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Non-Newtonian pseudoplastic fluids: analytical results and exact
solutions

M. Guedda®*, R. Kersner?
“LAMFA, CNRS UMR 6140, UPJV, Amiens, France
bUniversity of Pécs, PMMK, Pécs, Hungary

Abstract

A one layer model of laminar non-Newtonian fluids (Ostwald-de Waele model) past a semi-infinite flat plate

is revisited. The stretching and the suction/injection velocities are assumed to be proportional to 2% and
x71, respectively, where n is the power-law index which is taken in the interval (0, %) It is shown that the
boundary-layer equations display both similarity and pseudosimilarity reductions according to a parameter =,
which can be identified as suction/injection velocity. Interestingly, it is found that there is a unique similarity
solution, which is given in a closed form, if and only if v = 0 (impermeable surface). For v # 0 (permeable

(n+1)
3n(1—2n)

show that any pseudosimilarity solution exhibits similarity behavior and it is, in fact, similarity solution to a
modified boundary-layer problem for an impermeable surface. In addition, the exact similarity solution of the
original boundary-layer problem is used, via suitable transverse translations, to construct new explicit solutions
describing boundary-layer flows induced by permeable surfaces.

surface) we obtain a unique pseudosimilarity solution for any 0 # v > — < )"T'l . Moreover, we explicitly

Keywords. Boundary-layers; Non-Newtonian power-law fluids; Pseudosimilarity; Similarity; Translation groups; Integral

equation method.

1. Introduction and main results

Many problems in boundary-layer theory lead to particular exact solutions which are characterized by
similarity velocity profiles and agree with experimental observations and numerical simulations. It is the
purpose of this work to investigate possible conditions for similarity and pseudosimilarity solutions to
a class of the boundary-layer flows of laminar non-Newtonian fluids. The range of non-Newtonian fluid
behavior exhibited by industrial liquids is very large and the mathematical formulation is, in general,
complex. A broad description of the behavior in both steady and unsteady flow situations, together
with mathematical models, can be found for example, to mention a few, in Astin et al. [1], Astarita
et al. [2], Barnes [3], Bird [4], Tanner [5], Schowalter [6], Rajagopal et al. [7] and Rajacopal [8], [9].
The most frequently used model in non-Newtonian fluid mechanics is the Ostwald-de Waele model, or
the non-Newtonian power-law fluid, for which the shear stress 7 is related to the strain rate u, via the
expression [10]-[21]

7= vluy" (1)

where the subscript y denotes the partial derivative with respect to y, v is a positive constant and n > 0
is the power-law index. The case n < 1 is referred to as pseudo-plastic or shear-thinning fluids, and the
case n > 1 is known as dilatant or shear-thickening fluids. The Newtonian fluid is a special case where
the power-law index n is one.

To begin with, we give a brief description of the problem. Consider a steady boundary-layer flow
due to a moving plane surface in a quiescent fluid. The fluid can be injected or sucked. For the first
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approximation, the model is described by the Prandtl equations or the boundary-layer equations for
non-Newtonian power-law fluids [10]-[21]

Uy + vy = 0,

(2)

utg + vuy = v(|uy[" " uy)y,
with the boundary conditions

w(z,0) = uy(x), v(x,0) =vy(z),
(3)

u(z, 00) = limy, o u(z,y) = 0.

The Cartesian coordinates (z,y) are such that the > 0 coordinate is along the plate and the y > 0
coordinate is normal to it with y = 0 is the plate. Subscripts x and y denote partial derivatives with
respect, to those variables and u and v are the velocity components along the x— and y—axes, respectively.
The stretching and suction/injection velocities are assumed to be of the form:

x

m T\P m(2n —1) —n
w@ =0 (5)" w@=v (), p="E D0 (1
where n # £ and m = ﬁ (p = —1). Up and V; are constants and the number [ (the characteristic length)

is the distance x where the stretching velocity equals Up. It is assumed that the positive x—direction is
that of the main stream, so that Uy > 0. The positive and negative values of V{ correspond there to the
injection and suction, respectively. The case Vj = 0 means that the plate is impermeable.

In two-dimensional incompressible flow can be characterized by the stream function v which is defined
in the usual way as u = vy and v = —1),. Thereby, the first partial differential equation (PDE for short)
in (2) is satisfied automatically, and the second one reduces to

Vyay — athyy = V(|1/’yy|n_11/’yy)yv (5)
which has to be solved subject to the boundary conditions

T

l)_l, ¥y (i, 50) = 0. (6)

0.0 = U (5) ™7 iy .0) = Vo (

Let us note that if we rewrite (5) as

wy'l/)xy - wxwyy = m/|wyy|n71wyyy:

then we see for n # 1 that this PDE is degenerate or singular in the sense that the coefficient [¢,,|"~! of
the highest—order derivative v,,, vanishes or blows up at the points where 1)y, vanishes. Hence, equation
(5) needs not admit a classical solution. So, one of the important questions is to obtain a family of
exact or explicit solutions (similarity solutions, pseudosimilarity solutions, traveling wave,...) which play
a fundamental role in finding certain physical and mathematical properties of the general solutions.

A common question in boundary-layer problems is related to solutions having the usual similarity
form

Y(z,y) =2f(n), n=yx ", (7)

where a and 3 are constants. Research on this subject has a long history, which dates back to the
pioneering works by Blasius [22] and Falkner and Skan [23] for the Newtonian case (n = 1). The first
analysis of the boundary-layer equations for a power-law fluid is due to Schowalter [11] and Acrivos et
al. [10] for the case of impermeable walls and to Thomson and Snyder [12], [13] for permeable walls. In
the first paper the author derived the equations governing the similarity flow of a pseudoplastic fluid. In
[10], using numerics, similarity solutions for both shear-thinning and shear-thickening fluids are obtained.
The results of [10] showed that the boundary-layer is of finite-width for n > 1 (see also [14]). Using a



phase-plane method similar results are obtained by Pavlov et al. [15]. Physically and mathematically,
this phenomenon has been reported in the literature and motivated some renewed interest in analytical
and numerical studies (see the papers by Denier and Dabrowski [18], Filipussi et al. [19], Zheng et al.
[20], Guedda [21] and the references therein). In all the above papers the number m is assumed to satisfy
the condition 1 +m(2n — 1) > 0.

The present paper aims to study problem (5), (6), under the condition 1 + m(2n — 1) = 0. Our
work is motivated by the recent results presented by Magyari et al. [24] for Newtonian fluids and by
Guedda [21] for non-Newtonian power-law fluids (n > %) In their interesting paper Magyari et al.,
using a natural point-mechanical analogy, conjectured several results, most of them were supported by
numerical calculations. The authors showed that there is no similarity solution in the usual form (7).
To solve the problem, they added the term ~In(x) to expression (7) which supposes that the surface
is permeable. In this way they showed that the boundary-layer equations are reduced to an ordinary
differential equation, and obtained for (and only for) v > ~+* (=1.079131) new solutions called missing
solutions or pseudosimilarity solutions (see Section 2 and Section 6). Moreover, the authors showed
numerically that for the threshold value v* the solution is unique but above it multiple solutions are
encountered for every given value of ~.

Although most of similarity and pseudosimilarity solutions were studied by numerical simulations in
boundary-layer problems, it seems worthwhile to mathematically discuss some exact solutions, which may

allow one to develop or test numerical methods. With this end in view problem (5), (6), where m = 1_12n

n+1
3n(2n—1)

that the the pseudosimilarity solutions share for v > +* the remarkable property of multiplicity.
Assuming merely that 0 < n < % the purpose of the present paper is to discus in detail the questions
of existence and uniqueness of similarity and pseudosimilarity solutions to problem (5), (6). The essence
of our main result is the conclusion that the boundary-layer problem under consideration has a solution
in the usual similarity form (7) if and only if the surface is impermeable (v = 0), and this solution
is expressed in a closed form. For permeable surfaces pseudosimilarity solutions are obtained for all

and n > %, were treated analytically in [21]. It is shown that v* > ( )"T] for any n > % and

0#~y>— (%) " In addition, the present boundary-layer problem serves as a motivation to
unfold and study mathematical and physical connection between similarity and pseudosimilarity solutions.
We show first that the pseudosimilarity reduction is invariant under arbitrary pseudosimilarity variables
and, secondly, we demonstrate by an elementary argument that any possible pseudosimilarity solution (for
permeable surfaces) is in fact similarity solution in the usual form of a modified boundary-layer problem
for an impermeable surface for any n # %, including the Newtonian case. Moreover, using translation
invariance groups, new explicit solutions describing boundary-layer flows induced by permeable surfaces

are derived for 0 < n < % To the best of our knowledge, these results have not been obtained before.

2. Reformulation of the problem

Frequently, in the boundary-layer theory, one looks for general pseudosimilarity solutions of the form

¢($7y) = h(x)F(n7C)v (8)

where 1 = yx(x) is the similarity variable and ¢ = {(x,y) is the pseudosimilarity variable which may be
taken as independent of y. By a pseudosimilarity solution, we mean a solution to (5), (6) having the form
(8), such that in the new coordinates (7, () the PDE satisfied by F' is particularly simple. In a nutshell,
the present discussion will be applied to all % # n > 0. This is pedagogically justified and can shed some
light on non-similarity techniques.

Our approach is a slight reformulation of the analysis developed 45 years ago for the classical Falkner-
Skan wedge flows for the Newtonian case [25]. In order not to unnecessarily treat h and x as unknown

1

functions we assume that y = Bz ~” and h = A, where § = 5.—7 and A and B are real parameters such



that vA"=2B*=1 =1 and AB = Upl™™ [21]; i.e.

2n—1 2-n
A= l/ﬁ (Uoll/(Qn—l)) n+1 7 B= l/_ﬁ (Uoll/(Qn—l)) nt1 ) (9)
In terms of the new variables the boundary-layer equation becomes

dg

%[FWFCW_FCFML (10)

n—1 2
(17l F,m)n —m(F)? =2
where we have assumed that ¢ = ((z). Equation (10) must be a PDE for F, so that

* = H©), ()

mdw
where H # 0 is an arbitrary continuous function. In this way
n—1 2
(|Fm7| F,m)?7 —m(Fy)? = H(C)[FyFey — FeFy). (12)
The reduction of the pseudosimilarity PDE (12) will be performed with the aid of a modified first level

of truncation [26]. The main idea is to neglect only the term F,,. This is plainly justified for (additive
variables separation)

F(n,¢) = f(n) +9(¢), (13)
where f and g are arbitrary smooth functions. Inserting (13) into (12) leads to
nn=1 g\’ 2 1"
(1517 ) + 887 98" =0, (14)
where the primes denote derivatives with respect to the similarity variable 7, and
dg Vo
H)—==——"I=~. 1
% = m =0 (15)

In view of the boundary conditions we have

f0)=1, f'(c0)=0. (16)

The first surprising property of the above argument is found using the original variable x. The function
g is expressed as
9(¢) = vIn(x) + constant, (17)

irrespective of the function H. Consequently, the stream function has an universal expression:

Y(x,y) = A(f(n) +vIn(x)) + o, (18)

for some number o, whenever f exists. This confirms the pseudosimilarity expression obtained by Magyari
et al. [24]. The peculiarity of the pseudosimilarity expression (18) is that the condition on f(0) is
unnecessary since (14) will be considered as a nonlinear second order differential equation for ¢ = f’, i.e.

(' ") + 79 + By® = 0. (19)

The boundary conditions read
©(0) =1, ¢(c0) =0. (20)

This is the problem we are going to deal with in the next sections, keeping in mind that if n > 1/2 the

problem admits solutions only for large . In passing we note that an initial attempt to solve numerically
(19), (20) via the shooting method failed because, as we shall see, solutions of the initial value problem
for (19) are not always global.



Note that the above pseudosimilarity reduction and the nonintuitive expression (17) lead to a wide
range of pseudosimilarity variables ¢, and to a family of pseudosimilarity solutions, for v # 0, which have
the property that a stream function can be obtained from another one by a simple translation and has
the same shape ¢ or f.

Important characteristics of the flow, namely the (non-dimensional) velocity v = (u, v,0) and the wall
shear stress 7,,(z) are obtained from ¢ as follows:

Y
(@, y) = w(@)(n), 1 ="_"Re/ "V, (21)
Uy (X _ Vol
v(x,y) = Qni(_)lRex VO () + =, (22)
or, equivalently,
Uw(T) 1 _1/mt1) 74
— _ == 2
v(z,y) = 5~ Reg () = = (23)
and
7w (@) = uly (2)Re; /D! (0)" 1/ (0). (24)
So that the value ¢’(0) has to be given with sufficient accuracy. In the above Re, represents the local

uIZU— n (I)In
v

Reynolds number for non-Newtonian fluids; Re, = . Note that the number 7 can be written

as vy = —VOUél72")/("“)!”/(”*1)1/_1/(7L+1). This parameter is usually referred to as the suction/injection
parameter. The quantities ¢ and ¢’(0) are named the similar down stream velocity and similar shear
stress, respectively. It should be noted here that the Prandtl velocity profile w/u,, depends only on the
similarity variable n, which is the essence of similarity reduction reported in a voluminous literature.

Finally, we stress once more that the present pseudosimilarity reduction is invariant under arbitrary
pseudosimilarity change of variables. Moreover, as we have just seen, the velocity component u is still
unchanged, but the velocity component v deviates from the usual similarity structure. We shall come
back to this in the next two sections.

3. Pseudosimilarity or similarity reduction 7

As mentioned before, problem (19), (20) was considered in [24] for n = 1 and in [21] for n > 3§, where
it was found that the existence of solutions had required large positive values of parameter ~y. This
shows, in particular, the nonexistence of similarity solutions to the boundary-layer problem in its usual
form. A more intuitive way to analyze this circumstance is to suppose that the suction/injection velocity
Uy 18 an unknown function. So the aim of this section is twofold: to identify v,, # 0 such that the
physical problem may have similarity or pseudosimilarity solutions (a necessary condition) and establish
a correspondence between similarity solutions and pseudosimilarity solutions. The starting point is to
note that the continuity equation in system (2) is equivalent to

Uz + (v —vy)y =0,

where the suction/injection velocity v,, is unknown function to be determined. In terms of the new
stream function ¥, according to

u=Vy, v—v,=—-Y,,

we obtain the slightly modified PDE
Uy Wy — WUy = V(|\I’yy|"71‘1’yy)y — vy (@) Uy, (25)
accompanied by the following boundary conditions

x

z )’7 W, (2,0) = U, (z,00) = 0. (26)

U, (,0) = Uo(



The only hypothesis in this brief analysis is to assume that the stream function has the usual similarity
form; that is
V(x,y) = Azh(n), n=Byz™",

where A and B are given by (9). Repeating step by step the reduction argument we deduce that
qg=0,r= %%1 and that the function ¢ = b’ satisfies
(I¢'["=1¢') + y0(2)¢" + Bo* =0,
(27)

where 0 = ﬁ and vo(z) = 7%. Therefore, we may conclude that either 7 is a constant or a
function of 7. Since 7 does not contain y there exists a number v(= —%) such that

Yo =7,

which leads to (19) and (20). This line of analysis shows that a similarity reduction to the modified
boundary-layer problem is possible only if the suction/injection velocity has the following exact expression

Ay W
== —, 28
vl = - 21 = 1 (28)
which is precisely the suction/injection velocity condition considered in [21] and [24]. Note that ¢ is
connected to the new stream function ¥ via

Y(z,y) = ¥(z,y) + AyIn(z),

and that the analysis is not explicitly restricted to n < %

An interesting question is that what happens if (28) is not satisfied ? In this case the parameter 7,
becomes a function x; 9 = yo(z). If vo varies slowly with distance this quantity may be regarded as a
constant parameter. Thus local pseudosimilarity solutions will be obtained by solving problem (27) at
different location x.

The issue of the pseudosimilarity approach, which has a remarkable degree of simplicity, is clarified
by showing that pseudosimilarity solutions are in fact similarity solutions to the modified boundary-
layer equations, whenever solutions to (19) and (20) exist, and that the additive variables separation
hypothesis (13) emerges naturally from the expression of the new stream function ¥, for any n # %
Those pseudosimilarity solutions can be referred to as similarity solutions of the second kind of the
boundary-layer problem (2)-(4). In 1963 Jones and Watson [25, p. 243] mentioned that solutions given
by (18) or by a stream function of the general form

P(z,y) = h(x)f(n) + to(x) (29)

are similarity solutions in the sense that the velocity component u has the same shape across any trans-
verse section of the layer.

Let us return to the modified boundary-layer problem. Clearly, if we put v,, = 0 problem (25), (26)
is exactly the original boundary-layer problem for impermeable surfaces. Note here that the boundary
conditions (26) are preserved, except the transpiration velocity distribution which equals now to zero
(impermeable surface). Conversely, if ¥ is a solution to the modified PDE (25) the new function ¢ (z,y) =
U(x,y) — o(z), where 1y an arbitrary function, satisfies

Yytay — Vathyy = V(Wyy‘nil‘byy)y + (¢6($) - vw(@)ﬂ’yy- (30)

So that if ¥ (z) = v, (z) the above PDE reduces to (5). In this way the function ¥, which corresponds
to the stretching velocity u,, for the impermeable surface, generates a solution describing a flow induced
by a permeable surface. The stretching velocity wu,, still invariant, but the boundary layer equation is



changed. The solution ¥ may be referred to as a primary solution according to the recent work by
Magyari [27] (see Section 5).

Let us conclude this section with the following observation. In contrast to the case n > %, here the
number [ is negative. Consequently, as mentioned before, a local solution with an arbitrary shear stress
parameter ¢’ (0) = w is not necessary global, even for positive values of v (see below).

4. Similarity solutions for impermeable surfaces
In this section we are mainly interested in finding similarity solutions for problem (5), (6) in the case of

impermeable surfaces. This situation will be nicely illustrated by a simple explicit solution. Since v,, =0
(v = 0) we are concerned with solutions to

(I’ 1) + By = 0,

(31)
©(0) =1, ¢(c0)=0
To solve the above problem we consider the initial value problem
(I¢'[" ") + B2 = 0,
(32)

where the number w is the shooting (shear stress) parameter. Varying w one expects to find a solution
which is global and goes to 0 at infinity. Note that if we look for solutions under the form

eo(n) = k(no —n)~7,
where k, 79 and ¢ are positive constants, we find that

q:1+n7 2 _ 5]
2—n ng™(1+ q)

and w= qno_q_l,

give rise to blowing-up solution.

Consequently, if w > 0 any solution to (32) is not global. So, the task is to obtain, by an explicit
construction, w such that the (unique) local solution to (32) is global and satisfies the desired condition
at infinity. Note that any local solution satisfies

" "' (n) = |w|"w + 18] /On ©*(s)ds, (33)

on (0,7,), where (0,7,,) being the maximal interval of existence. It follows immediately that if ¢ is a
global (bounded) solution to (32) the following property

oo
o= 18] [ s,
0
holds. Therefore, the shouting parameter has to be negative. On the other hand, the ordinary differential
equation in (32) has the first integral E = constant, where the function E is given by

n

E:
n+1

B
@+ 3 (34)

We may conclude, therefore, that the global structure of solution curves (in the phase-plane) are simply

given by
1
1 nt1
o ==+ [n + (c + @@3)} , ¢ = constant, (35)
n




phi

n=1/3

_2_

Figure 1: Numerical solutions of the initial value problem (32), with n = 1/3. Profiles showing the effect
of the shooting parameter w.

and then 3
, n+ 18| s]™

= - [ . 36
© [ - @, 4 (36)

The necessary condition ¢ = 0 is obtained from the boundary (physical) condition at infinity; ¢(c0) = 0.
This leads in particular to w = w,, where

o - (L )™ @

The meaning of the above analysis is that (31) has a unique solution and this solution can be found by
a simple integration of (36). More precisely the unique algebraic solution ¢ is given by

n+41
1 T 2-n
2—n ((n+ 1B+
=1 38
e(n) + o ( ™ U : (38)
or
9 7;@1
—n n
=14+ —|w, . 39
o) = |14 2 ol (39)
Returning to our original physical problem, we may conclude that if n < % and m = ﬁ the

boundary-layer problem (5), (6) (or (2)-(4)) has exactly one similarity solution for impermeable surfaces
which is expressed in term of the stream function

1—-2n

9 +1 T | 1
—n/ n -

1 — R InJrl
+n+1(3n(1—2n)) "} ) 1= e

on—1; \wrT A (ntl i
U(@y) = (U™ 'v) ™ (3n) ™ <1_2n)

SIS



phi 11

n=0.2,0.35,045

Figure 2: Numerical profiles showing the effect of the power-law index n. It is observed that (1) decreases
as n increases in the interval [0.2,0.5]. For small values of n the velocity profiles ¢(n) decreases with n
(see Figure 3).

The (non-dimensional) velocity v = (u, v) is obtained as follows

n+tl
1 T2-n
2—-n n+1 ntl
= 1 4
u(z,y) = ww(@) | L4 o <3n(1—2n)> n} ; (40)
@) 9 -8
Uy (T -t -n n+1 ntt
= Re; "'n |1 . 41
V(@) = g, e +n+1<3n(1—2n)) ”] (41)
The resulting formula for the wall shear stress is
_ n+1 T
() = —ug () Re; /D (m) : (42)

which is proportional to 27235 The boundary-layer thickness §(z), which is defined as the value of y
when u reaches 0.01u,,, has the explicit form

2—n n+1 —1/(nt1)
n+1\3n(1—2n)
)

1
This being derived either from (40) or from the equation ¢(ns) = 0.01, where ns = Re; ™' %. The

xRe; Y/ (n+1),

§(z) = [102(373” - 1]

boundary-layer thickness is therefore a decreasing function in proportion to T T,
Figures 2 and 3 illustrate the power-law index effect. It can be noted that the profile ¢(n),n > 0, tends
to 0 as n increases to 1/2, or decreases to 0. This result can be seen from (39) and from the variation of



1,5
1,0
phi |
i n=10.01,046
0,5
0 1 T T Ras T 1
0 2 4 6 8 10

eta

Figure 3: Numerical solutions (full lines) to problem (31) for n = 0.01 and n = 0.46. Numerical result is
found to be in a full agreement with the exact solution (dotted line).

1/(n+1)

ntl vs n. There exists n.(~ 0.2552) such that w, increases

~ \3n(1-2n)
for (0,n.) and decreases for (n.,1/2). Moreover, w. tends to —oo as n approaches 0 and 1/2.

shear stress parameter w, =

5. The translation invariance

In this section we consider, when 0 < n < %, certain exact solutions describing boundary-layer flows

induced by permeable surfaces. The key is the invariance property or the translation groups (TG)
introduced very recently by Magyari for the Newtonian case [27]. It is proposed here to extend the TG
method to non-Newtonian power-law flows. We briefly describe this approach. The idea is based on the
fact that equation (5) is invariant under smooth translation

Yy —y+yo(z) (43)

of the transverse coordinate y. By this we mean that, thanks to the special structure of the left-hand-side
of (5), the function

’Qb(if»y) E¢($,y+y0(l‘)) (44)

is a solution of equation (5) if it is satisfied by . In this way the velocity components u and v are
transformed into

u(z,y) = u(r,y +yo(x)), v(x,y) =v(r,y+yo(x)) — yo(x)u(zr,y), (45)

where y{, = %yo. Thereby the wall conditions read

u(z,0) = Uy (z) = u(z,yo(x)), U(z,0) =VWw(z) =v(z,y0(x)) — Yo (z) Uy (). (46)

10



The TG transformation will not change the boundary condition at infinity. A remarkable consequence of
this approach is that a solution to the boundary-layer flow induced by an impermeable surface (primary
solution) generates a set of solutions induced by permeable surfaces. Conversely, a primary solution (u, v)
can be obtained from a given solution (u,?) by the displacement 7,, which is obtained by solving the
following ODE

Yo(x)u(z, yo(x)) — v(x, Yo (x)) = 0. (47)
Note that the above ODE admits a trivial solution go = 0 if and only if (@,v) is a primary solution.

To illustrate the use of the Magyari approach, we return to problem (5), (6), with V5 = 0. From (40)
and (41) we find that the transformed counterpart of the primary velocity components are

n+l

_1 2—n
- 2—n n+1 n+l
= 1
) = wle) 1422 (52 ) (n+no<w>>} ,
nt1
1 = (48)
_ I N
_ = 1
o(z,y) 5, e (@) (14— 1 G =2 (1 +mo(z))
where
1
no(z) = Reg ™ yo(x) _ Rew1 0T gy (z), (49)
x

is the displacement of the similarity variable n corresponding to the displacement yo(x). In (49) Re stands
for the Reynolds number for non-Newtonian fluids. The transformed wall conditions are

~ 2—n n+1 G2 e
(@) = (@) |1+ 77 <3n(l - 2n)> "O(x)} ’
i —a (50)
D 7 € = 2—n n+1 1 .
Gol@) = gy Res imole) |14 02 <3n(1 —2n)> "0(1)}
—Yp ()t (2),
Bule) = 0O [yo(a) — 2 ash(@)] [14 20 (Bngf;n))"“mw] SERS

Here, we shall deal with with two particular cases: ng = constant and yo = constant. These cases follow
from the general solution of the following ODE

(2n — 1)y, — yo(x) = —k = constant.

Solving this ODE we find
yo(z) = K+ /foxfﬁ, (52)

where kg is a constant, and then
no(x) = Rewit [nmﬁ + fi01| . (53)

From relation (50) we then see for 1y = constant (x = 0) that the transformed velocity u,,(z) is propor-
tional to #7=27 and the transformed transpiration velocity v, = 0. In such situation, it is known that the
velocity field is solved in a closed form in a full agreement with (48) (see Section 4). The transformed
similar down stream velocity and the transformed boundary-layer thickness are given by

sy = PUtm) s .
90(17)778&(770) ;o 0(x) = [1+noNTo(x), (54)
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1
_2—n n+1 n+1
where N = #=2 (7371(1_%)) )

For the case yo(z) = &, we have no(x) = KkRew1 277 The transformed solution is

n+1
1 2-n
- 2—n n+1 ntl
= w 1 5
) = wle) 14250 (0 (77+no(r))]
—ptl (55)
_ Uy (2)z ™1 2—n n+1 ntl -
1
and corresponds to the wall functions
_2n+1
~ 2—n n+1 ntl -
w = Uy 1 5 56
uli) = ) |14 257 (500 ) no<x>] (56)
@t [, 2 Loy T
~ Uy (T)T ™ -n n -+ ntl
= 1 . 7
ule) =R T M (3n(1—2n)> 7’0(%)} (57)

On the basis of equation (56), the transformed stretching velocity u,, approaches the initial one wu,, for
small values of z, but deviates it far downstream. Note that v, (z) ~ 5 a8 © approaches 0, and that
the similarity structure of the solution is broken.

It is worthwhile to observe that we obtain similar conclusions if both 79 and yy vary with z in
accordance with (52) and (53).

Clearly, as mentioned in [27], the TG approach opens new possibilities for constructing several solutions
with a regime prescribed on the wall. Those solutions are generated from a given solution by displacement
Yo = yo(x). Consequently, if the displacement of the transverse coordinate ¥, or the displacement of the
similarity variable ng is known, expressions (48), (50) give the velocity filed of the boundary-layer problem
corresponding to the stretching and transpiration velocities (U, Uy, ) given by (50). Conversely, for a given
(U, Uy) the TG approach allows us to determine the range of admissible transverse coordinates associated
to our primary solution via (50), to construct the solution (u,v) from (48), and to find the features that
distinguish the primary velocity (u,v) from (@, v), as precisely as possible. Then, under what conditions
on U, # 0 and v, yo exists 7 An immediate answer is formulated in the following compatibility condition

@Cn=1zx —x = 7(2n71)%, (58)
w

)7

M:2—n n+1 R. %“.
n+1\3n(l—2n)

Note that if @, = Cu,,, for some constant C, we deduce from the compatibility condition, as has been
shown above, that v,, = 0.

In the main context of this paper we are interested particularly in finding a solution (u,v), from
the primary solution, which corresponds to the stretching and suction/injection velocities ., U, being

with

proportional to x =7 and 2! respectively. Clearly, in this circumstance the compatibility condition is
violated. In [27], it is indicated that for Newtonian flows the case of inverse linear stretching velocity
requires a special approach.
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Figure 4: Profiles showing the effect of the parameter ~.

6. Pseudosimilarity solutions

For the post part we will be concerned with a detailed analysis of the solutions for the modified boundary
layer problem (25), (26). Hence the problem of interest is the eigenvalue problem (19), (20); that is (for
the reader convenience)

(") + 79"+ Bp* =0, >0, (60)

p(0) =1, ¢(c0) =0, (61)

where f = —7=5-,0 <n < 1/2 and v # 0. In the light of the analysis of the previous section with v = 0,
it seems natural to expect that problem (60), (61) admits unique solutions for v # 0 (at least for small
|7])- A mathematical question is to provide a range of y-the spectrum- for which problem (60), (61) has
a solution.

To solve the above problem we use the Crocco variables approach with the help of the theory of the
integral equation developed by Gilding and Kersner [28]. Firstly, it is easily checked, by noting that g
is negative and using the function E (see (34)), that any solution to (60), (61) is monotonic (strictly)
decreasing. We introduce a new variable 6 by

9(8) = _SDI(U)» s =, (62)
which satisfies the first order degenerate ODE
nd"0 =~0 —3s%, 0<s<l, (63)

or the following integral equation

S r2dr
9”(8):78+\ﬁ\/0 Wi)’ (64)
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obtained by a simple integration. Thus, the study of solutions to (60), (61) is reduced to that of solutions
to equation (64) supplemented by the initial condition

0(0) = 0. (65)

6.1. Eigensolutions for positive

It may be noted that the integral equation (64) can be used to obtain the explicit solution to (19), (20)
for v = 0. So, when looking for solutions under the form 6y(s) = asX, it can be shown (y = 0)

1
3 n-+1)\nt!
X = a:(lﬂlg ) :
n

Hence

|

1
1\ =+t
n+ ) o (66)

onts) = (19175t ) o

In view of (62), the ODE in (31) holds which leads to the explicit solution (38). Consequently, for any
~ > 0 problem (65), (64) has a positive solution 6, defined on (0, 1) [28]. Moreover, one sees from (63)

0,(s) > v s and 0,(s) > o(s), (67)

for all 0 < s < 1. Together with the integral equation we deduce

05) <7+ 191 [ 70 = 5 4 0500 (69)
s s —— =7s s),
¥ _7 0 90(7") ,-y 0
and then N n
1\ T 3, 1\ »+tT 3.
maX{vs, (19757) } <o5(8) Znsk (1015 ) T s (69)

The above estimates show that 6, tends to 8y as v — 0. Moreover

1\
o)~ (18120 ) o (70)

as s — 0. Next, we shall refine estimate (70). We assume that 6, can be written as
0,(s) = sn%l(a +bsk+ ), (71)

1
where the constants b,k are to be determined and a = (|8]%5) ™ (see (70)). Substituting (71) into
(63) confirms that

1—n
1—-2n vy n+ 1\
k= b=— .
n+1’ n (‘m 3n )
Thus N 1-n
n+1\"1 5~ n4+ 1\t 202-n
0 ~ n+1 . P n+1 72
N = R (= I (72)
as s — 0.

1

5, all solutions ¢ decay

Returning to problem (60), (61), we deduce that, for any v > 0 and 0 < n <

algebraically according to
_nt1

SHENE -

w(n) ~ n+1 3n
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as 7 goes to infinity, irrespective of v, showing that the pseudosimilarity solutions behave like the unique
similarity solution obtained in Section 4. Note that estimate (69) can also be used to exhibit an estimate
of the shear stress ¢’(0). Clearly, we infer from (69)

v (185 TméwﬂDSmw{ () }. (74)

The next analysis deals with the uniqueness result. Let v > 0 be fixed and 91 and 02 satisfy (65), (64)
Assume that 6‘1 > 92 on some [0, s,], 0 < s, < 1. One subtracts the integral equatlons for 91 and 92

gets )
CRCRERE e

for all 0 < s < s,. The LHS of the latter is positive for 0 g s < s, while the RHS is negative. A
contradiction. Thus 0}/ = 03 on [0,s,]. Hence, there cannot be two different solutions satisfying (65),
(64). Consequently, for any v > 0 problem (60), (61) has a unique solution for n < %, and there exists a
unique w, = w(7y) such that ¢’'(0) = w,. In addition, the estimate

dr, (75)

_ntl

o(n) < {1+21? ((nzi)ﬁ)mn} - (76)

holds in (0, 00), for all v > 0. In particular, this indicates that the solution with v = 0 gives a limiting
form for any solution with v, and that the profile ¢(n) tends to 0 as the power-law index approaches 0
and 1/2. The ~ effect is visible in the following estimate

1-n 4/, TR
o(n) < {1 + TW n} , (77)

which shows that o(n) decreases as v increases and goes to 0 as v tends to infinity (strong suction
velocity). Another property obtained from (77) is the following estimate of the boundary-layer thickness:

5(x) < |:102(1 n) 1:| W—l/vsze;1/(n+1)7 v > 0.

The next y—effect is found from the large y—behavior of the shear stress parameter. Using (69) one sees
that |w.| increases with v as

We ~ 771/"‘7 (78)
as v approaches infinity.
Note also that the shear stress is connected to v via the equation

0"/ (0) f—v+ﬁ/ (79)

This indicates, in particular, that the integral term becomes negligible compared to . A similar estimate
(for ¢'(0)) and conclusion are given in [24] for the Newtonian case.

Lastly, we point out, as mentioned before, that our results do differ in one essential Way from the
earlier works by Magyari et al. [24} for the Newtonian case and by Guedda [21] for n > 5. It is shown
that problem (19), (20), white n > , has a one parameter family of solutions if (and only 1f) the suction
parameter v > *; one solution for each specified ¢’(0). More precisely, for any v > 4* there exist a
smallest negative initial shear stress ¢ ,;,(7) and a maximal positive initial shear stress ¢ . (7), such
that the multiple solutions are parametrized by ¢’(0) in the interval

ﬁpé),min(’}/) S @/(0) S @B,max(’y)'
For v = 2 it is found that ¢f 5, = —1.725126 and ¢f . = +9.212868 [24]. The solution of (19),
(20) is only unique for v = 4*. On the other hand, all these solutions decay algebraically according to

v(2n — 1)n~1, in contrast to (73), as n — oo, for v > 4*. This result has been proved numerically in [24]
for the Newtonian case (see Figure 5 or Figure 3 of [24]).



Figure 5: Plots of ¢ versus 17 when n = 1 and v = 2, according to Ref [24]. This shows multiple solutions
corresponding to different values of ¢'(0)(= ¢y)).

6.2. Eigensolutions for negative v

We close our analysis with the case v < 0. We can ask, naturally, if the above results still true if ~ is
negative. The uniqueness result still holds. As for the existence of solutions we note that problem (65),
(64) may be viewed as a particular case of the problem

82d
0(s)["10(s) = vwwmz;%%l 0<s<l, 0

which can be written as
n|f|"7100" = ~0+ 8|5,
(81)
0(0) = 0.
To prevent any ambiguity, we shall consider only positive solutions. If v = 0, there are two explicit
solutions
01 = %00,

where 6y is given by (66). So problem (80) may have both positive and negative solutions for small |¥]|.
To obtain positive solutions, we look for an approximate solution in the polynomial form

Oap(s) = sX(a + bs" + ...), (82)

where w, k, a, b are some some appropriate constants. By substituting (82) into (81) it is found that

1 1—n
3 n+4 1\ 1-2n n+4 1\t
o= ()T = 22 2 (1)

n+1 3n n+1"’ 3n

1
Since the approximate solution must to be positive, the number a is given by a = (|ﬂ|%) "+ From

this we may conclude that for sufficiently small € > 0, problem (81) (or (80)) has a positive solution 6.,
in (0,¢). This solution is unique and satisfies (72) for small s and

05 (s) +7s < 05,(s) < O3 (s), (83)

as long as 0., is positive. Below we will show that 6, is the positive solution to (65), (64) under a favorable

condition on v < 0. Define
. (1Bl + 1)\
= () en
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The task remaining is to show that 6, still positive on (0,1) for

v < (85)

Let us suppose that there exists ¢ < sgp < 1 such that 57 is positive on (0, s9) and vanishes at s = so.
Setting s = so in (83) we arrive at the inequality

(ﬁ(n+1))"1155&

< .
3n 1vls0

Since s < 1 and n < %, we deduce |y| > ||, which contradicts (85). Hence 6, is the unique positive
solution to (65), (64). Consequently, for any v > —+* problem (65), (64) has a unique positive solution.

7. Summary and Conclusions

We have investigated the boundary-layer behavior of a non-Newtonian pseudoplastic fluid over a contin-
uous (permeable or impermeable) plane surface. The stretching velocity is given by wu, (x) = Uy(z/1)™,
where m = ﬁ,o <n< %, and the suction/injection velocity satisfies v,,(z) = Vpl/x. The analysis
reveals that there is a transparent difference between the case n < % and the case n > % For n < % the
boundary-layer problem is solved in a closed similarity for (and only for) impermeable surfaces. In term
of the stream function, this solution is given by

1—2n

n 1 2—n
1 1 n+4+1\n"! 2—n n+1 L 1
— (U2n—1p)) 7T (3w 1 = Res ™!
doley) = (") ™ (3m) <172n) { +n+1 (3n(172n)> 77} o e

SIS

The second part of the analysis deals with pseudosimilarity solutions for permeable surfaces. In this
situation it is shown that the boundary-layer problem in its usual form has no similarity solutions. A
modified boundary-layer equation is proposed and pseudosimilarity solutions are presented for any Vj # 0

such that —Vpl/A =~ > —y% = — (%) e Moreover, we have demonstrated, in particular, that

those pseudosimilarity solutions are in fact similarity solutions to a modified boundary-layer problem. In
1

addition, it is found that the stream function behaves like 1(x, y) ~ 1po(x, y) for large Re;*' ¥ irrespective
of v > 0. The effect of the suction velocity = is also investigated. It is found analytically that the stream
velocity decreases as v increases. The asymptotic behavior of the wall shear stress parameter ¢'(0) at
large v is analyzed. It is established that ¢(0) ~ —y'/", showing that the wall shear stress 7,,(z) behaves
like 7 (2) ~ —u2 (x)Rez /"y as 4 — oo. The above similarity stream function t(z,y) is used to
find new explicit solutions describing boundary-layer flows induced by permeable surfaces by adapting
the TG approach of Magyari [27].

The existence or the nonexistence of positive solutions for v < —vy is an open question. However,
it is reasonable to expect that the solutions exist for all negative values of . Our investigation may be
hampered by the lack of numerical solutions for the integral equation. However, we believe that the
results presented here will be used for testing numerical schemata.
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ACCEPTED MANUSCRIPT

> In this study we examine a class of non-Newtonian pseudoplastic fluids. > The power-law index is taken in the
interval (0,1/2). > Exact similarity solutions are obtained in a closed form.> New explicit solutions are also
obtained using the translation invariance method.



