3 (f +o,x''Y —
a 1/(n+1)
X a=1 = [cl]o (ZM\/(n + l)x) +6Y, (2M\/(71+ l)x)]
X° a=2 0= [Cle(u/zn(l/z)) 1-4M%(n+1) +czx7((1/2)7(1/2)) 1-4M2(n+1) Heren
1/0i+1)
. _, 0 al, (ZM\/(n + 1)/x) +qY, (2M\/(1’l+ 1)/x) !
x a= = "
/ —(ax/2) = —(ax/2) 1/(n+1)
e™ a+0 0= [cle_(“x/z)jl (M) + (‘Qe—(ax/Z)Y1 (M)]
a a
1 1
ot =c HeunG(z, n+1)M*0,1, =, 1,sinx + 1) + 1-sinx)**
sin x 1 ( ) 2 @1( 33 )
[ (1+\/1—cos2 ) ]HeunG( (n+1)M2+Z 235 , 1, s1nx+1)
1
gt = ¢ HeunG (2, (n+1)M?0,1,-,1,cos x + 1) + (1 - cos x)3/4
2 sin x
COS X 1/4 5133
X 1+ V1 -sin’x HeunG(2,(n+ D)M*+ =, =, =, =, 1,sinx + 1
o 227
TABLE 4: Modified solution for f(2) where ' =x+1,n<-l,andm=n+ — 1.
() Parameter Solution
P a arbitrary (1-a)2 2M~Nn+ 12172 (-a)2 2M~n+ 122 ey
aia 0=l Jocapa-\ =5 |ta¥ Yo-apa-\ =05
° a=0 6=[clsin(M\/n+1&”)+Qcos(M\/n+15:2")]1/(”+l)
3/4 3/4 1/(n+1)
s . o< [ %1,4]1/3 <4M\/n+ 1 ) @x1/4Y1,3<4M\/”+ 1 >
2 3
- a=1 6 = [cJy M1+ DX) + oY, My + 0Z)] """
e a=2 0= [51%‘_ (1/2) +(1/2)\1 - 4M2(n + 1) +Q<El”_((1/2 —(1/2))\1-4M2(n+1) Ve n
1/(+1)
e . ook (M +D/Z) + .Y, (2M\n+1)/T)
‘- - b3
ST e @2/ S e @22\ 1Y/ D
e’ﬂ a+0 0= [Cle_(“z/z)]l <M) + cze—(aﬁ”/l)yl <M)]
a a
"' = ¢ HeunG (2, (n+1)M?*0,1,-,1,sin L + 1) + (1-sin2)**
. 2 cos
sin &’
1
[c2 1+\/1—coszfl" ]HeunG(Z (n+1)M Z 5,%,%,1,sin5[+1)
"' = ¢ HeunG (2 (n+1)M*0,1, = ! ,1,cos T + 1) ! (1 - cos X)*/*
sin 2’
cos T " 5133
X [cz(l + V1 - sinzf:l”) ]HeunG (2 (n+ 1M+ Z 3375 1,sin X + 1)
where o = 2Mivn + 1 and The efficiency is given by
Jl[ ]z(oc/\/x+1)] Yz(cx/\/x+1) u 2):|d
=2Y, (« alV2 = - - X
. (@) ] (/V2) R T (e V2) et 1) Y, (a/V2) G 1)
Y, (a/V2) Iy (@) = ], (a/V2) Y, (@) (24)
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TABLE 5: Solution for m = n = —1.
f(x) Parameter Solution
X° a arblt;ary 0=ce (' @-2)ey + (a - DM D /(@ - D(a-2))
a+
2
xa a=0 0= Clel/Zx(Zcz +M*x)
1 2
x4 a= E 0= C162/3\/§(362 +M*x)
2
x* a=1 0 = ceM*x2
2
“ a=2 0 = ¢, xM e
4 a=3 9= Cle—l/z ((c3 +2M%x) /%)
2
& a0 9= Cle-((e*“[ucz+(u+1)(1+1e”‘)’M *x])/a?)
2
Ix 1M x
sin x 9 =q |: i - ;elx :| eIszolylogz(feb‘)7IM2polylog2(eIX)7262arg tanh(elx)
+ Ie
2
I M°x
oS X 9 =q [ 1 - ;eI: :| eI[Mzdilog(1+Ielx)fM2dilog(1+IeIx)fzczarctan(elx)]
+ Ie
Inx 0 = Cle—[Minl(—21nx)+c2Eil(—lnx)]
TABLE 6: Modified general solution for f(2) where = x+landm =n=-1.
() Parameter Solution
x° @ arbitrary 0 = e @' " l6-Dara-DMTD/(@-Dia-2)
a+2
2
DA a=0 0= 6181/2%(2c2+M 2)
¢ a= 1 0= Clez/sﬁwcz + M)
2
2 g
° a=1 0=ceMrye
2
x° a=2 0= IMe @D
2 2
X a=3 0= Cle—uz ((q+2M22)/2%)
ot (e [ac, +(a+1)(1+Iemf)7]\/[22.5[])/::.2
e a+0 0=ce 2
2
1 ML . ;
. _ 1-1Ie IM2p01y10g2(7eI“~[)fIM2polylogz(el‘l)fzczarg tanh(e'X)
sin & 9 =q W e
+ Ie
2
19 (M2
cos & 0= 1[ 1 - ;elg :| eI[Mzdilog(1+IeI‘(l)—M2dilog(1+IeI‘T)—2c2arctan(eI‘Er)]
+ Ie
~[M?Eij (=210 2)+¢, Eiy (- In )]
InZ 0=ce ! 2

The temperature distribution along the surface for this
profile is depicted in Figures 5 and 6. The fin efficiency as
function of the thermogeometric fin parameter is shown in
Figure 7.

3.2. Case: n<—1 with m=n. We will use two examples as
in the previous case; the rest of the solutions are listed in
Tables 3 and 4.

Example 3. Starting with f(x) = x%, (15) in its changed form
will be

Yy +2xy + ()M =0 (25)
with solution
0= x(l/Z(n+1))(\/1—4(n+1)M2—1). (26)

The efficiency is given by

1
7= J LD DM-1) g
0
(27)
2

Vi-dm+ ) M?+1+2n

Vx+1 as the second

Example 4. We consider f(x) =
example. This transforms (15) into

x+1)y" +y +(m+ )M Vx+1=0 (28)

1/(n+1)
Y- 1)] ,

(29)

with solution

I P e AR Y G
0_[(x+1) ]1/3([3( 2 > ]1/3(ﬂ)
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TABLE 7: Symmetries for m = n = -1, f(x) =

f(x) Symmetries
0 0 0 0
1 X =55 X :2xza+(21n9+x2M2)9% Xy=xo—+x MZH%
X, =2(x*M* -21In e)x3 + (o M* - 41n20)6% X, =(2Iln6- szZ)G@
0 0 0
X = (3x*M* - 21 —2M4— X, =- =
6 = (3x n6)— +2x 966 . 686 669
X, = —ea%,xz = —4xﬁ3 - (gsz2 = 2\/}1n9)9% X, = xaa + x\/xM Ga%
N ( 2) a ( 2, 2) , .0 (BvxIn@ -2x*M?) 0
In6 - x’M Ino-= M ) M*60— X :—9—
V¥l x ox x; 36 36 5 3vx 36
- 5 :2\f9£ 5 ng(éxx/}Mz—lne)xa3
X, =~ = M0 - (SInt0 - St M 1n6) 6= *
7T T xkox V80 7 \2 9" i ’“F "Y) %%
X, = —lenxi + (xM? - xIn xM? —lnG)Glnx% X, = xlnxa3 +xlan29§6
X
x =(In6- xMz)xaaax +(In® - M?x) xGMZ% X, = —x% - xMZG%
Xs=-0—,X,=0lnx—,
> 686 6 anaﬂ 5 st—(lne—xMz)xlnxa2
X, =(In6 - xMz)G— (ln29+ln61an2x 2xInOM* - X*M* In x + x* M4)69 x
0 0 In@-InxM>-M"\ , 0 0 0
X, =—x—,X,=—— 60— X, = -x"— - xOM* —
o LT e 8x+< x )aa 3TN0 T 58
X, = x*(InxM?* - lne)a2 + x0(In xM* —ln0)Mza3 X, =(n6- M lnx)G%
X X
0 20 6 0 0
X6:xz(Mz—lnx—lnG)a+0(ln9—M21nx) 3 X7:—;£, s:_6£
0 0 o e 9 xOM* 9 0 0
X=X = o T a5 Xp= 5+ DM o
1 0 - 2 0 e*Inf+(ax+1)M*\ 0
o 5= e oy + (d’e lnx+M)986 < oy 686
ae®™ In6 + xM> 0 , (@™ 1n6 + xM* 0
X7 = a? )6$+X6M ( a’e™ 9% X. = ae™1n 0 + xM* 92
_'_<61362“"ln20+t12xe“”M2 In6 + ae™* M* ln0+xM4)62 8- ae™ 0x
ae™ 00

where 8 = 4M+/n + 1/3 and y = /8. Consider the following:

Y = % (Yl/3 (‘S) +2Y,, (ﬁ)M\/m) Jis3 (By)

X (—]1/3 (B) Y13 (By) +2Yy5 (BY) Juy3 (B) MVn + 1

FY15(BTs(BY) = 2715 (BY) Vs (BIM VA + 1)
(30)

The efficiency is given by

"= jol [(x+ DY, (ﬁ( )3/4>
x( Y )—Y—1>]dx.

T3 (B

x+1

2
(3D

3.3. Case: m=n=—1. The governing equation (8) becomes

[f( )6 de] M. (32)
After simpliﬁcation, (32) becomes
do Mx +¢ ]
— = | ———|dx. (33)
o7

The solutions to (33) for various f(x) are given in Table 9.

Example 5. f(x) = x° is considered as an example, and the
solution is

0= eMz(lf(l/x)) (34)
and satisfying boundary conditions
do
= 1 _—= 35
6(1) =1, ;lir})dx 0. (35)
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TABLE 8: Symmetries for m#n, n# — 1 and various f(x).

Fin profile (parameter a) Parameter n Symmetries
S = 0 0
Arbitrary n arbitrary X, = X0 :__i y@
Rectangular n arbitrary X, = %, X, = aax - _ZMQ%
Dy 2 ¥
a=0 n=-3m-4 PTox’ TP ox 20y
1 0 0
X, = —— |[2(m+ 1) x— —0—
3 m+1[ (m + )xax ay]
Convex parabolic n arbitrary X, = 3 (mm+ D [Zx% - 39%]
0 0
g:l n=-4m-5 X1—4X\/§$+2\/}y@,
’ PRI )
z 0x Syay
Triangular n arbitrar - [(n m)x2 - 92]
§ Y "Uom+l 0 dy
o 0
a=1 m=-1 X xaf@’
X, =02- lnx)x% + lnxa—
Concave parabolic n arbitrary X, = —Zxa3
X
0o yo 0
=2 =-m-2 =— -2 X, =
“ neom 'Tox xoy “ox
. . 0
Cubic n arbitrary X, =-2x—
0x
s 19,y _xd 2
a=3 2 'To2x0ox  x209y’ "% 20x 50y
f (X) — eax
Exponential n arbitrar X, = mn m-n)——a 3
p Y Y am+1) ax 7%
_eho0 &m0
a arbitrary n=-2m-3 '"@2ox a yay’
_19 yo
> adx 30y
The corresponding fin efficiency is given by which yields
1 2 2 2
n = J MA-0/0) g (36) .o \/Cly (mz+ HM ro (39)
0 G

Other exact solutions are listed in Tables 5, 6, and 7.

3.4. Case:m+n

Example 6. We consider f(x) = 1 andn = —3m — 4 and let
y = 0™, which transforms the governing equation (8) into

Y =(m+1) My~ (37)

By direct integration using Polyanin and Zaitsev [24], we get

2, 9% -2 M2\
x=J< Yy (rzz+) ) dyte, (9)
2y

Using the boundary conditions (16), we get the solution

(1/2) [1+ VT=4(m+ DM x> +2(m+ 1) M
1+I—4(m+1)M? '

(40)
In terms of the original variables, we have
1 2
6= [5[1 +\l—4(m+ I)MZ] x> +2(m+ 1) M
(41)

1/2(m+1)

X <1+ \1-4(m+ 1)M2)_1]
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TABLE 9: Modified symmetries for f(2) where ¥ = x+ landm#n, n# — 1.

Fin profile (parameter a) Parameter n Symmetries
f&=a° 5 5
Arbitrary n arbitrary X, =2 =t :__:1 ya
Rectangular n arbitrary X, = %, X, = SX% - _zmﬂ%
o2 0 yo
a=0 n=-3m-4 V7 ox” 7 ox 28)/’
X, = — [—z(m+1)sr3 —63]
T m+1 ox Oy
Convex parabolic n arbitrar X, =2 [25&" 9 _ 362}
p Y YT 3m+1) ox %
1 X, = 4TVT L + 2Ty 2,
a—z n=-4m->5 ag aay
3
X,= 27— - 2y—
’ Ox Syay
Triangular n arbitrary L= mr:l_ N [(n -m)X % - 9%]
0o 0
a=1 m= -1 Xl:_%$+@’
X, = (2—lnu°l')5l"i +ln5l"3
0x dy
Concave parabolic n arbitrary X, =2 83
X
0 y o 0
=2 =—-m-2 = - = X, =—
“ e ox oy’ ‘%ax
Cubic n arbitrary X, =22 o
X
a=3 po M3 1o,y L9 yO
- 2 ' o2%0x 229y’ "? 20x 50y
f(z) _ ea.ﬁ‘l’
Exponential n arbitrar X, = m (m-n)——a 3
p ¥ 1T amt 1) ax Yoy
x, 29002 &3
a arbitrary n=-2m-3 '"@ox a yay’
x,-19 _ro
> adx 30y

The corresponding fin efficiency is given by

= 1|

[1+V1-4(m+ 1)M2]2x2+2(m+1)M2

1/2

><<1+ V1 —4(m+1)M2>1] dx.

N | =

(42)

Other exact solutions are listed in Tables 8 and 9.

4. Lie Point Symmetry Analysis

The theory and applications of symmetry analysis may be
found in excellent text such as those of [25-29]. In brief, the
symmetry of a differential equation is an invertible transfor-
mation of dependent and independent variables which leave
the form of the equation in question unchanged [30]. To

determine the symmetry for the governing equation (8), one
may seek the transformations of the following form:

E:x+ef(x,9)+0(62),
) (43)
9=6+11£(x,9)+0(62).

The infinitesimal transformations (43) act on the (x, 0) space
with the corresponding infinitesimal generator

X =&(x,0)0, +1(x,0)0p, (44)

which leaves the governing equation invariant. We will then
apply the boundary condition to the obtained invariant
solutions. The action of X is extended in the governing
equation through the second prolongation given by

X = X + .0y + .0, (45)
where
Cx = Dx (’1) - G,Dx (E) >

Cxx = Dx (Cx) - QHDx (E) >

(46)
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TABLE 10: Lie bracket of the admitted symmetry algebra for m# n, n# — 1 and various f(x).
flx) =x° a=0 n arbitrary flx) =x" a=0 n=-3m-4
(X, X,] X, X, (X, X,] X, X, X,
X, 0 X, X, 0 X, X,
X, X, 0 X, -X, 0 2X,
X, -X, ~2X, 0
1
flx) =x* a=z n=-4m-5 Sflx) =x" a=1 m=-1
[X,'an] X] Xz [Xi>Xj] X] XZ
X, 0 X, X, 0 X,
X, -X, 0 X, -X, 0
f(x) = x* a=2 n=-m-2 f(x) =e™ any a n arbitrary
(X, X)) X, X, [X,, X ] X, X,
X, 0 X, X, 0 X,
X, -X, 0 X, X, 0
TaBLE 11: The type of second-order equations admitting L, for m #n, n# — 1 and various f(x).
Fin profile (parameter a) Parameter n Canonical form of the equation
flx) =x*
!
- 2 4
Rectangular n arbitrary W= oMy [ (n + m) j - Mzu'z]
2, 3 (n—m)
lu -1
a=0 n=-3m-4 u”:_iu - [1+4(m+1)M2(u'—1)2]
Convex parabolic
1 w o u-173 20
a:E n=-4m-5 u =- ; [g+40(m+l)M(u—1)]
Triangular
" u -1 (n+ DM* (W - 1)
a=1 m=-1 u =- 1-
t 2
Concave parabolic
" W' - 1)3 2
a=2 n=-m-2 u =- ; (m+1)M
Cubic
-3m-5 ., S+ DM u -1 16 P
a=3 n= u =- - -1)
2 16 t 25(n+ 1)M?
f(x) — eux
Exponential

a arbitrary

s u-1[1 3m+1)M*@ -1)?
U =- —+
t 3 2a*

with D, being the total derivative operator defined by

D,=0,+600+6"0y +---. (47)
The prime implies differentiation with respect to 6. The
invariance surface condition is given by

2 .
X (Equation (8))|Equation(8) =0 (48)

The coefficients of X do not involve derivatives; we can
separate (48) with respect to the derivatives of 8 and solve
the resulting overdetermined system of linear homogeneous
partial differential equations known as determining equations.
Further calculations were facilitated by the freely available
package Dimsym [31], a subprogram of REDUCE [32].

5. Symmetry Reductions
and Invariant Solutions

We employ the direct group classification to calculate the Lie
point symmetries admitted by (8). A few cases arise.

5.1 Case: m=n. For f(x) = e**, the
symmetries are listed in Table 9.

x* and f(x) =

5.2. Case: m#n, m+—1, and f(x)=(x+1)"

Example 7. As an illustrative example, we consider f(x) = 1
and n = —3m — 4. The governing equation (8) becomes

y" =(m+ l)sz_3. (49)
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TaBLE 12: Reductions arising from Table 9.

Fin profile (parameter a)

Parameter n

Rectangular

a=0

Convex parabolic

1
a=-

2
Triangular
a=1

Concave parabolic

a=2

flx) =x"

(i) u' =0 = u = const

1
(ii)1+4(m+1)M2(u’—1)2:o:,u:<1i,~7>t+c
n=Imed X 2V IM
mu #0>u=t+ ——/gt -1+
(iii) "#0 ) 1+¢

vm+ 1M
(i) u' =0 = u = const

0 2 e a00m s 0 <1 o (i

n=-4m-5 10M \2(m+ 1)

aee n l 3
(ii)u +0=>u=t+ IO.M\jZ(n/l-I—l)ln[t+ \/c1t2—1]+cz

(i) u' =0 = u = const

DM - 1) 1 2
(ii)l——(n+) W -1 =0=u=(1+—— |t+c
m=-1 2 M\n+1

(iii)u”;&o:m:tiM\/”;rl

arcsin¢t +¢,

(i) u' =0 = u = const
1

t
c+(m+1)M?Int

n=-m-2 i)u"+#0=>u=t+

Cubic (i)u' =0 = u = const
3m-5 (ii) 16 W -17= <1+ 4 >t+c
-3m — i) ————— - (u — u=(1+ ———
a=3 m= 5 25(n + 1)M? M+n+1
4 dt
(ii)u"+0>u=t=+ J 6
M\/f’l+1 \/1_(C1t)2/5
f(x) — eax
Exponential (i) u' =0 = u = const

a arbitrary

1 3m+1)M@W -1)> 2 2
iy Lo 2t DM 2 (8 t+c
3 2a*

n=-2m-3 3M \m+1

2

(iii)u"¢0:u—t+[“—z\j .
3M Y\m+1 /(clt)m—l

dt+¢,

TaBLE 13: Original variables for m#n, n# — 1 and various f(x).

Fin profile (parameter a) Parameter n Solution
flx) =x"

Rectangular
a=0 n=-3m-4 0= [1+(m+1)M2(x2—1)]1/(2(m+1>>
Convex parabolic

1 1 2m+ 1) 1 e+
a=— n=-4m-5 0= |x"*( = cosh iSMCI\j7<1——>

2 q 3 Vx
Triangular

, 2cosh? (tanh ™! (£(1/2M)2[(n + D) - +Mn+ D22) 17"
a=1 m=—1 =
(x + 1)cosh® (tanh™" (£(1/2M)\2/(n + 1)) - £M(n+ 1)/2In(x + 1))
Concave parabolic
a=2 n=-m-2 u:tij ! dt
c+(m+1)M?*Int

Exponential

a arbitrary

1/GBm+1
—9(m + 1)M*(ae™ + c)*e>™ [Gen 1)

2at

n=-2m-3 0:[
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FIGURE 3: Temperature f(x) = Vx + 1 given in (18) in a fin with
varying values of n.
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0.7 1

0.6
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0.4

0.3

0.5 1 1.5

o
[

— n=-1/4
— n=2
n=4

FIGURE 4: Efficiency f(x) = Vx + 1 as given in solution (21) in a fin
with varying values of n.

We observe that (49) admits a non-Abelian two-
dimensional Lie algebra spanned by the base vectors listed in
Table 9. This noncommuting pair of symmetries leads to the
canonical variables

2

t=y°% u=x+y. (50)
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1.0
0.9
0
0.8
0.7
T T T T T T
0 0.2 0.4 0.6 0.8 1
X
— M=12
—— M=158
M =185

FIGURE 5: Temperature distribution of a fin profile f(x) = (x +
1)* as given in solution (22) in a fin with varying values of the
thermogeometric fin parameter. Here, 1 is fixed at —1/4.

The corresponding canonical forms of X, and X, are
I, =0, I, =t0, + uo,. (51)
Writing u = u(t) transforms (49) to

" 1 u' -1 27 1 2
=_Z - 52
u 573 [1+4(m+1)M(u 1)] (52)
Here, the prime denotes the total derivative with respect to .

Three cases arise.

Subcase 1. Foru' —1 = 0, we obtain the constant which is not
related to the original problem. Thus, we ignore it.

Subcase 2. If the term in the square bracket vanishes, then we
obtain in terms of the original variables the exact “particular”
solution

]1/2(m+1) (53)

0 =[-1+i2Vm+1M (x+1)

which is not physically realistic. Therefore, we ignore this
solution.

Subcase 3. Solving the entire equation (52), we obtain the two
solutions that satisfy the boundary conditions. Consider the
following:

1/2(m+1)

0= [1+(m+1)M2 (xz—l)] (54)

The fin efficiency is given by

M= Jl [1+m+1)M*(x*-1) Vax (55)
0
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1_
0.95 - /
0.90 /
6 7
0.85 - %
/
0.80 Ve
- 7
/
T T T T T T T T
0 0.2 0.4 0.6 0.8 1
X
— n=1
— n=2
n=3

FIGURE 6: Temperature distribution of a fin profile f(x) = (x + 1’
as given in solution (22) in a fin with varying values of n. Here, the
thermogeometric fin parameter is fixed at 1.58.

Example 8. Given f(x) = x + 1 and n#m, m = -1, then the
governing equation (8) becomes

"o (n+1)M?e -y
y = x+1

(56)

after the substitution ¢’ = 6™!. The two-dimensional Lie
algebra admitted by (56) is listed in Table 9. These resulting
canonical variables are

1 1
t=\/ﬁ, u=2—ln(x+1)+\/ﬁ.
(57)
The corresponding canonical forms of X, and X, are
I, =0, T, = t0, + uo,,. (58)
By writing u = u(t), (56) is transformed into
e —% (' -1) %(u' “1) -1, 9)

As in the previous example, three cases arise.

Subcase 4. Foru' —1=0=>u=t+c—-1=2-In(x+1) =
¢,. This is not related to the original problem. Thus, it is not
considered.

13
1.00
0.95 4
0.90
n
0.85
0.80
T T T T T T T
0 0.2 0.4 0.6 0.8 1
M
— n=-1/4
—n=1
n=4

FIGURE 7: Fin efficiency for the profile f(x) = (x + 1)’ as given in
solution (25) in a fin with varying values of n.

Subcase 5. If the term in the square bracket vanishes, then we
obtain in terms of the original variables the exact “particular”
solution

0 = [2>< ((n+ DM* (x+1)
/(n+1)

i) ]

><<ln2—ln(x+ 1)+
(60)

which satisfies the boundary condition only at one end.
Subcase 6. Lastly, we solve the entire equation (59) and obtain

the solution that satisfies both the Dirichlet and the Neumann
boundary conditions. Consider the following:

0= |:2c0sh2 (tanh_l(L\/ 2 )—M ntl ln2)
2M \n+1 2
X ((x +1) cosh? (tanh_l (L\/ 2 )
2M Yn+1
n+1 o
-M 5 In(x+1)

1/(n+1)

(61)
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0.998 —
0.996 —
0.994 —
0.992 —
0.990 —
0.988 —
0.986 —
0.984 -

0.982

— M=12
— M =158
M =185

FIGURE 8: Temperature distribution for the profile f(x) = 1, n#m
as given in solution (41) in a fin with varying values of M.

The fin efficiency is given by

. A
m= j [2cosh2 (tanh1 (L\/ 2 ) -M
0 2M Yn+1

X ((x +1) cosh?
X (tanh_1 (L\/ 2 )
2M Yn+1
n+1 -
-M 5 In(x+1) dx.

The temperature distribution along the surface for this
profile is depicted in Figures 8 and 9. The fin efficiency as
function of the thermogeometric fin parameter is shown in
Figure 10.

n+lln2)
2

(62)

6. Some Discussions

We now analyze fin problem using solutions given in (18)
and (21). We observe in Figure 5 that, for the case of laminar
film boiling or condensation, the temperature is inversely
proportional to the thermogeometric fin parameter. An
increase in values of M yielded the decrease in values of
temperature. Temperature distribution along the surface was
studied for varying values of n, while M was kept constant.
The results depicted in Figure 6 show that the temperature
is directly proportional to the parameter n. The fin efficiency
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1 -
0.998
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FIGURE 9: Temperature f(x) = 1, n#m as given in solution (41) in
a fin with varying values of n.
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0.98 -
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0.95 1

0.94

0.93 1

0.92 1

0.91

FIGURE 10: Efficiency f(x) = 1, n#m as given in solution (42) in a
fin with varying values of n.

as function of the thermogeometric fin parameter is shown
in Figure 7. Similar trends can be observed from the figures
showing temperature distribution and efficiency for other
profiles.

The Lie commutators or Lie brackets are given in Table 10
and further reductions are provided in Table 11. Solutions for
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f(x) = x* are furnished in Table 12. The solutions in terms
of the original variables are listed in Table 13. Most of these
exact solutions do not satisfy one of the boundary conditions.
Symmetries and further analysis of f(x) € {sin x, cos x, In x}
were ignored in this paper. The solution for f(x) = e** for
n = mis given in [33]; therefore, we focused on the case where
n#m.

7. Concluding Remarks

Exact solutions for fin problem with power law temperature-
dependent thermal conductivity and heat transfer coefficient
were constructed. Lie symmetry techniques were used in
cases where direct integration was not feasible. Results show-
ing longitudinal fin of various profiles were presented. The
obtained solutions satisfy the physical boundary conditions.
The exact solutions constructed here could be used as
benchmarks or validation tests for numerical schemes.
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