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Abstract In this article, fractional calculus approach
is used in the constitutive relationship of a Burgers’
fluid model. Integral transforms are used to calculate
the velocity and the stress fields for some helical flows
of a Burgers’ fluid with fractional derivative. More-
over, the behavior of different physical parameters in-
volve in the Burgers’ fluid model is analyzed through
several graphs.
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1 Introduction

The flow of a non-Newtonian fluid through concen-
tric annuli represents an idealization of several indus-
trially important processes. One important example is
in oil well drilling where a heavy drilling mud is cir-
culated through the annular space around the drill pipe
in order to carry drilling debris to the surface. These
drilling mud are typically non-Newtonian fluids. Oth-
ers examples include the extrusion of plastic tubes and
pipes in which the molten polymer is forced through
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an annular die, and the flow in double-pipe heat ex-
changer. Non-Newtonian fluids are also extremely en-
countered in many disciplinary fields, such as chem-
ical engineering, foodstuff, biomedicine etc. Typical
non-Newtonian characteristics include shear thinning,
viscoplasticity, viscoelasticity and shear thickening
behavior. In the category of non-Newtonian fluids the
fluids of differential types have acquired special sta-
tus as well as much controversy [1]. These fluids can-
not describe the influence of relaxation and retarda-
tion times. Recently, one of the rate type fluids model
proposed by Burgers [2] has become very popular
amongst researchers. This is because of it success in
describing asphalt in geomechanics and food products
such as cheese etc. There are numerous examples of
the use of Burgers’ model to study asphalt and asphalt
mixes [3].

In Refs. [4-7] Fetecau has discussed the flows of
the non-Newtonian fluid in cylindrical geometry for
ordinary viscoelastic fluid models. In Refs. [8—11]
Fetecau and Fetecau constructed the exact solution
for some unsteady helical flows of a second grade,
Maxwell and Oldroyd-B fluid models. Moreover, in
order to describe the viscoelasticity [12] the fractional
calculus approach is very important. The starting point
of the fractional calculus is usually a classical differ-
ential equation, which is modified by replacing the
time derivative of an integer order by the so-called
Riemann-Liouville fractional calculus operator. This
generalization allows one to describe precisely non-
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integer order derivative [13, 14]. So far very little ef-
forts [15-26] have been made to discuss the flows of
viscoelastic fluids with a fractional calculus approach.

To the best of my knowledge, it seems to me that
no attempt is available in the literature, which de-
scribes the helical flows for fractional Burgers’ fluid
model. The aim of this article is to discuss some helical
flows of a Burgers’ fluid model with fractional deriv-
ative. The article is managed in the following manner.
Firstly, it is to develop modeling of flow equations for
fractional Burgers’ fluid model. Secondly, it is to ob-
tain exact analytical solutions for two types of flow
problems: (i) helical flow between concentric cylin-
ders and (ii) helical flow within an infinite cylinder.
The explicit expressions for the velocity and stress
fields are constructed by using Hankel and Laplace
transforms.

2 Governing equations

The flow of the incompressible viscoelastic fluid is
governed by the set of conservation and constitutive
equations. In the absences of body force, the momen-
tum and mass equations can be written as follows

v
p[¥+(V~V)V}:—Vp+V-S, 1
V.V=0, 2)

where p is the fluid density, V the velocity vector, p
the pressure and S the extra-stress tensor. The extra
stress tensor S for a Burgers’ fluid satisfies the follow-
ing constitutive equation

S +29D%S + 24 DS = ju(A + 2E DPA), 3)

where A = L + LT is the first Rivlin-Ericksen tensor
with L the velocity gradient, p the dynamic viscos-
ity, A; and A3 (<X;) are the relaxation and retarda-
tion times, respectively, A» a new material constant of
Burgers’ fluid having the dimension of #%, & and f are
fractional calculus parameters such that0 <o < g <1
and D, is the upper convected time derivative defined
by [22]

D¥S=DS+ (V-V)S —LS —SLT and

IS 4)
DS = D (DPS).

DPA=DPA+ (V-V)A—LA —ALT, 5)
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where DY is the fractional differential operator, which
is defined as [13, 14]

DELF(1)] = —) < / (1 — ) f(0)dr

O=a=1 (6)

with I'(+) as the Gamma function.
The flow under consideration has the following ve-
locity and the stress fields

V(r,t) =v(r t)eg + w(r, t)e,, S=Srt, @

where ey and e, are the unit vectors in - and z-
directions.

The velocity field (7) automatically satisfies
the incompressibility condition. The initial condition
S(,0) = 0 yields S, = 0. In the absence of body
forces and pressure gradient in the axial direction, (3)
and the balance of linear momentum leads to the fol-
lowing equations [22]

(149D + 28 D)ty = (1 + 25 DY@, — 1/r)v,

8
pd = (3 +2/r)1) ®)
and
(14 29D% + 24 D)1y = pu(1 4 25 DF) (8, w), o

pdhw =3, +1/r)n

where 71 = S,9 and 72 = S;,;. Eliminating 71 and
from (8) and (9), we get

v
(141D + ngE")E

2 19
_v(1+k‘3Dﬂ)( -2

1
52T, r—z)v(r,t), (10)

and

Jw
(141D + xgpf“)g

% 19
=v(1+,\§1)f)(8—2+—8—)w(r,z), (11)

where v = pu/p is the kinematic viscosity of the fluid.

3 First problem

Consider the helical flow of a Burgers’ fluid initially
at rest between two infinitely long coaxial cylinders of
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radii @ and b(> a). At time t = 0" the two cylinders
begin to rotate about its axis with the constant angu-
lar velocities wi and w; and to slides with the veloci-
ties V| and V5. The flow is governed by (10) and (11),
and its corresponding initial and boundary conditions
are

v(r,0) = d;v(r,0) =3, v(r,0) = w(r, 0) = d,w(r,0)
=0, w(r,0)=0 fora<r<b, (12)

v(b,t) =bwy,
w(b,t)=V, fort>0.

v(a,t) =awi,

13
w(a,t) =V, 13

To find the solutions for the above equations (10)
and (11) subject to the initial and boundary conditions
(12) and (13), we first make the change of unknown
function

v(ir,t)=U(r)+ui(r,t) and

(14)

w(r,t) =Up(r) +up(r,t),
where

b2_r2)
Ui(r)=rw; — ———(wp —w;) and

®*—a) (15)
U _v In(b/r) v v

o(r) = l_ln(b/a)( > = V).

So we attain the next two problems with initial and
boundary conditions

]
(1+A¢ D¢ + 24 D2) 8“:
pp (3 13 n
=v(l+A3D;) Py un(r,t), (16)
uy(r,1) = —=U,(r),
(17)
orun(r,t) = 0pu,(r,t) =0, atr=0,
up(a,t)y=u,(b,t)=0 fort>0,n=0,]1. (18)

To obtain the exact analytical solution of the above
problem (16)—(18), we firstly apply Weber transform
(A.1) from appendix to (16) and (17) keeping in mind
(18), we find

a +)‘111D;x +Athza)atﬁn(rnm,t)

i (1 + 25 DPYiE, (ram, 1) = 0. (19)
aJn(rnm, 0)= _ﬁnm,
(20)

3tﬁn (ram,0) = 8tt”/7n(rnma 0)=0

145
where
~ 2 [
Tom = — [Mvz—vl] and
nrg, LJo(romb) e
U = 2 [gjl(rlma)ba)z—awl]
"}, L (rimb) '

Now applying Laplace transform formula for se-
quential fractional derivative to (19) and using (A.3)
from appendix and the initial conditions (20), we get

ﬁn(rnm, 5)

L+ Afs® + A%‘szo‘ 0
B _s 4+ A%soetl L% g2e+l 4 yp2 (1 4 kﬂsﬁ) "
1 2 nm 3
(22)

where i, (Fm, ) is the Laplace transform of i, (rm, ).
Now rewriting the above equation (22) into the se-
ries form, we find

. S e g
Un(Fpm, $) = — Z 520+ Z iljlk!
=0 *2  igjtk=l

(14 295¢ +A’§s20‘)s51![7 o3
(s A/

inwhich § =i+ 8j —al —1 —«a — 1 and using next the
property of the inverse Laplace transform (A.4) from
appendix to (23) gives

a‘n(”‘nm, 1)
k=0 ) . o
B —i (—1)! z;i [vrr%m]1+kkgjta(l+l) 5—1
- a(l+1) TR
=0 A2 i+jt+k=l il
)\‘Cl o )\‘C(
a 1 1 () 1
X |:E0(,0(3 <_k_ata> + t_aEOl,*S (_)L_ata>
2 2
A9 AY ~
2 p(m) 1
+ tTaEa,—a—S (_A_ata>i|Unm- (24)
2

Now using (24) into (A.2), we obtain the velocity
field in the following form

u (V t) = _n_2 i r’%m]’%(r”mb)Hﬂ(rnm7 r)ﬁnm
" 2 m=1 anm(rnma) - Jr%;n(rnmb)

o (_l)l i,j,k>0 [vr’%m]j—i-k)L/;j

X _ - -
Z a(l+1) Z 1Vl
1=0 A2 i+j+k=l iLjlk!
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o qetrn—s-1 g0 (M
a,a—38 )\g
A AY
1 () 1.«
e ()
@@ A5
A Y
2 () 1
+ pofaas (—gt’“)} (25)

Substituting (25) into (14), the exact analytical so-
lutions for the flow between concentric cylinders will
take the form

v(r, 1) = Ui(r)

7 i P 1mb) Hi (s ) U1
2 Ity (rima) = 7, (rimb)

m=1
00 (—l)l i,j,k>0 [Ur%m]j+k)\-§j
XZ a(+1) Z ikl
A 4 iljlk!
=0 2 i+j+k=Il

o qetrn—s-1[ g0 (M a
o,0—38 )Lg
Ay ( M )
+—E, | ——1°
e AS

A2 ) M
+ sa Ba—a-s _Eta : (26)

and

w(r,t) = Up(r)

o0

77_2 Z ra. JE(romb) Ho(rom, ") Uom
2 Jozm(roma) - J()Zm (rOmb)

m=1

k>0 ) .
y i (_l)l i ji [Urgm]j-l—k)tfj
Lo+ ik!

1=0 *2 it j+k=l

o e+ =5-1 [E(l) <_ﬁta)
o,0—38 2y
2
o )\’Ol
1 () 1
+ o Eas (_)L_octa>
A9 A
2 () 1
+ tz_aEa,—a—a <_A_“ta)]' 227)
2

Using the above equations (26) in (8); and (27) in
(9)1, we find the shear stresses in the following form

@ Springer

T1(r,t) =Ti(r, 1)

e¢]

WS 3 P L)1 rim, 1) Ut
2 i (rim@) = JE,, (rimb)

m=1
00 (—l)l i,j,k=0 [vr12m]j+k)\’§j
XD e 2 T hm
1=0 2 i+j+k=l
1 Af
o 2+ =51 [E;’)a_a (_A_ita>
2
B o
A A
3 () 1. .«
+—=E —a<_f )} (28)
AT
where
T ) 2ua(b? + ) (wr — wi)
rt) =
! r2(b? — a?)
> A
| a(l+1)
1=0 i Ay
0 r
x [Ea,a—2a1+l <_)L_oz)
2
B
A t“
3 ()
+ 5 Eva—201-p+1 (__)}
lﬂ a,a—2al—p )Lg
and

G1(rim, r) = 1 (rima) Y2 (rimr)

— Y1(rima) Jo(rimr),
and
(r,t) = To(r, t)

_pm? i 73 (romb)Po(rom, ) Uom
J()zm (roma) — Jozm(rOmb)

m=1
o0 I
(=D
X Z )Lot(l—t-l)
=0 "2

k>0 . .
i,] [V”gm]]—’_k)gﬁ]

ta(1+1)7571
i1jlk!

B o
A A
3 (0 1
+ 25 Eaa—ps (Tg t")}, (29)



Meccanica (2010) 45: 143-151

147

(a) Ordinary Burgers’ Fluid Model

a=P=1,t=1,1,=5,13=0.5

s — =0
3 - = =1
k1 s A2= 3
£ % s Agam 8

(b) Fractional Burgers’ Fluid Model
@=0.6,=0.8,t=1,1,=5,15=0.5

1
— X2=0
- = Az= 1
0.8 X - A=3
- QA2=5
.06
=
= 04
0.2
0
1
(d) Fractional Burgers® Fluid Model
a=0.6,$=0.8,t=1,11=5,13=0.5
1
— Az=0
—— ap=1
0.8 semm =3
- Az=5

Fig. 1 Variation of velocities v(r, t) and w(r, t) for different values of A,
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(c) Ordinary Burgers’ Fluid Model
a=p=1,t=1,1;=5,13=0.5
— 12=0
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- Ap=3 2 o T
1 - A2=5 f;" ;
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N :
= 05
0.25
. \
1 1.2 1.4 1.6 1.8 2
r
where
1 _
w(Va = Vi) & (=1 A e t=D
To(r. ) = > I+
rin(b/a) I el
=0 2
o
0) 4
X |:Ea,(x—2al+1 <_F>
2
B
A ¢
3 -0
+ t_f}Ea,a—Zal—,B+1 (_E>i|
and

@0 (rom, r) = Jo(roma) Y1 (romr) — Yo(roma) J1 (romr),

respectively.

4 Second problem

Here we suppose that the Burgers’ fluid is in an infi-
nitely long cylinder which is initially at rest and sets
in motion suddenly due to rotation of the cylinders
about its axis with constant angular velocity w and

slides with constant velocity V. So for this situation
the governing equations will be same except the initial
and boundary conditions (12) and (13) we use

v(r, 0) = 9;v(r, 0) = 9 v(r,0) = w(r,0) = d,w(r, 0)

=d,w(r,0)=0 forr <b, (30)
[v(0, )| < oo, v(b,t) =bw,

w(b,t)=V fort>0.

31
lw(0, t)| < oo, Gl

Applying the finite Hankel and Laplace transform
to solve the above problem, we attain the solutions in
the following forms
Ji(rimb) i G0k

Fim 2 (rimb) = 320+

o
v(r, t) :ra)—ZwZ

m=1

k=0 ) ) o
b [vrlzm]-’+kk3ﬂ’t“(l+1) 5—1

x D ik!

i+j+k=1
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and

A9 29 29
0} 1 A0 1
Ea,afé <_gta) + t_aEaﬁB (_g

oo oo

2V Jo(romr) (=1}
”(”):V—TZ Z «(+D)
2

dl

" TomJ1(romb) =3

k=0 ) ) o
L [vrgm]]-kk)hgftoz(l—kl) 5—1

2

i+j+k=1

A9 29 29
0} 1 A0 1
Ea,otfé <_gta) + t_aEa,fzS (_g

2% P
2 (0 1

+ 5B, s (— o t“)].
2

tZot

i1jlk!

(a) Fractional Oldroyd-B Fluid Model

p=0.8,t=1,11=51=0,15=0.5
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(c) Fractional Oldroyd-B Fluid Model
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02
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v(r,t)

wir,t)

5 Numerical results and discussion

In this section numerical results for the velocity and
the stress fields are illustrated graphically for the first
problem. For the sake of simplicity all the graphs are
plotted by takena =1,b=2,w1 =1, w2 =0, V] =0,
V2 = 1. Through many diagrams the variations of the
velocity field and the shear stress are shown. The ef-
fects of various parameters especially the fractional
parameters «, 8 and the rheological parameter A, of
the Burgers’ fluid are interpreted. In diagrams, com-
parison is drawn between ordinary and fractional mod-
els. Special attention has been focused to analyze the
difference between the velocity and stress profiles for
an Oldroyd-B (A, = 0) and Burgers’ fluid (A # 0)
models.

Figure 1 displays the behavior of the rheological
parameter A of the Burgers’ fluid; it is observed that
the Burgers’ fluid model shows the sharp change in ve-
locity when compared with Oldroyd-B fluid model. It

(b) Fractional Burgers’ Fluid Model
p=0.8,t=1,11=5,1=2,13=0.5

1F
— a=0.1
-—- a=03
08} - .5
.7
06}
04}
0z
ok
1 1.2 1.4 1.6 1.8 2
r
(d) Fractional Burgers’ Fluid Model
p=0.8,t=1,14=515=2,13=0.5
1F y g Y :
— a=0.1 S
-~ a=03 e o
08} - a=05 L
- a =07 vty "

Fig. 2 Variation of velocities v(r, t) and w(r, t) for different values of «
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is also seen that the behavior of rheological parame-
ter Ay of the Burgers’ fluid is non-monotonous. This
shows that the flow is the strong function of the rhe-
ological parameter A, of the Burgers’ fluid model. It
is also observed that the effect of the reology of the

(a) Fractional Oldroyd-B Fluid Model
a=0.1,t=1,14=5,15=0,13=0.5

fluid is much stronger in ordinary models than those
of fractional models. Figures 2 and 3 are plotted to
show the effects of non-integers fractional parame-
ters @ and B on the velocity fields. It is observed in
Fig. 1 that for time ¢ = 1 the velocity profiles will

(b) Fractional Burgers’ Fluid Model

@=0.1,t=1,1,=55=2,13=0.5
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—— p=03
-= p=05
0.8 - p=07
- =09
_ 06
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=
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0.2t
ot
1 1.2 1.4 1.6 1.8 2
r
(d) Fractional Burgers’ Fluid Model
@=0.1,t=1,1;=5,1,=2,15=0.5
y - -
— =03
-- p=05
0.8 —eee B =07
. =08

0.6

w(r,t)

04

02

Fig. 3 Variation of velocities v(r, t) and w(r, t) for different values of
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(c) Fractional Oldroyd-B Fluid Model
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; - - - -
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e B=08
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1 1.2 1.4 1.6 1.8 2
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Ar=0,12=0,15=
n‘.g=2, ).2=G,ola=0

V=2 05=015=1
NI,

-

Fig. 4 Variation of velocities v(r, t) and w(r, t) for different values of ¢
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(a) Ordinary Burgers’ Fluid Model
a=p=1,1,=51,=2,13=0.5

125 (," e t=15
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(c) Ordinary Burgers’ Fluid Model
().'=ﬁ= 1,,1;=5,,\.2=2,13=0.5

35} — t=35
% - t=10
' e t=15
i e £=20

To(r,t)

(b) Fractional Burgers’ Fluid Model
@=0.6,5=0.8,1,=5,1,=2,13=0.5

%
= -6 5
/{-" - - t=10
-8 & - t=15
[ii - t=20
I3
-10f
05 0.75 1 1.25 1.5 175 2
r
(d) Ordinary Burgers’ Fluid Model
@=0.6,5=0.8,14=5,1,=2,13=0.5
25 ' ' ' ' :
— =5
A -=-t=10
Ay ---- t=15
21\ v b= 20
=15
=
=
1
0.5

Fig. 5 Variation of shear stresses 7 (r, t) and 7 (r, t) for different values of ¢

increase by increasing the fractional parameter o for
both the Oldroyd-B and Burgers’ fluid models. While
in Fig. 3 the opposite effects are observed for §. Thus
from these figures it is obvious that the order of the
fractional parameters have strong effects on the ve-
locity profiles. In Fig. 4 the velocity fields in between
concentric cylinders are plotted as a function of time
t for Newtonian, generalized second grade, general-
ized Maxwell, generalized Oldroyd-B and generalized
Burgers’ fluid models by keeping r = 1.5. It is shown
through this figure that for increasing time ¢ the non-
Newtonian effects ultimately become weaker. Figure 5
is plotted to show the behavior of shear stresses 7 (r, t)
and 1,(r, t) for ordinary and fractional Burgers’ fluid
model, the effects of time ¢ on the stress fields can be
observed from this figure.

Conclusively, in this work we have firstly modeled
the equation for some helical flows for a viscoelastic
fluid between coaxial cylinders. The expressions for
the velocity and the stress fields are constructed by us-
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ing Hankel and Laplace transforms for helical flow be-
tween concentric cylinders and for flow within an infi-
nite cylinder. Moreover, the graphs are plotted for he-
lical flow between concentric cylinders through these
graphs the behavior of many physical parameters of
interest involved in the velocity and stress fields are
discussed.

Appendix

The Weber transform is define as

b
ﬁn(rnm7t):/ rup(r,t) Hy (rpm, r)dr, (A.1)
a
and its inverse is
o0
~ Hy, (rum, 1)
1) = ) ———, A2
n (1, 1) n;un(rnm NS (A2)
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in which Hy, (rpm, 1) = Ju (Fpm?) Y (rama) — Jun (rpma)

Y (rumr), rum are the positive root of H,, (r,,, b)and
1 xr rh T ramb)

N (rpm) 2 an(rnma)_an(rnmb)’

where J,(-) and Y, () are the Bessel functions of the
first and second kinds of order n.
The Laplace transforms of L{D% ;i (rpm,t)} and

Dl (ram. 1) is

L{D?atﬁn(”nmy )= sa+1§n(rnm, 5) — sagn(rnms 0),

B g (A.3)
L{Dt Up(Fums 1)} = 8Py (Fpm, 8).
—1 k!s)t_u/ — t}»k-‘r/,L—IE(k) (:tct)\)
(s> F C)k+1 - Asp
(Re(s) > '), (A4
where
o0 Zn
E - —’ )\’7 > 07
i@ =D T o M
n=0
k 00 n
k) d (Vl + k)'Z
E =—F = _.
@)= G B X_E) T(n+k) + )
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