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Abstract

This investigation deals with the study of unsteady flow of incompressible Oldroyd-B fluid
between two rotating circular cylinders, both cylinders are rotating around their common
axis (r = 0). The governing differential equations are formulated with appropriate bound-
ary conditions and then solved by means of Laplace and Hankel transforms to obtain
velocity and shear stress for unsteady flow of Oldroyd-B fluid between two infinite concen-
tric rotating circular cylinders. The obtained solutions can easily be reduced to equivalent
solutions for Maxwell and classical Newtonian fluids. Finally, the influence of different
physical parameters on the fluid velocity and shear stress is graphically underlined and
discussed.
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1. Introduction

Over the years, non-Newtonian fluids have been considered due to their practical im-
portance and huge-unfold applications in various branches of engineering, science and
technology: particularly in drilling operations, material processing, oil exploitation, poly-
mer chemical industries, and bioengineering. A number of industrially important fluids
including exotic lubricants, extrusions of polymers, food stuffs, drilling mud, slurry type
fuels, suspension and colloidal mixtures display non-Newtonian characteristics. In lit-
erature, for non-Newtonian fluids, a wide range of models are offered to explore their
behaviors and properties [1,2,23,25], because a particular model cannot define all the
multifaceted properties of non-Newtonian fluids. Amongst these, Oldroyd-B fluid model
is an important non-Newtonian viscoelastic model, which has attained much attention of
the researchers [4,5,12,16,19,24] because of its wide spread industrial applications. With
the recent advances of complex and viscoelastic materials; applications of Oldroyd-B fluid
have increased. Both theoretically and practically, the flow analysis of such fluids is very
vital. Hayat et al. presented a detailed analysis of some simple flows of Oldroyd-B fluid
[7]. Fetecau and Fetecau investigated the flow characteristics of Oldroyd-B fluids that flow
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unsteadily in a rectangular channel [3]. Tanveer et al. discussed magneto-hydrodynamic
flow of generalized Oldroyd-B fluid over an infinite oscillating plate with slip condition
using Fox H-function [22].

Motion of the fluid under translating or rotating cylinders is of great importance to
both practical and theoretical fields. The study of viscoelastic fluid flows in the region of
rotating circular cylinders is of vital significance as this types of fluid flows have many uses
in several industries, like food and petroleum industries, chemical engineering, medicines,
and bioengineering. Moreover, such flows have wide coverage on the development of energy
generation and in astrophysical and geophysical fluid dynamics. The academic workers
and engineers are very much interested in the geometry of such types of flows [6,17]. The
literature about motion under translating or rotating cylinders for non-Newtonian fluids
is not so well organized, but some interesting studies of such types of fluid flows are given
by Jamil et al. [8,9], Kamran et al. [10,11], and Mahmood et al. [14,15].

The motivation of this study is to examine the flow of Oldroyd-B fluid between two
coaxially rotating cylinders. At time ¢ = 0, the fluid is at rest. Due to rotational
shear stress which is time-dependent, the inner cylinder starts rotation about its own axis
and the outer cylinder is rotating around its axis at time ¢ = 0% through the angular
velocity Rowt. The flow of Oldroyd-B fluid is then generated by the rotation of two
cylinders which at time ¢ = 0" begin to rotate around their common axis. Closed form
solutions for velocity and shear stress for the flow of Oldroyd-B fluid between two rotating
cylinders are derived under series form in terms of generalized G functions with the help
of Laplace and Hankel transforms. These solutions, which are new in the literature, give
the complete pattern of flow field and have widespread applications in many industrial
fields. Moreover, the derived expressions for velocity and shear stress are in the most
simplified form, and the point worth mentioning is that these expressions are free from
convolution product and integral of the product of generalized G function. Furthermore,
the effects of various physical parameters on velocity field and shear stress are examined
and illustrated graphically.

2. Basic equations

We write down the basic equations governing the motion of an incompressible non-
Newtonian fluid. These are the equation of continuity

divu =0, (2.1)
and the linear momentum equation (in absence of body forces)
du
divT =p— 2.2
T =p—r, (2.2)

where u is the velocity field, T is the Cauchy stress tensor, p is the constant density,
and d/dt = 0; +u -V is the material time derivative.
The constitutive equations of an incompressible Oldroyd-B fluid are given by

TI—pI+S; (A16t+1)S:u()\28t+1)A, (23)

where — p1 is the spherical stress due to the constraint of incompressibility, S is the extra
stress tensor, p is the dynamic viscosity, A1 is the relaxation time, A9 is the retardation
time, and A is the first Rivlin-Ericksen tensor defined as [20]

A=L+L,

where L is the velocity gradient and the superscript T denotes the transpose operator .
For the problem under consideration, let us take velocity field and extra-stress of the
following form [4, 21]

u=u(r,t)=q(r,t)ep; S=S(r,t), (2.4)
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where ey is the transverse unit vector of cylindrical coordinates. Moreover, initial condi-
tions, when the fluid is at rest, are

u(r,0)=0; S(r,0)=0. (2.5)

The governing equations related to such type of flow of Oldroyd-B fluid in the absence
of pressure gradient in axial direction are given by [4, 19]

MO+ 1)Ba(r, €)= v (Ao dy +1) [aﬁ +%ar —Hq(r,t); (2.6)
(MO +1)o(r, t)=p(A20+1) [ar—ﬂq(r,t), (2.7)

where v represents the kinematic viscosity and o (r, t) = Syg (7, t) is the shear stress
which is different from zero.

3. Formulation and solutions of the problem

We consider an annular region between two straight infinite circular cylinders of radii
Ry and Ry(> R;), filled with incompressible Oldroyd-B fluid under the assumption to
be at rest initially, as shown in Fig.1. At time ¢ = 0", both cylinders begin to rotate
about their common axis. The inner cylinder starts rotation because a shear stress given
in equation (3.1) is applied on its boundary [11], and the outer cylinder is rotating around
its axis through the angular velocity R wt.

R 2
o (R, t) —g/\l_l[rl] M _1(—=M1Ht), (3.1)

where ¢ is a constant, and M represents the generalized functions defined by [13]

Sy o (b)jt(j‘Fl)Z*y*l
M, ,(b,t :.,6_1{}: , : 3.2
b
Re(x —y) >0; Re(s) >0 ; S—x<1,

where I'(e) is the Gamma function.
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Figure 1. Geometry of the problem

Owing to the shear, the fluid between two rotating cylinders gradually starts moving
and its velocity in cylindrical coordinates (r, 6, z) is given in equation (2.4); .
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Based on the above suppositions, the governing equations of incompressible Oldroyd-B
fluid, corresponding to this motion are given by equations (2.6), (2.7). The corresponding
initial and boundary conditions are

q(r,0)=0:q(r,0)=0; o(r,0)=0; r € [R1, Ro], (3.3)
and
1
(oo n] = n0ea + Do Jatn] =
(3.4)
(J(T,t)T:RQZRth; t>0,

where w represents the angular acceleration of outer cylinder.

3.1. Velocity field

Application of Laplace transform to equation (2.6), taking into account the initial and
boundary conditions given in equations (3.3), (3.4) gives

1}_5()\18—1—1)

1
q(r,s)l()\gs—kl){afﬂ—Ta,n—T2 1/ =0, (3.5)

where g (r, s) = £{q(r, t)}, £ denotes the Laplace transform operator, and

17 o g . _ B Row
- laes)| = omien e ar| =T 6o)
where s is the transform parameter .
Let us denote finite Hankel transform of the function g (r, s) by [18,23]
Ry
Hg(. )} =1, (9= [ rBb)a@. )drs  n=123...  (37)
Ry
where
Bl (’I” bn) = Jl(r bn) Y1 (Rgbn) - Jl(Rgbn) Yi(’l” bn) s (3.8)

where Ji(e) and Yj(e) are Bessel functions of order k of the first and second kind
respectively, and b, are the positive roots of Bi(rb,) =0.

Applying Hankel transform to equation (3.5), taking into account the conditions given
in equation (3.6) and using the following relation

/R2rB (rb ){82+18 —1}(7" s)dr——l)?* (r,s) (3.9)
Ry 1 n r r T 7’2 q ) - an ) .
2g9 bnR;w
B bn) ,
71',ubn8()\28+1)+ s2 2(FR2ba)
where
Bs (Raby) = J2(Raby) Ya(R1by) — Jo(R1by) Ya(R2by),
we have
29 [1 Aovbl + A 1 > w By(Ry by
Gy (ro8) = —o |~ — 20 P L 3 Faw Bal Ry ) (3.10)
" Tub,|s s(Aovb,+Ms+1)+vb, bn

1{1 1 } 1 { AzubZ+Als+1}
X|1=17— 2 ( 2 7y AL~ 2
sls wvb, s(Aavb, +A\is+1)+vb, vb,
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Now applying inverse Hankel transform formula of G, (r, s) defined as [18,23]

2 29 b Jy (Raby) Bi(rby)

T
6(7«7 S) =5 q (T, 8)) (311)
3 2 () T3 Rab)
to equation (3.10), and using the following relation [11]
/R2(2 R2) By (rby) dr = — {RQF (3.12)
re— rby)dr=—5 =1 , .
Ry ! b | Ry

we arrive at

_ g (R PR\ mg & i (Reba) Bi(rba)
Q(T’S)_MS{RQH r } uzl T Ribe) — P (Rt )

Aovb, +A1s—+1) > J{(Rybn) Bi(rb
(As L 72 2bn) B1(rbn) Ryw By (Ryby)
s(Aavb,+Ais+1)+vb, < J; Rlb) J; (R by)

1(b, 1 1 Xovby, + A s+1
ooy o 22ty
sls vy s(Aqvb, +Ai1s+1)+rvb, v by,

Using the following relation

At L A U e R 2 e (3.14
s()\gubi—i—)\ls—i—l)—i—ybfl_hz:%gl!(h—l). PERSELL UPY } 14)
in equation (3.13), we get
q(r, s) = g[er L IS J; (Ra bn) By (7 bn)
" 2pus|Ry r PAL =4 b [Ty (R bn) = Jy (R2 b))
y i 2’1: RN, SR (Ao bl 4+ Ay s+ 1) {_Vbir (3.15)
l'(h—l)' [S—I— ]h—H )\1 '

Jl(RQb )Bl(’r’bn)Bg(Ran) l{bn_l}
Ji (Ryb,) — Jj (Raby) sls vby,
RIAL s Iy — X)) wb, + A s+ 1) [ubiLH
A1

My by, [s+ %]hﬂ

In order to avoid exhausting and lengthy computations of residues and contour integrals,
the discrete inverse Laplace transform is utilized in equation (3.15), taking into account
the following relation [13]

PR SRR G S (010 R L
Gry-(b,t)=£ {(Sxb)z}—;)r(z)r(]ﬂ)r[(ﬁmy], (3.16)
Re(zz —y) > 0; §<1,
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to get the velocity field as

g|:]‘31:|2{7'2—R;}_ mg > Jf(R2bn)Bl(rbn) (317)
24| Ry r PSS b [} (Ruba) = JF (R by)]

q(?",t):

X & RN, [—vby]” B ,
x> { n} MGy (FA7 L 6) {1+ Xavb,}
h=01=0 [ (h A1
T2 Ryw & J) (R by) Bi(rby) By (Ra by,)
X G1,1—h-1,n41 (=N, D) ] + 2 L
e 2 222 Ji (R1ba) — J; (Ra bn)
1&g h'Al b 1" [ M
b t— n )\—1 t

1 _
+[I/7bn + (A2 — A1) bn}Gl,l—h—l,h—H (=7, t)H

3.2. Shear stress

By implementing Laplace transform to equation (2.7), we get
1
()\18+1)a(7’,s):u()\28+1)[8 —] (r,s) (3.18)

For finding shear stress o(r, t), we write equation (3.10) in the following form

- 1 29 (1 As 41 }
s = . 3.19
T (7 9) (A2s+1) lﬂ'ubdn{s s(Aovby, + M\ s+1)+vb) (3.19)

RQMBQ(Ran){1 Xovb, Ao +1) = As—1 }]

s s(\avbl 4+ AN s+1)+vb)

bns

Application of inverse Hankel transform to equation (3.19) and utilizing relation (3.12),
we have

s =9 Ry [r-R)\| i J1 (Raby) Bi(rby)
’ p(Aas+1) |25 R, r — by [J7 (R1 by) — J7 (R2by)]
Ais +1 Ry w > i by J; (R2 by) By (7 by) Ba(Ry by)

s(A\ov bl + M\is+1) +vb) 2 = J(Riby) — J;(Raby)

1 1 Aawb,(Aa41)—Ais—1
xl(){s+- }]7 (3.20)

s(Aas+1 s(Aovb) +MNs+1)+vb]
where
1. R? > J;(Raby)Bi(rby
|:8,.—:|q(7’,8)= g 712 WZ 21( 25n) 12( )
r p(A2s+1) [ sr a1 J1(Rabn) — Jy (Rabn)
A1s+1

R2w7r2 i anI Rgb )Bl(T’b )BQ(RQ bn)
el J1 (Ry1by) — (R2 bn)

1 1 /\gubQ()\g—Fl)—)\ls—l }
_ = o 3.21
X[s()\gs—kl){ +s()\2vbfl+/\13+1)+z/bfl (3:21)

s(Aovb) +Ais+1)+vb)
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Substituting equation (3.21) into equation (3.18), yields

2 o] 2 >
_ g Rl] J1 (R by,) By (1 by)
r,s) = - 4+ 3.22
U( ) S()\18+1)|:7’ TrgZJf(Rlb)—le(RQb) ( )
1 HRQMQ i b, Jy (R byp)B1(r by)By(Rab,)
s(Aav bl + Ais+1) +vb) = T (Riby) — J; (Raby)

y 1 {1+ AgubZ(AQH)—Als—l }
s(hs+1)ls  s(\ovb) +M\s+1)+vb]

Utilizing equation (3.14) into equation (3.22), we have

(3.23)

a(r,s) = J [er WAS Jy(R2.bn) B (by)
’ )

s(A\is+1 A = I (Ryby) — J7 (Raby)
h')\l g(l=h=1)

oo h
XZZ” —l h+1
h=0 =0 [ ]

2

—Vbi]h _ ,LLR;(,MTQ
A1 2

> B R b ) B1(r by)Ba(Ra by, 1 1 1
XZ n 1 2 1(7“ 2) 2( 2 ) 4=

oo h l g(l=h=1) 2 _ _ _324h
h')\ {)\van()\g—i-l) A1 1} I/bn
DIPIT B

R
h=0 1=0 ' s + -] ! M

By taking inverse Laplace transform and utilizing equations (3.2), (3.16), the shear
stress can be acquired as

2
o(r,t) = g[Rl] My, _1(=A7Y ¢) 7rg Z J; (Ry by) By (r by)
MLy T} (Riby) = Ji (R2 bn)

h l 2. h
h 1Ny vb, B
XZ 2 I(h—1)! [ M } Grimh-t i (CAC 1) =

h=0 =0

Z b, J; (Ra by) By (r by) Ba(Ra by,)
J; (R1bn) — Ji (R by,)

h h'/\2 {—ubi

XZZ” A\

h=0 [=0

uRSwa
2\

(3.24)

_ 1
lM1,—2(—)\1 L+ ~
1

n=1

h
} {(A 2y, — 1) G imnea, n2(—AT L 1)
+()\22ubi ~ A1) Grone1 hre(—A Y t)}]
Now taking into account the following results

YlMl ,1( )\1_1, t) =1 e—t/>\1 : /\71M1 72( )\1—17 t) — t+)\1 +)\1€—t/)\1 ,
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equation (3.24) yields

2 0o 2 ~
g(r,t):g[&] {1—eti) 19 i (Rybu) Ba(r bn)
" ALy (Rabn) = Ty (Ro bn)

2

bn Rgb )Bl(T' bn)BQ(RQ bn)
Iy (R1by) — J; (Ry by)

1
t4 A+ Ae M 4 S
1

[e%) h 2.h
x> ALY [_Vbn] {()\2Vb2 —1) G1,1-h—2,ns2(=AT 1, 1)
—~ 1I(h=0)! N n : : Lo

+()\22va — A1) Grne1 hr2 (A t)”

4. Limiting cases

o0 h l 2_h ) )
hiXy —vby _ Ry wm
x Z lz: IT(h—1)! [ " ] G-t (=A 1 t) — 22—

379

(3.25)

Solutions for Maxwell and classical Newtonian fluids, executing the same flow, can be

obtained as limiting cases of our general solutions.

4.1. Maxwell fluid

By setting A2 — 0 in equations (3.17) and (3.25), the expressions for velocity and shear

stress associated to Maxwell fluid can be recovered.

4.2. Classical Newtonian fluid

By taking A1, A2 — 0 in equations (3.17) and (3.25), the velocity field and related

shear stress for classical Newtonian fluid can be obtained.

5. Graphical representation and discussion

In this section, we illustrate the obtained results graphically and discuss the effects of

various substantial parameters on velocity field and shear stress.

=

— = 0010
=re w=0035
—_— = 00
==y =085

Welocity of fluid q{r, 1)

05 03 1 12 14 - i [ 1

Figure 2. Effect of kinematic viscosity on velocity.
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Figures 2 and 3 demonstrate the changes in velocity and shear stress related to kinematic
viscosity v. From these figures, it can be observed that the larger value of v decrease

both velocity and shear stress (in absolute value).

- e~
B LS
s b
:
= =
5 v=0.010 k v = 0.010
g --= w=0035 i 9 ai= b= 0035
X —_— e 0060 e — - 0080
=1 == w=0.085] '__E == y=)085
r =005 ==
1= 0,03 t =05
. I L I 1 I
T Y] 1 12 14 -3 21 3 1

Velocity of fluid q(rt)

Velocity of Muid g (r,t)

Figure 4. Effect of relaxation parameter on velocity.

Figures 4 and 5 elaborate the effects of relaxation parameter A; on velocity and shear
stress. It can be seen that with the increase of A1, the velocity increases while shear
stress (in absolute value) varies inversely with this parameter.
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Shear atress of Quid e, 1}

Valocity of Muid q{e 1)
Velocity of Hoid girt)

0.6 8 1 12 14 oG ] ] 12 14

Figure 6. Effect of retardation parameter on velocity.

Figures 6 and 7 depict variations in velocity and shear stress due to retardation param-
eter Ao. From here, it can be clearly observed that the larger value of Ao increase both
velocity and shear stress (in absolute value).

6. Conclusions

The present study is focused on the derivation of velocity and shear stress for unsteady
flow of incompressible Oldroyd-B fluid between two infinite concentric rotating circular
cylinders. The motion of the fluid is produced by two cylinders which at time ¢t = 0% begin
to rotate around their common axis. Series solutions of governing differential equations
have been derived by using Laplace and Hankel transforms which is most effective method
for the proposed problem. For As — 0 or Ay — 0 and Ay — 0, similar solutions for
Maxwell fluids, respectively, classical Newtonian fluids can be recovered as limiting cases
of our general results. Moreover, the acquired results are sketched graphically, and the
effects of pertinent parameters on velocity and shear stress are discussed thoroughly.
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(1) o || — A, =15

Shear gtrose of flud &(x, 1)
Shear strees of fluid o 1)

Figure 7. Effect of retardation parameter on shear stress.

The obtained results have many engineering applications, e.g., lubrication oil between
two rotating cylinders/shafts which appears in many engineering designs especially in
Mechanical Machinery. The derived results categorically indicate the following findings:

e The fluid velocity decreases as we increase the value of kinematic viscosity v,
while velocity of fluid increases with increasing values of both relaxation A; and
retardation X\ parameters.

e The shear stress (in absolute value) decreases with increasing values of kinematic
viscosity v and relaxation parameter A1, while the influence of retardation param-
eter A9 on shear stress is contrary to that of v and A 1.

Acknowledgment. The authors are thankful to Government College University La-

hore, Pakistan for supporting and facilitating this research work through Project
No. 41/ORIC/19.

References

[1] R. Cai and C. Gou, Algebraically explicit analytical solutions for unsteady non-
Newtonian swirling flow in an annular pipe, Sci. China Ser. G, 49 (4), 396-400,
2006.

[2] R.P. Chhabra and J.F. Richardson, Non-Newtonian Flow: Fundamentals and Engi-
neering Applications, Elsevier, 1999.

[3] C. Fetecau and C. Fetecau, Unsteady flows of Oldroyd-B fluids in a channel of rect-
angular cross-section, Int. J. Nonlinear Mech. 40, 1214-1219, 2005.

[4] C. Fetecau, M. Imran, C. Fetecau and I. Burdujan, Helical flow of an Oldroyd-B fluid
due to a circular cylinder subject to time-dependent shear stresses, Z. Angew. Math.
Phys. 61, 959-969, 2010.

[5] C. Fetecau, A. Mahmood, C. Fetecau and D. Vieru, Some ezxact solutions for the
helical flow of a generalized Oldroyd-B fluid in o circular cylinder, Comput. Math.
Appl. 56 (12), 3096-3108, 2008.

[6] A.K. Ghosh and P. Sana, On hydromagnetic rotating flow of an Oldroyd-B fluid near
an oscillating plate, Z. Angew. Math. Phys. 60, 1135-1155, 2009.

[7] T. Hayat, A.M. Siddiqui and S. Asghar, Some simple flows of an Oldroyd-B fluid,
Int. J. Eng. Sci. 39, 135-147, 2001.



8]

[9]

[10]

[11]

[12]

[13]

[14]

Velocity and shear stress for unsteady flow of Oldroyd-B fluid 383

M. Jamil and C. Fetecau, Some exact solutions for rotating flows of a generalized
Burgers fluid in cylindrical domains, J. Nonnewton. Fluid Mech. 165 (23), 1700—
1712, 2010.

M. Jamil, N.A. Khan and A.A. Zafar, Translational flows of an Oldroyd-B fluid with
fractional derivatives, Comput. Math. Appl. 62 (3), 1540-1553, 2011.

M. Kamran, M. Imran and M. Athar, Fzact solutions for the unsteady rotational
flow of an Oldroyd-B fluid with fractional derivatives induced by a circular cylinder,
Meccanica 48 (5), 1215-1226, 2013.

M. Kamran, M. Imran, M. Athar and M.A. Imran, On the unsteady rotational flow of
fractional Oldroyd-B fluid in cylindrical domains, Meccanica 47 (3), 573-584, 2012.
S.M. Kang, W. Nazeer, M. Athar, M.D. Hisham and Y.C. Kwun, Velocity and shear
stress for an Oldroyd-B fluid within two cylinders, Bound. Value Probl. 40, doi:
10.1186/s13661-016-0541-7, 2016.

C.F. Lorenzo and T.T. Hartley, Generalized Functios for the Fractional Calculus,
NASA/TP-1999-20942/REV 1, 1999.

A. Mahmood, S. Ullah and G. Bolat, Some exact solutions for the rotational flow of
a generalized second-grade fluid between two circular cylinders, Arch. Mech. 60 (5),
385-401, 2008.

A. Mahmood, S. Ullah and Q. Rubab, Fzact solutions for a rotational flow of general-
ized second grade fluids through a circular cylinder, Bul. Acad. Stiinte Repub. Mold.
Mat. 58 (3), 9-17, 2008.

V. Mathur and K. Khandelwal, Ezxact solution for the flow of Oldroyd-B fluid between
coazial cylinders, Int. J. Eng. Res. Technol. 3 (1), 949-954, 2014.

M. Mustafa, T. Hayat and A. Alsaedi, Rotating flow of Oldroyd-B fluid over stretch-
able surface with Cattaneo-Christov heat flux: Analytic solutions, Int. J. Numer.
Methods Heat Fluid Flow 27 (10), 2207-2222, 2017.

M.D. Raisinghania, Advanced Differential FEquations, S. Chand & Company, New
Delhi, 1991.

K.R. Rajagopal and R.K. Bhatnagar, Ezact solutions for some simple flows of an
Oldroyd-B fluid, Acta Mech. 113, 233-239, 1995.

R.S. Rivlin and J.L. Ericksen, Stress-deformation relations for isotropic materials,
Arch. Ration. Mech. Anal. 4, 323-425, 1955.

P.N. Srivastava, Non-steady helical flow of a wvisco-elastic liquid, Arch. Mech. 18,
145-150, 1966.

M. Tanveer, S. Ullah, Najeeb A. Khan, Nadeem A. Khan and N. Rehman, MHD flow
of generalized Oldroyd-B fluid over an infinite oscillating plate with slip condition
using Fox H-function, J. Comput. Theor. Nanosci. 14 (3), 1362-1370, 2017.

D. Tong and Y. Liu, FEzxact solutions for the unsteady rotational flow of a non-
Newtonian fluid in an annular pipe, Int. J. Eng. Sci. 43, 281-289, 2005.

S. Ullah, A. Ullah and M. Igbal, Withdrawal and drainage of thin film flow of a
generalized Oldroyd-B fluid on non-isothermal cylindrical surfaces, AIP Adv. 5 (12),
127242-1 - 1227242-13, 2015.

D. Yao, A non-Newtonian fluid model with finite strech and rotational recovery, J.
Nonnewton. Fluid Mech. 230, 12-18, 2016.



