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Abstract

This paper aims to explore the possible solutions for the movement of an Oldroyd-B
fluid placed under certain conditions, i.e. the fluid is present within two cylinders,
which are coaxial and oscillating within. Having said that the governing model will be
an Oldroyd-B fluid, we wish to achieve our goal of finding the velocity and shear
stress by using some common transformations, namely the Laplace transformation
and the Hankel transformation. The final results, for the sake of simplicity, will be
expressed in the form of generalized G-function and they satisfy all imposed initial
and boundary conditions.

Keywords: Oldroyd-B fluid; velocity field; shear stress; rotational oscillatory flow;
Laplace and Hankel transforms

1 Introduction

Flow due to an oscillating cylinder is one of the most important and interesting problems
of motion near oscillating walls. As early as 1886, Stokes [1] established an exact solution to
the rotational oscillations of an infinite rod immersed in a Newtonian fluid. An extension
of this problem to the rod undergoing both rotational and longitudinal oscillations has
been realized in [2], while the first exact solutions for similar motions of non-Newtonian
fluids are those of Rajagopal [3] and Rajagopal and Bhatnagar [4]. However, all these so-
lutions are steady-state solutions to which a transient solution has to be added in order to
describe the motion of the fluid for small and large times.

The first closed-form expressions for the starting solutions corresponding to an oscil-
lating motion seem to be those of Erdogan [5] for Newtonian fluids. New exact solutions
for the same problem, but presented as a sum of steady-state and transient solutions, have
also been established by Corina Fetecau et al. [6]. The extension of these solutions to sec-
ond grade fluids has been achieved in [7], while the starting solutions for the motion of
the same fluids due to longitudinal and torsional oscillations of a circular cylinder have
been established in [8]. Recently, starting solutions for oscillating motions of a Maxwell
fluid in cylindrical domains have been obtained in [9]. Other interesting results regarding
oscillating flows of non-Newtonian fluids have been presented in [10-15].

In this paper, we are interested in the velocity and shear stress for the movement of an
Oldroyd-B fluid within two coaxial infinite oscillating cylinders oscillatory motion of a
generalized Maxwell fluid between two infinite coaxial circular cylinders, both of them
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oscillating around their common axis with given constant angular frequencies z. The ve-
locity field and associated tangential stress of the motion are determined by using Laplace
and Hankel transforms and are presented by integral and series. It is worthy to point out
that the solutions that have been obtained satisfy the governing differential equation and
all imposed initial and boundary conditions as well. The solutions correspond to the or-

dinary Oldroyd-B fluid, performing the same motion.

1.1 Governing equations of problem
The movement of the Oldroyd-B fluid is governed by the following mathematical model:

(1+A%)r(nt):u(l+k,%) (%—%)w(r,t), (1)

9\ ow(r, ) 0 ? 19 1
1+A— =v(l+d— || == +-— - = |w(r0). (2)
at) ot atJ\or? rar r?

Here we have labeled the dynamic viscosity as u, whereas the kinematic viscosity is v =

%, the constant density of the fluid is presented as p, the relaxation time is A, and the
retardation time is A,. We have labeled the velocity V as w(r,¢) and the extra-stress S as

7(r,t) and the governing model using fractional derivatives eventually becomes

(1+1D)z(r,0) = u(1 +A,D}) <3 - 1>w(r, t), 3)
ar r
ow(r, t) 2 194 1
(1+)\Df) Al :\)(1+)\‘VD?)<@+;5—r_2>w(r,t)r (4)

due to the fractional operator defined as follows:

fon_ 1 d [ f(r)
th(t)_r(l—é)dt/(t—r)f dr when0 <& <1, (5)
d
= %f(t) Wheng =1. (6)

We can notice that for £ and n — 1, our model involving fractional derivatives reduces to
the basic model defined earlier due to the fact D}f(¢) = % (2).

2 Theoretical description of the problem

Suppose a viscoelastic (Oldroyd-B) fluid is at rest in the annulus of coaxial circular cylin-
ders whose lengths are infinite and having R; and R, radii, respectively, where R; < R;.
Initially at £ = 0, both the cylinders and the fluid are at rest. At time ¢ = 0%, the outer cylin-
der suddenly begin to oscillate around its axis (r = 0) with the velocity Z sin(zt), where z is
the constant angular frequency of the outer cylinder and Z is the constant. Owing to the
shear, the fluid between the cylinders is gradually moved, its velocity being of the form

V =V(r,t) = w(r, t)ey,

where ey is the unit vector along 6-direction of the polar coordinate system whose coor-
dinates are (7,0, 2).
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The constraint of incompressibility is automatically satisfied for this kind of flows. The
equation for this motion is

u(@+rD) (0 1
r(r,t)—m<5—;)w(r,t), (7)

where 7(r,£) = S,4(r, £) is the only non-zero shear stress. When the pressure gradient and
the body forces in the axial direction are absent, the following equation is obtained by the
balance of the linear momentum:

ow(r,t) a 2
P =(5+;)t(r,t), (8)

where the constant density of the fluid is p.

In this paper, we have determined the velocity and the shear stress when the inner cylin-
der is fixed and the outer cylinder is moving. The initial and boundary conditions, when
the inner cylinder is fixed and the outer cylinder moves gradually become

w(r,0)=0; re[R,Ry], )
w(Ry,t) =0, w(Ry, t) = Z sin(zt). (10)
Also
_ _ Zz
W(Ry,s)=0,  W(Ry,s)= 5—. (11)
22 +s

Two transformations, namely the Laplace and the Hankel transformations, can be applied
to the problem to solve it.

3 Calculation of the velocity field
Let us apply Laplace transformation to equation (4) to obtain the following ODE:

£41) = 2 19 1)\._
(s+ A" )w(r,s) = v(1 + A,8") 2t e w(r, s), 12)
2oordr r

where ‘s’ is the parameter of the Laplace transform, or

s+ Asttl 7(r.5) 2 19 1 3. 9) 13)
—w(r,s) = [ — + —— — = |W(r,s).
V(1 + A,s7) orr  ror r?

Multiplying both sides of above equation by 7B (r, r,,) and integrating with respect to 7’
from R; to R, where By(r,7,) = J1(rr,) Y1(Rory,) — 1(Ror,) Y1(rr,), and r,, are the positive
roots of the equation B; (R;r,) = 0.

Hence our last equation becomes

s+Aasil R

v(1+A,87) Jg,

Ry 2
:/ r(a— + 13 - :—2>Bl(rrn)17v(r,s) dr. (14)
R

) or2  ror

rBi(rr,)w(r,s) dr
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Also we define the Hankel transform of w(r, s) as

Ry

Wi (1, s) = / rw(r, s)Bi(rry,) dr.
R

1

Consider right hand side of the above equation (14), and solving it for simplification
purposes, we get

Borar 19 1 i} 27z -
/I;l 7‘(@ + ;5 — r—2>Bl(rr,,)w(r,s)dr= m —VHWH(VV,,S). (15)

Again, from equation (14), we can deduce that

s+AsE 27z
WH(VH,S)

e W9) = — e = W), §
V(1 + A7) (2 +52) r, (T, 8) (16)

Again simplifying the above equation for Wy (r,, s), we get

27z v+ A,s™)

V_VH ry,S) = .
) (2% +5%) s+ AsS*L + vr2 + vr2),s”

17)

More simplification gives us

27z 27z(s + Ast )

P2r(z2 +52)  r2(w(22 +52))(s + AsE 4 vr2 + vr2i,sn)

V_VH(rmS) = (18)

Or equivalently, we write Wy;(r,,,5) = Wi (r, s) — Wap (., ), where

27z

Win(ry,s) = ——>——
117 s) r2m(z? + s2)

(19)

and

- 272(s + Ast*1)
Wor(ru,s) = —

r2(w (2% + s2)(s + AsEL + vr2 + vr2h,sh)

(20)

Before we proceed, let us define the inverse Hankel transform

Zz  Ry(r*-R})
(s> +2%) (R -R)r

wi(r,s) =

and

nzi rﬁ]bzl(ern)Bl(rrn) by

P = L i) - o)

n=1
This leads us to

w(r,s) = Zz Ry -Rj) n_z o 7o) (Riry)Bi(rry)
(2 r(R2-RY) 2 — T2 (Rury) = T3 (Rory)

27z(s + Ast*1) i| 1)

X
|:r§(7'((z2 +82))(s + AsEL + vr2 + vr2h,sT)
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or equivalently

zz Rz(rz —R%) x > ]gl(ern)Bl(VVn)
(22 +52) V(Rg - R%) = ]Ifl(ern) _]Zl(Rﬂ'n)

w(r,s) =

Zz(s + Ast 1)
x .
(2% +82)(s + AsE*L + vr2 + vr2h,sm)
Equivalently,

1 1 ook _vrz k Snm—k—l
== Ay . :
s+AsE 4 v+ vr2h,sh A Z Z ’ < A ) (s5 + L)kt

and consequently

_ o Zz R(P-R)  _~ JnRir)Bi(rrs)
w(r,s) = (22 +52) r(RE—R2) ;]gl(ern) —JZ (Ror)
Zz(s+ Ast*1) 1 ( )k gm—k-1 :|
x Ly -
|: (@ +s%) ALl 5§+ Lyl
or
) = 22 R =RD TR )Bi(rm)

(22 + %) r(R:-R?) — Jin(Riry) = Jj, (Rars)

1 > & —vr? k Zz sk
ZZ“( ) (7))

k=0 m=0

Zz gmm—k+E
”((Zz+52))((sg+ )m)}

>*' |

Taking the Laplace inverse using the convolution theorem and the identity

b
_( S
Ga,h,c(d: t) =L ((S” — d)c’)

Re(ac - b) > 0, Re(s) > 0, |S%| > 0, we get the shape of the above equation as

Ry(r* - R?)(Z sinzt) Z_ﬂoo J7 (Ryr)By(rry)

w(r,t) = -
(r ) V(R%—R%) A -1 ]gl(ern)_]bzl(RZrn)

> K AN -1
XZZAT( kn> |:/0 sinz(t—‘L’)Gg,nm_k,kH(T

k=0 m=0

¢ -1
+ A/ Sinz(t — ©)Ge pm—k+& kil (T’ r) dri|,
0

which is the required velocity field.
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(23)

(24)

(25)

(26)

(27)
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3.1 Calculation of shear stress

Considering equation (3) and solving it for t(r,t), we get

1
(r,t) = M (i - l)w(r, t), (28)
A +AD5) \or r

taking the Laplace transform on both sides, we get

- uw@d+Ar,s") 9 1.
T(T,S): W(a—;)W(V,S), (29)

obtaining the value of w(r,s) from equation (25) and putting it in the above equation; we
need to first calculate (% - %)171/(1”, s),

( d ) W(r,s) = 27z RzR% v i}f(ern)(ZBl(rrn) — 11,Bo(r1y))
o 7)W= (22 +s2) r2(R2 - R?) LY o r(2(Riry) = J2(Ryr))
ook . —1)7'5 k 7z gk
X/(X():y;%( A > |:((Zz+sz)><(sé+%)k+1)

Zz kg
”(<z2+s2)><(sf+§)k+l>}
- )_[u(uw)] 27z RyR} gil%(klrn)(zBl(m)—rrnBo(rrn))
T T || @) r®@-r) rU2Rury) — 2 (Ror)

n=0

o k . —VVZ k 7z Sﬂ”’—k
XZZA’( A )[<z2+s2><(sf+i)k+l>

k=0 m=0

Zz kg
+A((zz +s2)><(sf v i)kﬂ)] ’

or

T(r,s) = [ M } 22z R 7 i/lz(Rﬂn)(ZBl(rrn) — rrBo(rry))
T+ asE) || (22 + s2) r2(R3-R}) X e r(2(Riry) — J2(Ryr))
=5 m( — r,% k Zz §m—k
x%%%( A ) |:(z2+52)((sé+%)k+1>

7z gmkiE
o) ()]

N |: A, s ):||: 27z RyR? T lez(Rﬂn)(ZBl(Wn)—”’nBo(rrn))

@+ PR -R) k= AR - FRor)

v\ T Zz shm=k
A (2% +52) \ (5 + 1)k+

7z gmk+E
+A((zz +s2)>(<sé ; i)k“)H'
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Equivalently

() = |:pci||: 27z RyR? 0 %fj (Rir,)(2Bi(rry) — rr,Bo(rr,))

(2% +52) r2(R5 - RY) s + 1 o rUE(Rury) = JF (Rarn))

g ol N 2z gk
xZZM( A >|:(z2+s2)((sé+%)k+1>

k=0 m=0

Zz ghm—k+E
) (o %)k“ﬂ
|:,u)»,i| |: 27z RyR? T i 2(Ryry) 2By (rry) — rryBo(rry))

@+ PR-B) A rUE (Ryry) = JE(Rory))

+
n=0

ook —vr2 k 7z Sr;m—km
XZZ)‘r( ) |:(Z2+82)<(S5+%)k+2)

k=0 m=0
Zz Snm—k+$+r]
+A .
(@) ()
Taking the Laplace inverse, using the convolution theorem, and the following identity:

71 s’
Ga,b,c(d’t)—L ((S“—d)c>’ (30)

Re(ac - b) > 0, Re(s) > 0, | | >0,

o 3] i [ - ()

i i J? (Rury) (2B (rry) = rruBo(rr)

W R - P Rory)
> & AN W -1

X ZZA;"( ) [/0 Sinz(t—f)Gnmk,é,k+2<TyT) dr
k=0 m=0

¢ -1
+ A/ sinz(t — r)Gﬂm_kJ,g,g,kﬂ(T, 'C) dr]]
0

whe 1| 2ZRR: [ -1
+|:T:|[m ; San(t—T)Gn,571 T,T dr

&\ J2(Ryr) 2By (r1y) — 17, Bo (7))
r(]lz(ern) _]12(R27n))

n=0

> & —vr2\ T [ -1
X ZZA;’“(T”) [/(; sinz(t — ‘E)Gnm_k+q,s,k+2<7,f) dr
k=0 m=0

t ) _1
+ k/ sinz(t — r)Gnmk+g+n,g,k+2(7, t> dr:|:|.
0
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4 Particularization of the above results
The above results are of a general nature and the imposition of certain limits/conditions

may bring these to particular fluids.

4.1 Ordinary Oldroyd-B fluid
The velocity field and shear stress of the movement of an ordinary Oldroyd-B fluid can be

deduced imposing &, — 1 on the obtained results:

Ry(r* — R?)(Z sinzt)

wln) = (& - R

Zn o~ Jp(Rury)Bi(rr)
A n=1 ]Zl(ern) _]131([\)27;1)

ook . —vrﬁ k ¢ . -1
XZZ)‘r 0 | sinz(f — ) Grm-kk+1 T dr

k=0 m=0

t -1
+ )‘/ sinz(f - T)Gl,m—k+1,k+1 (7; ‘E) dT:|;
0

and the associated shear stress will take the form of

2
r(r,t)—[ ]|: 22(12352R )/ smz(t—t)Gml(;,I)dt

Z_ Z ]1 (Ri74)(2By(rry) = rryBo(r74))
A 1m0 r(jl (Rury) - ]1 (Rary))

o K - —vrz kpope -1
XZZA, /OSIHZ(f—f)Gm_k,1,k+z T,r dr

t -1
+ A/ sinz(t — 7)Gr—ki1,1,k+2 (T, 'c) dr]j|
0

Ay 2ZR,R? [ 1
+[ A }[m o sinz(t - 7)G11 T dr

2 i JE(Ry7,) (2B (rry) — rryBo(rry))
otz U Rr) = T (Rora)

> X —vr\FT rt -1
X ZZ)\:"( ) |:/0 sinz(t—r)Gmk+1,1,k+2<7,r) dr

¢ -1
+ A] Sinz(t — 7)Gr—k+2,1,k+2 (T, r) dr:|:|.
0

4.2 Ordinary Maxwell fluid
If £ - 1, A, — 0 in the already found results for the velocity and shear stress then the

resultants will govern the movement of an ordinary Maxwell fluid under the same cir-
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cumstances. We have

Ry(r* — R?)(Z sinzt)
r(R3 - RY)

w(r,t) =

_ Z_T[ > ]Zl(ern)Bl(rrn)
A =1 ]gl(ern) _]EI(RZ’";«)

o] k
X Z<_w > |:f mnz(t—r)GLk’kﬂ(_Tl,r) dr

k=0

t -1
+ A/ sinz(t — 7)Gy k41,641 (T, ‘L') dt]
0

and

2
t(r,t) = [%] [%/ sinz(t — ‘L')G011< )Ll,‘f)d‘[

+ Z_7T i ]%(ern)(ZBl(rrn) — rr,Bo(rry))
A n=0 r(]lz(ern) _]12(R2Vn))

2\ k t
- -1
<ﬂ> [/ sinz(t—r)G_k,L;Hz(—,r) dr
“\ % o A
¢ -1
+A/ sinz(t —1)G_ k+11k+2< )dri|
0 A’

&\ J2(Ry1) 2By (r7,) — 17, Bo (1))

e

>
I

=GR R ~ R (Rory)

AN N -1
XZ /smz(t—r)G,km,Lkﬂ T’t dr
k=0

¢ -1
+ )L/ sinz(t — T)G_gr149,1,k42 (T, 7,') dr].
0

5 Conclusion

Our above endeavors were to develop a formula for the calculation of exact solutions for
the velocity field and the shear stress of the motion (flow) of an Oldroyd-B fluid present
between two rotationally oscillating cylinders of infinite lengths. The use of fractional
derivatives and the commonly known transformations, i.e. the Laplace and the Hankel
transformations, has made the approach more accessible. The central notion depicts the
phenomenon that a viscoelastic (Oldroyd-B) fluid will react under certain conditions and
that can we control such flow. At first stage the inner cylinder was supposed to be at rest,
i.e. fixed, whereas the movement was produced by the outer cylinder. At the second stage,
we analyzed the flow of the fluid produced by the movement of the inner cylinder while
considering the outer cylinder at rest or fixed. The obtained solutions satisfy the govern-
ing equations and all imposed initial and boundary conditions. The solutions, obtained
by means of Laplace and Hankel transforms, are presented in integral and series forms in
terms of the generalized G-function. In the end these general solutions have been partic-
ularized for ‘ordinary Oldroyd-B fluids’ and for ‘ordinary Maxwell fluids’
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Appendix
The following are some expressions used in the text:
(A1) The finite Hankel transform of the function

CIRI(R% - 7’2) + CzRg(}"Z —R%)
(R~ R})r

a(r) =
satisfying a(R;) = C; and a(R;) = C; is

ra(r)By(rry,)dr = — — —

anlr) = /R2 2C2 _ 2G i(Rory)
B nr:  wrk i(Rir)

1

(A2) Iff(t) = L7M{f(q)} and g(¢) = L}{g(q)}, then

LHf(@g@)} = (f x2)(®)
- /0 it - Dg(o)dr

- [ rtogte - vya

(A3)

> k 1 —vrit
Z(—vrf,) Go,_l_k,kﬂ(—otrfl,t) =13 e exp( u )

1+ar?
k=0 n
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