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Abstract

Group classification of a class of nonlinear fin equations is carried out exhaustively. Additional equivalence transformations and
conditional equivalence groups are also found. These enable us to simplify the classification results and their further applications.
The derived Lie symmetries are used to construct exact solutions of truly nonlinear equations for the class under consideration.
Nonclassical symmetries of the fin equations are discussed. Adduced results complete and essentially generalize recent works on
the subject [M. Pakdemirli and A.Z. Sahin, Similarity analysis of a nonlinear fin equation, Appl. Math. Lett. 19 (2006) 378-384;
A.H. Bokhari, A.H. Kara and F.D. Zaman, A note on a symmetry analysis and exact solutions of a nonlinear fin equation, Appl.
Math. Lett. 19 (2006) 1356-1360].
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Investigation of heat conductivity and diffusion processes leads to interesting mathematical models which can
be often formulated in terms of partial differential equations. In the general case the coefficients of model equations
include explicitly both dependent and independent model variables and this makes difficulties in studying such models.

In this letter the class of nonlinear fin equations of the general form

ur = (DWux)x + h(x)u, )

where D, # 0, is investigated within the symmetry framework. Here u is treated as the dimensionless temperature,
t and x the dimensionless time and space variables, D the thermal conductivity, h = —N 2 f(x), N the fin parameter
and f the heat transfer coefficient.

The condition D, = 0 corresponds to the linear case of (1) which was completely investigated from the Lie
symmetry point of view a long time ago [6,12]. Moreover, the sets of linear and nonlinear equations of form (1)

* Corresponding author.
E-mail addresses: vaneeva@imath.kiev.ua (O.0. Vaneeva), andrewgratienj@yahoo.com (A.G. Johnpillai), rop@imath.kiev.ua
(R.O. Popovych), christod@ucy.ac.cy (C. Sophocleous).

0893-9659/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.aml1.2007.02.023



https://core.ac.uk/display/82533069?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.elsevier.com/locate/aml
mailto:vaneeva@imath.kiev.ua
mailto:andrewgratienj@yahoo.com
mailto:rop@imath.kiev.ua
mailto:christod@ucy.ac.cy
http://dx.doi.org/10.1016/j.aml.2007.02.023

0.0. Vaneeva et al. / Applied Mathematics Letters 21 (2008) 248-253 249

Table 1
Results of group classification
N D(u) h(x) Basis of AMaX
1 v v £
2 v 1 d;, dx
3 v x2 Br,210; + x0y
4 u" ex4 0, —qntd; + nxdy + (g + 2)udy,
5 u" ce’ Oy, —ntd; + ndy + udy
6 u=4/3 Al (x) 0, —4qtd; + 4(x% + p)dx — 3(4x + q)udy
7 v 0 dr, Oy, 210 + xx
8 (u—+ D! e Br, O, €10, + eefl (u 4+ 1)dy
9 el 0 3, A, 2t + X3y, Xdx + 204
10 u, n # 7% e B, Oy, € M (3 + eudy), nxdx + 2udy
11 w+a) n#—% 0 Br, Oy, 200y + Xy, nxdx + 2(u + )0y
12 u=4/3 e Bz, O, e%”(a, + eudy), 2x0y — 3udy, x29¢ — 3xudy
13 (u+a)=4/3 0 r, O, 210 + x0x, 2x0x — 3(u 4 o)y, X2y — 3x(u + )0y

can be separately investigated under restriction with point symmetries. That is why the linear case is excluded from
consideration in the present letter.

The problem of group classification for the degenerate case 7 = 0 (i.e. the class of nonlinear one-dimensional
diffusion equations) was first solved by Ovsiannikov [11,12]. Equations of the form (1) with 4 being a constant are in
the class of diffusion—reaction equations classified by Dorodnitsyn [3,5]. Group classification of the subclass where
the thermal conductivity is a power function of the temperature was carried out in [17]. We keep the above cases
in the presentation of results for reasons of classification usability. Note also that Lie symmetries of the class of
quasi-linear parabolic equations in two independent variables, which has a wide equivalence group and covers all the
aforementioned classes, were classified in [1,7].

Recently Lie symmetries and reductions of equations from class (1) were considered in a number of papers [2,
13,14]. (See these works for references on the physical meaning and applications of equations from class (1).) In
contrast to these works, the study in our letter is concentrated on rigorous and exhaustive group classification of
the whole class (1) and construction of exact solutions for fruly nonlinear ‘variable-coefficient’ equations from this
class. Additional equivalence transformations and conditional equivalence groups are also found. These enable us to
simplify the classification results and their further applications. To find exact solutions, we apply both classical Lie
reduction and nonclassical symmetry approaches.

2. Group classification and related problems

Group classification of class (1) is performed in the framework of the classical approach [12]. All necessary objects
(the equivalence group, the kernel and all inequivalent extensions of maximal Lie invariance algebras) are found.
Moreover, we extend the classical approach with additional equivalence transformations and a conditional equivalence
group for simplification of the classification results.

The equivalence group G~ of class (1) is formed by the transformations

f=81t+8, I=8&x+8, d=68u  D=8§"'8D,  h=8"h,

where §;,i = 1, ..., 5, are arbitrary constants, 816385 # 0. The connected component of the unity in G~ is formed
by continuous transformations having §; > 0, §3 > 0 and §s > 0. The complement discrete component of G~ is
generated via three involutive transformations of alternating sign in the sets {t, D, h}, {x} and {u}.

The kernel of the maximal Lie invariance algebras of equations from class (1) coincides with the one-dimensional
algebra (0;).

All possible G™-inequivalent cases of extension of the maximal Lie invariance algebras are exhausted by ones
adduced in Table 1, where

h](x)zeexp 9 dx|; pe{-1,0,1},e==x1l,0€{0,1}modG™;n #0,9 #0.
x2+p
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Case 6 was missed in [13] and in the subsequent papers on the subject. The parameter function #' equals the
following functions, depending on values of p:

q/2

x—1 ’ p=0: hl = Se*q/x’ p=1 pl = gegarctanx

x+1

p=-—1 W'=e¢

Additionally we can assume thatg = —1 mod G™ if p = 0.

Some cases from Table 1 are equivalent with respect to point transformations which obviously do not belong
to G™. These transformations are called additional equivalence transformations and lead to simplification of further
application of the group classification results. The pairs of point-equivalent extension cases and the corresponding
additional equivalence transformations are

6p:()—>5;,:_4/31 f=t, X=x, u=x’u;
~ | - _
Op=—t > dim—dpgmqs 1=t K= =2 2(x + 1Dus
1g20 = 1a=0, 13020 > 130=0: =1, X=ux, i=u-+ao;
4 - 1
10 > 114—0, 12 = 134—0 (n = ——) c = —efM, X =x, i=e y.
3 en

The latter transformation was adduced e.g. in [5]. Case 6 with p = 1 is reduced to Case 4 only over the complex field.
Note also that Case 8 is reduced using the similar transformation

z 1 —&t = ~ —&t

t:—ge , X =x, u=¢e¢ “(u+1)
into equation it; = (@ 'iiz); — ¢ which is not a member of the class under consideration.

All other cases from Table 1 cannot be transformed into each other by point transformations. Therefore, up to point
equivalence, possible cases of extension of maximal Lie invariance algebras are exhausted by Cases 1-5, 6,—1, 7-9,
lla:() and 13a:O~

The singularity of the diffusion coefficient D = u~*/3 with a number of different values of 4 admitting extensions
of the Lie invariance algebra can be explained in the framework of conditional equivalence groups. The equivalence
group is extended under the condition D = u~*/3. More precisely, the equivalence group G of the subclass of class
(1) with D = u=*/3 is formed by the transformations

- 8 k) -
Fobit 48, i O s Gsx 480, h=5"h,
85x + 8¢
where §;, i = 1,...,6, are arbitrary constants, §; > 0 and 638¢ — 6485 = =1. Gl” is a nontrivial conditional

equivalence group of class (1). We point out that the first two additional equivalence transformations belong to G7.

Another example of a conditional equivalence group of class (1) arises under the condition 2 = 0. The equivalence
group G~ of the whole class is then extended with translations with respect to u, i.e. the complete equivalence group
G of nonlinear diffusion equations (2 = 0) is formed by the transformations

i =051t+6, % = 83x + 84, i = Ssu + 8, D =68;'83D,

where 6;,7 = 1, ..., 6, are arbitrary constants, 618365 7% 0. The third additional equivalence transformation belongs
to G5

The subclass of class (1) with D being a power function and /# being a constant admits an extension of
the generalized equivalence group. The prefix “generalized” means that transformations of the variables ¢, x and
u can depend on arbitrary elements [8-10]. The associated generalized equivalence group G7 is generated by
transformations from G~ and the last of the above additional equivalence transformations, where ¢ is replaced by #.

Knowledge on conditional equivalence groups enables us to describe the set of admissible (form-preserving)
transformations in class (1) completely. See e.g. [17] and references therein.

Note also that the subclass of class (1) possessing nontrivial local conservation laws is exhausted by ones with 4 a
constant. Then the corresponding space CL of conservation laws is two dimensional. The conserved vectors and the
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characteristics of basis elements of CL are

(xe_htu, e—ht <—xDux + / D)) ,xe_ht and (e_htu, —e_htDux), e Nt

3. Similarity solutions

Cases 7-13 of Table 1 are presented by ‘constant coefficient’ diffusion—reaction equations. Moreover, all of
these cases either are usual nonlinear diffusion equations or can be reduced to them via additional equivalence
transformations. Exact solutions of ‘constant coefficient’ diffusion—reaction equations have been already investigated
intensively. See for example, [3-5,16]. That is why we choose Cases 4—6 as representatives among truly nonlinear
variable-coefficient fin equations, which are most interesting for Lie reduction.

As shown in the previous section, equation

wr = Pug) + b ou )
(Case 6 of Table 1) admits the two-dimensional (noncommutative) Lie invariance algebra g generated by the operators
X1 =29, Xy = —4qtd; + 4(x> + p)dyx — 3(4x 4+ q)ud,.

A complete list of inequivalent nonzero subalgebras of g is exhausted by the algebras (X 1), (X») and (X1, X2).
Lie reduction of Eq. (2) to an algebraic equation can be made with the two-dimensional subalgebra (X1, X;) which
coincides with the whole algebra g. The associated ansatz and the reduced algebraic equation have the form

6.0. (X1, Xo):u = C(x? + p)~2(h' (x)) 734, €43 = & (g% + 16p).

Substituting the solution C = :I:% (q* + 16p)>/* of the reduced algebraic equation into the ansatz, we construct the
exact solution
33/4 B B
U= iT(‘ﬁ + 16p)3/4(x2 +p) 3/2(/’11()6)) 3/4

of Eq. (2).
The ansitze and reduced equations corresponding to the one-dimensional subalgebras from the optimal system are
the following:

6.1. (X1):u = (¢(@) 73, ® = x; 30w = h (0)p~3;
6.2. (Xa2):u = ((x2 + p)2(W' (x)V4() 73, @ = th! (x);

9 - 3 _
3¢2 0 P + quwww —3¢p Y, + E(q2 +16p)p — e~ = 0.

The reduced equations obtained obviously have partial exact solutions which lead to the above exact solution of
Eqg. (2) and can be constructed via reduction to algebraic equations. The problem is finding some different solutions.
We are only able to reduce the order of equation 6.1. Namely, in the variables

y=(@*+p) ' PhN )V, Y=+ p) P (@)@ + p)gw — wp)

constructed with the induced symmetry operator 4(w® + p)d, + (4o + q)®0, equation 6.1 takes the form
@ — gy +q¥ +4py = %8)}‘3. A better way of constructing exact solutions for the equations of Case 6
with p < 0 is to map them to Cases 4 and 5 with additional equivalence transformations and then study the latter
cases.

Let us review results on Lie reduction for Cases 4 and 6. For each of these cases we denote the basis symmetry
operators adduced in Table 1 by X and X;. The structure and list of inequivalent subalgebras of the Lie invariance
algebras are the same as those in Case 6. The associated ansitze and reduced equations have the form (¢’ = sign r):
q+2

40. (X1, X2):u=Cx n ,(q+2)(ng+n+q+2)C" +en’C =0;
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41 (X)) 1 = (@(@) T, @ = X, @ + (1 + D@ = 0ifn £ —1;

u = exp(p(w)), O=X, Qpo+ewie? =0 ifn=—1;
q+2

q+2 1
42. (Xo):u = t| ™ gp(), 0 = [t|1x, (9" @) + i@ + &
5.0. (X1, X2): u = Cen, (n + 1)C"! + enC = 0;

1 1
50. (X1):u = (@)™, w =X, e + €(n + De“prtl =0ifn £ —1;

rq+2

r1 — 0
nq(p—eaaxpw—o,

u = exp(p(w)), O=X, Qoo+t =0 ifn=-1;

52 (Xa)iu = [t] 7 p(@), © = x +In[t], (¢"@)e + £6%0 + &0\ — /g,y = 0.

Reduction to algebraic equations gives the following solutions of the initial equations:
_1 g¢+2
4. u= (—%(nq—l—n—}—q—i—Z)) nx oo
1y—1 %
5.u=(=")Tnen.

There are Emden—Fowler and Lane—Emden equations and their different modifications among the reduced ordinary
differential equations. Solutions of these equations are known for a number of parameter values (see e.g. [15]). As a
result, classes of exact solutions can be constructed for fin equations corresponding to Cases 4 and 5 of Table 1 for a
wide set of the parameters n and q.

4. On nonclassical symmetries

We also study conditional (nonclassical) symmetries of equations which are members of the class (1). It is well
known that the operators with vanishing coefficient of d; give the so-called ‘no-go’ case in the study of conditional
symmetries of an arbitrary (1 4+ 1)-dimensional evolution equation since the problem of finding them is reduced to
that of solving a single equation which is equivalent to the initial one (see e.g. [18]). Since the determining equation
has more independent variables and, therefore, more degrees of freedom, it is more convenient often to guess a simple
solution or a simple ansatz for the determining equation, which can give a parametric set of complicated solutions of
the initial equation. For example, the fin equation

u; = (u_lux)x + xu 3)

is conditionally invariant with respect to the operator 9, + fud,. The associated ansatz u = e ¢(w), @ = t, reduces
Eq. (3) to the equation ¢, = 0, i.e. u = Ce'* is its non-Lie exact solution which can be additionally extended with
symmetry transformations.

The known cases of the standard nonlinear diffusion equations (i.e. the equations of form (1) with 2 = 0) possessing
nontrivial conditional symmetry operators with nonvanishing coefficients of 9, are exhausted by the cases equivalent
to D = e and D = u~'/?. Moreover, for D = e* solutions associated with such conditional symmetry operators
are still Lie invariant. If & # 0, there exist other values of D such that the equations of form (1) possess conditional
symmetry operators which have nonvanishing coefficients of d,, are inequivalent to Lie invariance operators and even
lead to truly non-Lie exact solutions. Let us consider again Eq. (3). It also admits the conditional symmetry operator
9; + xud,. The associated ansatz u = e ¢(w), ® = x, reduces Eq. (3) to the equation (¢ '9w)w = 0. The general
solution ¢ = C1e€2* of the reduced equation gives a solution of (3), which is simplified to the above constructed one
with symmetry transformations.

Exhaustive description of nonclassical symmetry operators of equations from class (1) will be a subject of a
forthcoming paper.
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