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Analytical solution of a fractional differential
equation in the theory of viscoelastic fluids

The aim of this paper is to present analytical solutions of fractional delay differential equations (FDDEs) of
an incompressible generalized Oldroyd-B fluid with fractional derivatives of Caputo type. Using a modificati-
on of the method of separation of variables the main equation with non-homogeneous boundary conditions
is transformed into an equation with homogeneous boundary conditions, and the resulting solutions are
then expressed in terms of Green functions via Laplace transforms. This results presented in two condition,
in first step when 0 < o, 8 < % and in the second step we considered % < a,B <1, for each step 1,2 for
the unsteady flows of a generalized Oldroyd-B fluid, including a flow with a moving plate, are considered

via examples.

Keywords: Oldroyd-B fluid, fractional-order partial differential equations, analytical solutions, Delay di-
fferential equation, modified separation of variables method, Caputo fractional derivatives.

Introduction

Many real-world processes can be cast generally in the form of fractional differential systems with integer
order (i.e., ordinary differential equations and systems) but there is a growing number of researchers that believe
that fractional-differential equations can describe and model and complex physical processes more accurately
than the corresponding ordinary differential equations. So, in recent decades the search for analytical and numeri-
cal solutions to fractional differential equations has been of considerable interest [1-4]. Fractional differential
equations can be applied to the dynamic modeling of non-Newtonian fluids: for example, in the modeling of
melting plastics and in the study of emulsion plastics or soft tissue. Practically speaking, there are few Newtoni-
an fluids in reality, so most fluids are of the non-Newtonian type, which means there is no linear relationship
between the stress tensor and the deformation tensor [5].

Viscoelastic fluids form an important class of non-Newtonian fluids, which exhibit both elastic and viscous
properties. Among them the so-called Oldroyd-B fluid can be used to describe the response of fluids that have a
small memory. This means that whenever they flow, these fluids will spend less time to find the first state and
stability [6-7]. Due to the wide range of applications of these fluids, considerable attention has been paid to the
prediction of the behavior of non-Newtonian fluids. Structural equations that are presented in a constitutive
rheological fashion have a fractional calculation, so they are very effective for working with viscoelastic properties
[8-9]. The viscoelastic fluid equations in fractional models are obtained by replacing ordinary derivatives with
one of many possible definitions of fractional derivatives in the defining equations. In the study of fluids we
deal with a phenomenon called delay, which is due to the distance between the sensor and the source of
changes arising from e.g., plumbing, measurement slowness, or complex dynamics. Different methods for finding
analytical solutions of these type of equations are proposed: an analytical solution for unsteady helical flows is
presented by Tong et al in [10]. In Haitao and Mingyu [11] there is a discussion of an Oldroyd-B fluid between
two parallel plates. In addition, Fetecau [12-13] developed a generalization of the flow of viscoelastic fluids
between two-sided walls. Then Shah [14], Qi [15], Zheng et ol [16] and Hayat [17] discussed the generalized flow
of an Oldroyd-B fluid under varying conditions. In closing this brief review we mention that Javidi and Heris
[18] gave analytical solutions of various forms of such delay equations.

Many events in the natural world can be modeled to form of fractional delay differential equations (FDDEs).
FDDESs have important applications in many fields for example technology, economics, biology, medical science,
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physics and finance [19]. Some numerical methods for FDDEs are introduced in [20-23] and etc. Heris and
Javidi [24] proposed a numerical method based on fractional backward differential formulas (FBDF') for solving
fractional delay differential equations. Also they found the Green’s functions for this equation corresponding to
periodic/anti-periodic conditions in terms of the functions of Mittag Leffler type.

In this paper we present analytical solutions for unsteady flows of a generalized Oldroyd-B fluid with
constant delay time using Riemann-Liouville fractional derivatives as the defining derivatives. A new separation
of variables method [25] and use of Laplace transforms for the Riemann-Liouville fractional derivative are
adapted to solve the new governing equation for fractional differential equations with constant delay when
applied to viscoelastic fluids.

The paper is structured as follows: in section 2 we recall some basic definitions of fractional calculus; in
section 3 we give the derivation of the governing equation; section 4 deals with the method of separation of
variables, the Laplace transformation applied to fractional derivatives in two steps 0 < «a, 8 < = and % < a,
B < 1, and the method of solution for each two steps separatively. Finally, in section 5 we give the examples
dealing with varying initial conditions by considering two condition for a and /.

Preliminaries

In this section we will introduce some of the fundamental definitions.
Defenition 1.1 ([1]). Euler’s gamma function is defined by the integral

I'(z) :/ e 't*7'dt, Re(z) > 0.
0
C(J, R) denotes the Banach space of all continuous functions from J = [0,T] into R with the norm
llull . =sup{lu(t)|:t € J}, T >0.

C™(J, R) denotes the class of all real valued functions defined on J = [0,T], T > 0 which have continuous n-th
order derivatives.
Defenition 1.2 [4]. The fractional integral of order v > 0 of the function f € C(J, R) is defined as

N O
I f(t)F(a)O/(ts)l‘o‘d’ 0<t<T.

Defenition 1.8 [4]. The Riemann-Liouville fractional derivative of order « > 0 of the function f € C(J, R)
is defined as

t .
DnIn—af(t) = ﬁ(iﬁ)‘!(tisf)(%mds,

RL Nna _
D) = n—1<a<mn,neN,

F@(t), a=n.
Defenition 1.4 [4]. The Caputo fractional derivative of order o > 0 of the function f € C™(J, R) is defined as

(m)(
m=eprf(t) = F(n @) f(tf)a ,2+1ds
n—1<oz<n,n€N7

™), a=n.
Defenition 1.5 [4]. Mittag-leffler functions are defined by

“Def(t) =

kZ:O T oszrﬂ , ,8€C,Re(a) >0,Ey(x) = Eqy 1.

Defenition 1.6 [22]. The generalized delay exponential function (of Mittag—Leffler type) is given by

nrm o oa (GAm \ Mt — (m 4 f)r) T |
Ga,/i (t)—;( j ) T(a(m + )+ B) H(t— (m+j)r),t>0,
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where A € C', «,8,7 € Rand m € Z and H(z) is the Heaviside step function. f A € C', o, 8,7 € Rand m € Z
then laplace transform of Gi’gm(t) is:

s P exp{—msT}

0.
(s — Aexp{—sT})m+1’ 5=

L(GYG™(1))(s) =

Governing equations
The fundamental equations governing the unsteady motion of an incompressible fluid are

divV =0, (1)

Vv
P = —Vp+div S + Fy. (2)

The constitutive equation for a generalized Oldroyd-B fluid is given by [15-16],

De DA

1+ A ——)S =pu(l+ N ==)A 3
where V = (u,v,w) is the fluid velocity, S = (S; ;) is the extra-stress tensor, 4; = (VV) + (VV)T present the
first Rivlin-Ericksen tensor, V is the gradient operator, and p is the pressure. Here Fy, = (Fyy, Fyy, Fp.) is the
body force, p, pu are the density and the dynamic viscosity coeflicient of the fluid respectively, A\, and Ag are the
material constants that represent the relaxation time and retardation time, respectively, and «, 8 denote the

orders of the fractional derivatives, i.e., real numbers that satisfy 0 < «, 8 < 1. Furthermore, g—; and 1%53 are
fractional material derivatives that can be expressed as
D*S
D = DS+ (VYIS = (VV)S — s(vv)T, (4)
DPS 3 T
DiF = DS+ (VV)S —(V.V)S - S(VV) . (5)

In Eq. (3), (5), the fractional derivative operator D¢ is taken in the Caputo.
We consider unidirectional flow, that is the case where the velocity and the stress take the form

V = u(y,t)i, S = S(y,t),

where ¢ is the unit vector along the x-direction of the Cartesian coordinate system x, y and z. Using Eq.
(6) below, the continuity Eq.(1) is satisfied automatically while Eq. (4), bearing in mind the initial condition
S(y,0) = 0, leads to the following relationships for the constitutive equation
sz = Szy = Syz = Szz = Syy =0, Syz = Sa:yy Sz:v = Swm
a B 3u
(14 AaDf) Siy = u(1+)\5Dt)8—y, (6)

2
a ou __ ou
(14 2aDf) oo = 220y 52 = ~200 (32)
Substituting Egs.(6) into momentum equation (2), we have the following equation in x-direction:

ou 0%u 1 ap
14+ A\, D2) 2 = (1 ADﬁ)— S+ 2D (Fp— 2. 7
(1+ t)at vl +Agly 3y2+p(+ 2 | Fo Oz (7)
where v = £ is the kinematic viscosity coefficient of fluid.
The constitutive equation of a generalized Burgers fluid is
D~ D2« D8
14+ Aag—=—+6 S = 14+ XAg—= | A1, 0 ,8<1), 8

where 0 is the material constant.
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Combining the constitutive equation (8) with the equation (2) we get the following fractional Burgers fluid
model

ou Pu 1 0
a 200 Y gy Y = - e 2c _ p
(1+XaDf +0D7) = _v(1+)\5Dt)8y2 p(1+/\ oD +0D; )(Fbx ax>’ 9)
where v =#/,. Egs. (7)and (9) have the following form:
ao D> u(y, t) + a1 D" u(y, t) + a2 Di**uly, t) + asDy u(y, t)
0?u(y, Pu(y,t) -
D u(y. 1) + agu(y.t) = b 0f By TUD | Fy ), (10)

Oy? Oy?
the delay form of Egs (10) is

ao D> u(y, t) + a1 D uly, t) + az D> u(y, t) + as Dy u(y, t)

0?2 o2 t —
rasDuly,t) + asu(y, t — 7) = by pf W)y T D) g

Oy? Oy
The associated initial and boundary conditions are as follows:
u(y,t) =vi(y,t),  u(0,t)=¢i(t), -7 <t <0,
ue (Y1) =2 (y, 1), w(lt) = (), O0<af<L

A method of separation of variables

At first, the problem involves non-homogeneous boundary conditions. We want to transform it into a problem
with homogeneous boundary conditions. So, consider

u(yat) :W(y,t)+V(y,t), (11)

where

Vigt) = (1= L) o1 () + La (1), (12)

which satisfies the boundary conditions

V(0,8) =1 (1), V(L) = pa (1)

Using Eqgs.(11) and Eqgs.(12) along with the associated initial and boundary conditions above, we have
Wiy )+ (1=-F) e+ {ea(t) =di(yt), —T<t<0,
Wiy t) + (1= 1) "1 () + £¢"2 (1) = ¥2 (1),
W(Lvt) +V(L7t) = P2 (t),
W (L,t) + V (L,t) = pa(t), o
Wy t) =1 (yt) = (1= 1) 1 (1) = F02 (1) £,

=1 (y,
Wi 0,0) = i (0.1) — (1~ ) 0 0~ /2 () = V(0.0

Now main problem is solving
2a+1 a+1 2c 1
ao Dy W (y,t) + a1 D" W (y,t) + ae D“*W (y,t) + as Dy W (y,t) +

0%w (y,t) 0%w (y,t)
B Y, Y, _
~bD] S T b g =

= _aODtQaJ’_lV (th) - a/lDtqulV (yat) - a/2Dt2aV (ya ) - a3Dt V( Y, ) )

+a4DtaW (yv t) + CL5W (y7t - T)

where the initial condition is

S " B, (0) bm— - Z Jsin 7L =3 2 101 (0) = (—1)"s (0)] 5111%’
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oo oo
. nTry 2 n . nﬂ-y
Z B, (0)sin ¥ L = ; d? (0) sin - - ; — [¢'1(0) = (—1)"¢'5 (0)] sin -
and
L
A =7 [0 00) sin" Ty, i=1.2
0
Let -
nmy
W(yvt):ZBn(t) Ta

Then, we have

athQOhLlZ By, (t) sin % + alDtaJrlZ By, (t) sin ? + athzaZ B, (t) sin %4—

n=1 n=1 n=1
+a3Dtlz B, (t) sin % + a4DtaZ B, (t) sm — + a5z B, ) sin %—
n=1 n=1
— (mr) D’BZB 51n——b2(mr) ZB sinw—
L
2 n o n . nr
2D [y ()~ (<1 (0] "7 — ay D, “Z @ (¢)] sin =77 -
nmw =
oo 2 oo
DY fr (1)~ (1) (D] sin T — a3 DS g (1) — (1) (1)) sin T
n=1 n=1
—as—Dy* Y o1 () — (—1)" 2 ()] sin —= — 5EZ [p1 (t —7) = (=1)"p2 (t — 7)]sin —+
n=1 n=1
> nwy
—|—n2::1 fr (t)sin T

Equating coeflicients leads to

agD* ™ By, (t) + a1 D" By, (t) + a2 D’ B, (t) + asDy' By, (t) +
+a1Di" By (1) + a5 By (t = 7) = b ( L) DB, ()—bQ("%)QBn (t) =
= —a0—= D2 [ () — (1) (6] — a1 =D iy (1) = (~1)"02 (8)] -
—a2 D2 o (1) — (~1)" 02 (8] = as—Di* [on (6) — (~1)" 2 ()] -

=D [p1 (6) ~ (<102 ()] — a5 [ipa (£ = ) = (=1)"p (= )] + fu (1)

with the boundary conditions

B, (0) = d" (0) - o (0) + (—1)nﬁ¥72 (0),
B (0) = d2 (0) = ¢y (0) + (~1)" '3 (0)

In this part we divide the main problem in two part
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310<a,<3)

when % < a, 8 <1 and applying the Laplace transform with respect to t defined by

B, (s) = /efStBn (t) dt.
0

In Eq.(13), we obtain

aos** B, () — ags®**B,, (0) 4+ a15*T' B, (5) — a15*B,, (0) + a25°* B, (s) — aps**~'B,, (0) +

0
+azsB, (s) — a3B,, (0) + ays* B, (5) — ags* ' B, (0) 4+ ase™*" /e’San (p)dp| —
nm\ 2

—ase *" B, (s) — b (T) "B, (s) + by (%)QSB_IBn (0) — bo (%)QBH (s) =

+as %e_ST /e—sp [1(p) — (—1)”<p2 (p)dp| + Fy (s).

-7

0 0
By assumption H (S) = [ ¢ [p1 (p) — (~1)"02 (p)] dp , G(s) = [ ¢~ B, (p)dp and k, = 5%, s0 we

can write
_ By, (0) [a0s® + a1s® + ass®* ™ + ag + ass® ! — bik,” s

Bn (8) = 2a+1 a+1 2 @ —SsT 2 B
aps + ays + a98%* + azs + a4s™ — ase — b1k, "sP — by

_|_
k2

—kn% [@1(s) — (=1)"%2 ()] [aos®* ™ + a1s*T! + a2 + azs + ags™ + ase™*7]

+
aps20tl 4 159t + 45829 4 a35 + ags® — age—5T — bik, 258 — bok,?

ﬁ [d%l) (0) — B, (O)} {aosm +a15“ + ags? ! 4 ag + a4s°‘71}

aps20+ 4 a5+ 4 ap520 4 ags + ags® — ase™T — bikp2sP — byky,?
—asG (s)e "™ + %ﬁe’”H (S)+ F, (s)

40529t 4 a159+ + 9529 4 ags + ags® — ase™5" — bk, 258 — bok

Using Eq.(14) we rewrite Eq.(13) as

_|_

. (14)

B oo k+it+j+l4+n+qg=m (71)m m!(_an)n-i-q

Bn (S) = esm'r E T &1ka21(13]a4lb1nb2q
ag™tl  klilgllg!
m=0  k,i,j,l,n,q>0
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Sa(k+2i+l+1)+k+[3ne—smr

Sa(k+2i+l+2)+k+[3ne—smr
) m—+1 +

m+1
(32a+1 _ @6—57)
ag

{Bn(0)[ao +a
(82a+1 _ ‘1756—57
ag

Sa(k+2i+l)+k+ﬁnefsm'r
+as )m+1 +

(s2a+1 _ (1756757
ag

Sa(k+2i+l+2)+k+[3nflefsmf

+CL2 Ml
(82o¢+1 _ 0«756757')

ag
sa(k+2i+l)+k+ﬂn678m‘r

—S8T

sa(k+2i+l+1)+k+ﬂn678m‘r

+ay T T ase TH+1]_
<82a+1 _ %6—37') <820¢+1 _ %e—sr)
ap aop
2 Sa(k+2i+l+2)+k+ﬁn+1e—smr Sa(k+2i+l+1)+k’+ﬁn+1e—smr
() ~ ()75 ()] fag v o
n (82(14-1 _ 0758—57') (52(14—1 _ aie—sr)
ap ao
Sa(k+2i+l+2)+k+6n675m‘r Sa(k+2i+l)+k+ﬂn+1675mf
“+as9 prew | + as prew | +
(82a+1 _ E675T> (82a+1 _ afsefs‘r)
ao ao
sa(k+2i+l+1)+k+ﬂn673m‘r sa(k+2i+l)+k+ﬁn675m‘r
+a4 m—+1 + a56*ST m—+1 ]+
<82a+1 _ %e—sr) <82a+1 _ %e—sr)
ap ao
2 ) sa(k+2i+l+2)+k+,8n€—sm7— sa(k+2i+l+1)+k+6ne—sm7—
+k L dn (O) — By (O) [ao m41 +a1 mF1
n (S2o¢+1 _ %6757') <S2a+1 _ afsefs‘r)
ao ao

Sa(k+2i+l+2)+k+3n71675mr Sa(k+2i+l+1)+k+ﬁn71675mr
+CL2 m+1 + as m+1 + ay m+1
) ) (82a+1 _ %efs‘r>

(82a+1 _ %efs‘r (82a+1 _ aiefsr
aop ao ao

Sa(k+2i+l)+k+ﬁnefsm‘r

Sa(k:+2i+l)+k+,8ne—sm7'

sa(k+2i+l)+k+5ne—smr

m—+1
(82a+1 _ 0756—37)
ag

2
+as——e °TH(SY) +

m—+1
knL (52a+1 _ %8_87)

—a5G (s)e”

(k+21+l)+k+,8n —smT

+F () )m+1}

(52a+1 _ afsefs'r
ao

Applying the discrete inverse Laplace transform to the preceding equation, we obtain

oo k+itj+l+ntg=m (71)m m!(_kn2)”+‘1

By, (t) -
m+1 170510 )
0 ki lmg>0 ag k‘.l.j.l.q.

alkazza3ja4lb1"b2q

( ) m (as ) T,m
{Bn (0) H (t = m7) [a0Go, 51 _a(hr2ist)y—h—pnir & —=mT) +a1Go ) L hioini 1) ppnia (E—mT)+
G( ) m G<a5).7,m
2G50 et 2itt)—k—pnte (E=MT) +a3Go 00— ioiiio9)kpnir (E—MT) +
LasclE) T (t —mr) — bk, 2GL) T (t— mr)]—
A 2041, —a(k+2i4+1—1)—k—Bn+2 1 20+1,—a(k+2i+1—2)—k—Bn+2
| (3),
2 n m
_ﬁ[/ [p1 (t—u) — (—=1)"p2 (t — u)] H (u — mT) (aon+1 (k2040 —k—fn (u—mT7)+
n
0
+a1G2a+1 7o¢(k+21+lf )—k—pBn (U - mT) + a2G2a+1 7oc(k+2z+l) k—pBn+1 ( mT) +
+‘L3G2a+1 —a(k+21+l—2) k—Bn (u—m7) + a4GQa+l —a(k+2i+l—1)—k—Bn+1 (u —m7))du]—
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—%/ (or (£ — ) — (~1)"a (¢ — w)] H (u — 7 (m + 1))

G2;i1 —a(k+2i+1—-2)—k—fBn+t1 (u—7(m+1))dut

1 ( ) T,m
Jrk: L [d( 1(0) = Bn (0 )} [a0G2a+1 —a(kt2il)—k—pgn+1 (E—mT) +
G( )Tm G(‘”’)r,m .
+a1G50 50 —a(eraiti-1)—k—gnt1 (&= 7) + 026530 o gesoir—k—pnia (E = mT) +

t— m7)+a4G( ) , (t —m7)]—

e G( 2),mm
3 20+1,—a(k+2i+1—1)—k—Bn+2

2a+1,—a(k+2i+1—2)— k*an+1(

t
a5/g (t—u)H u_T(m+1)>02(;iz,—7a(k+2z+l 9y Bn-i—l( —7(m+1))du—
0

t
(—aE’)‘rm
a )T

2
caspp [ B =0 H (=7 n 1) 630 i (0 7 1) du
0

(25)mm
ao

t
—|—/ fr(t —u) H (u—m7) G2a+1 (b4 20t —2)—k— Bt 1 (u—7(m+1))du.
0
Once the B, (t) are known, so are the W(y, t), and thus u(y,t) as desired.
3.2 (<a,B<1)

In the same way in the subsection 3.1 we could have

oo k+itj+l4+n+g=m (_1)m ml(_an)n—i-q

: ki, 4,1y nyq
R D a7 B
{Bn (0) H (t —mT) [a0G2a+1 7a(k+27,+l) f—pnt1 (E—mT) + a1G2a+1 7a(k+21+l 1)—k—Bn+1 (t —m) +
+a2G2a+1 —a(k+21+l) ke pnia (0= mT)+a3G2a+1 okt 2itl—2)—k—pnt1 (E—MT) +
(52)mm o (82)
+Q4G2a+1 a(k+2i+l—1)—k—Bn+2 (t =m7) = bikn"Gy, ) —a(k+2i+1—2)—k—fn+2 (t —m)+
B, (0)H &) mm t— i) mm t
+B'n (0) H (t = m7) [a0G 50,01 o (ur2isty—k—pnaa (E = MT) +a1G. 00 o hroirio1)—k—pnie (E—m7) +
+a2G2a+1 7a(k+2z+l) ks (E—mT) +a4G2a+1 7a(k+21+l 1)—k—Bn+3 (t —m7)]+

(% Tym

+B" 1, (0) aoGayty o (k4 2it 1) —k—pnt3 (

t—mr)—

N kjL [ / [pr (t—u) — (=1)"s (t — w)] H (u — m7) (a0G2(a+2 D e aint) kg (= mT) +

( 5)7—m (

(22).mm

Fa1Go0 ) _a(kriti—1)—k—pn (U= MT) +a2Go 07 L ioiiny g pnir (W —mT) +
(22)7.m (22),7.m
+a3G2o¢+1 —a(k+2i+1-2)—k—Bn (u—mr) +a’402a+1 —a(k+2i+1—1)—k— Bn+l( —mT))du]—
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2 n Z ,Tym
T kL [o1 (t —u) = (=1)"¢2 (t = w)] H (u =7 (m +1)) Gz(aiz —a(k42i+1-2)—k—pn1 (0= T (m+ 1)) dut
0
" &ﬂn( )~ B (0)] 00G ) T st (= 7) +
(5) 7 Y
+a1G2a+17 alk+2i+i-1)—k—pn+2 (E = M) + a2Gy, 41 et 2i+ ) —k—pnt3 (= MT)]+
+m |:d512) (O) - B/n( )] [CL()G2(X+1 —a(k+21+l) b frt 2 (t mT) +

(8)mm (53)m
a1 Gy 2, okt 2iti-1)—k—pnta (= 17) + 2G50, (b4 2it 1) —k—pnts (E— M)+

L [d(3 (0) = B", (0 )} a0G2a+1 —a(k+21+l) k—pn+3 (t—m7)—
t (2)
~a; / (¢ =) 1 u =7 (4 1) Go 0 laesioay o (07 (m + 1) =
0

2 T,m
_a5m h(t—uw)H u—T(m+1))G2(a+2 (b4 2iH—2)—k— Bt 1 (u—7(m+1))dut

0
(ag) T,m
+ fn t=w) H (u—=m7) Gy0l) _oger2iti—2)—h—pns1 (=T (m+1))du}.
0

Ezxamples

We consider the flow of an Oldroyd-B fluid when the body force and the pressure gradient are omitted and
the plate is accelerating. We present the analytical solution in the different initial conditions

Ezxample 1. In this example the plate is moving at speed ct, where ¢ is constant. The corresponding initial
problem is then given as

ou (y,t)

2
P yia u (g, ) +vAg Dﬁia u(y, ) Mu (y,t — 1)

2
+ )\aDtau (ya t) + eDt au (yv t) = 8y2 a 2

u(y,t)=c, u(0,t)=ct, —-7<t<0, y>0,
1

ug (y,t) = co, w(L,t) =0, §<a,ﬁ<1,

utt( )—0

Separating variables and use of the Laplace transformation yields,
oo k+itj=m | 2 NIty 1y i
>, . _smT (=nH™ m'(_k” ”) Ag Aa
Bn (S) =€ Z Z (o)ymF1 Rl
m=0 k,i,j>0
k+al+ﬁl —smT k+a('i+1)+Blflefsm-r Sk+o¢('i+2)+ﬁlfle—sm7

{Bn (0)[ 20 _ M- )m+1 + Ao S( 2a_%e*5")m+l + (Sza_%e—sr)m*l

(s

9 ghtaitB(1+1)—1,—smT / skta(l+d)+Bl—2 ,—smT skta(i+2)+81-2,—sm7
V)‘ﬂkn (Sza MefsT)m‘*'l ] +B (0) [/\a (520‘7%6*3*)"“#1 +0 (520‘*%87“)"&1
2Sk+m+/3(1+l) 2g—smT st ghtaitpl —smT
+V>\ﬂk (S M, — ST)m+1 ] e G(S) s2a 1\/[ —sﬂ')m+1
2 ktaitpfl—1,—smT _ _ g ghteitpl—2 —smr st ghtaitpl —smr _ ghta(l+i)+Bl—2 —smT
+k L[g( 1;16 ST)'rn#»f Me 4( oo 94 )m+1 +M€ H( ) (SQ(Y_%G_ST)WL+1 )\a (520_%5_57_)7n+1

k,+o¢(2+z)+ﬁl 2 —smT

— 00 (—a+2) SR
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Taking inverse Laplace transform gives us
oo k+itj=m m ol (—k. 20 ) Tt
—1 m: n vV B N
B, (t) = Z Z ((g)m)-*-l ( k:!i!)j!l!

m=0 k,i,j>0

(Ba ) H (¢ —mn) (G L

T,m T,m ( )Tm

(t - mT) + A Gga )k a(i—1)—pBl+1 (t - mT) + 9G20¢ —k—ai—pBl+1 (t - mT)

2
U)\gk Gga 2k a(i—2)—B(1+1)+1 (t _mT)]

B O PG me) 06T )
+V)\ﬂk 2Gga 2]: a(i—2)—p(+1)+2 (t_mT)]
_Mfg(t—u)H(u—T(m+1))G§jﬂ’,j;”;(i_2)_m (=7 (m +1)) du
0
P2 H (= mr) (G oy (= mr) = XGLTTT (= mr)

)TTYL

0T (—a+2) G (- )]

T,m

+QCMH( (m+1))Ggfgk oy _pige (=T (m+ 1)

4 kiCL{h (b =) H (w7 (m+ 1) G T o (=7 (m+ 1) du.

Ezample 2. We consider the flow of an Oldroyd-B fluid with the initial conditions ¥1(y) = ¢, ¥2(y) = 0 and
boundary conditions, ¢1(t) = ct, p2(t) = 0 where c is constant. The problem now becomes,

ou (y,t)

5t + Ao Di%u (y,t) = 76 u(y.1) +vAg Dﬁi8 u (9, 1) — Mu (y,t —71)

0y? y?

(y7 ):C U(O,t):

ct, —7<t<0, y>0,
ug (y,t) =0, u(L,t) =

0, 0<a,pB<i.
Using the preceding method we obtain,
oo k+itjtqg=m ml(ik)nQV)H’j/\ﬁj

_ ("
But)y= 2. 2 Goom

(B (0) H (t — mr) G (¢ — mr) 2, Ga) (b — )

m M rm
— k2GR ()] —Mfg (t—w) H (u— 7 (m+1) GO (0 (m 4+ 1)) du

T,m

+ QCLH(tfmT) {G(Aa)’ ’

kn oo k-pje1 (E=mT) = Aa G(k‘*) _pje (t—mT)

+2M B (t — 7 (m +1)) Gg o >,;”;;7+2 (t —7(m+1)
t

+ 25 I h(t—u)H(u—7(m+1)) Gg*o‘j )k g; (t =mT)du}, after which W (y,t) and so u(y,t) may be found.
0

Conclusion

In this paper we used a variant of the method of separation of variables to simplify the governing fractional-
order partial differential equations of a generalized viscoelastic Oldroyd-B fluid with constant delay in time
to a set of fractional-order ordinary differential equations with homogeneous boundary condition. The Laplace
transformation (followed by its inverse) was then employed to obtain the exact solutions of the linear fractional
ordinary differential equation. The solutions are given in terms of multivariate Green functions. We found exact
solutions for three specific situations illustrated by examples.
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C. Caramut, @.J1. Cau!, M. Txasuau?, M./Ix. Paxt

L Asad Heaam yrusepcumeminin, Tebpusdezi uauanv, Tebpus, Hpan;
2 Tebpus ynusepcumemi, Tebpus, Hpan

TyYTKBIPp CBIFBIHBI CYMBIKTBIKTAP TE€OPUSICHIHBIH, OOJIIIIeK
andpdpepeHIuaNabIK TeH/JAeyiHiH aHAJUTUKAJIBIK, MIeTTiMi

Maxkananbie MakcaTsl — Ouapoiti-b chIFbIIMaRTBIH 2KaanbLIaMa CYHBIKTHIFBIH KammyTo Typingeri Gedtimex
TYBIHBLIAPBIMEH KEINKTIPpY apKbLIbI Oesinek auddepeHnnaablK TeHIeYIePIiH aHATUTHKAIIBIK, IIIeIiM-
JiepiH yCcbIHY. ARHBIMAJIBLIAD/LI 60Ty OiCiHIH MOAMMUKAIMSCHIH KOJIJaHa OTHIPBII, 6IpTEKTI eMec IeKapa-
JIBIK, IIAPTTAPhl Oap Heri3ri TeHaey GipTeKTi meKkapaJsblK IapTTapbl 6ap TEeHIeyTre aifHAIaIbl, COMAaH KeiiH
anpiaraH memrivaep Jlanmac Typiennaipynepinin kemerimen ['pun dyHKIusIapsl apKbLibl Kepinemi. By
HOTHUZKEJIEP €Ki YKaFaiiga yeeHbLIFan: 6ipinmi kamamaa 0 < «, 8 < %, aJT eKiHII KaJ1aMaa % <a,6<1,0p
kagam yiaia 1, 2 Ongpoiia-b kannbutanraH CYMBIKTBHIFBIHBIH CTAIMOHAPJIIBIK, €MEC aFbIM/IaphI YIIIH, OHbIH
imringe KbUTKBIMAJIBI IIJTUTACHL 6ap aFblH MBICAJIAPMEH KAPACTBIPBLI/IBI.

Kiam cesdep: Onnpoiin-B cyWBIKTBIFBI, OOJINEK PETTI »KapThlIail TYBIHIALLIADIAFEl TEHJIEYJIED, aHATUTH-
KaJIBIK, MIENTiMIep, KeInKTipiireH muddepeHImaIIbK, TeHALY, afHbIMAIbLIAPIbI OOTYIiH MOIuMUKAIIASI-
smauraH omici, KanyToHbIH 6eJIIeK TybIHIBLIAPHI.

C. Carama!, ®.J1. Can', M. Ixxasuan?, M.JIx. Pax!

Y ®unuan Hearamerxozo yrusepcumema Azad 6 Tebpuse, Tebpus, Upan;
2 Viusepcumem Tebpusa, Tebpus, Hpan

Ananmrndeckoe perieHue apodoHoro auddepeHnaabHOro
ypaBHEHIsI TEOPUH BA3KOYHPYTHUX KHIKOCTE

Ilenp jtaHHOM CTATHU — NPEJACTABUTH AHAJUTUYIECKHAE PEIIeHUs JPOOHBIX JrddepeHImaabHbIX ypaBHEHUH
C 3aIas3/IbIBaHueM HeCKuMaeMoil 00obienHoi xuakoctu Ouapoitna-b ¢ ApoOHBIMU TPOU3BOIHBIMUA THUIIA
Kamnyro. Vcnonb3yst mogudukanuio MeToa pa3iesieHns IepeMeHHbIX, OCHOBHOE YPaBHEHNE C HEOIHOPO/I-
HBIMUA I'PAHUYHBIMU YCJIOBUSIMU IIpeoOpal3yeTcss B YpaBHEHUE C OJHOPOJHBLIMHU MDAHUYIHBIMH YCJIOBUSMU, &
MOJTyYEHHBIE PEITEeHUsT 3aTeM BBIPAXKAITCs Yepe3 PyHKIUN [ puHa ¢ moMoIrso npeobpasoBanuit Jlammaca.
OTu pe3yJsIbTaThl IPEJICTABIEHBI B IBYX YCJIOBUSIX: Ha 1epBoM mare, kKorga 0 < «, f < %, a Ha BTOPOM — IIpU
% < a, < 1. Jna kaxkaoro mara 1, 2 171 HeCTallnOHAPHBIX TedeHuit 06061meHHoi )kuakoctu Ouapoitna-b,
BKJIFOYasl IOTOK C JIBUKYIIEHNCS TIJIACTUHOM, MPUBEIEHBI TPUMEDHI.

Kmouesvie caosa: xugkoctb Quapoiiia-bB, ypaBHeHUs B 9aCTHBIX TPOM3BOIHBIX JIPOOHOTO MOPSIIKA, aHA-
JUTHYecKue pereHus, nuddepeHnnaabHoe ypaBHEHNE ¢ 3a1a3/bIBaHuEM, MOINMHUIINPOBAHHBII METO, Pa3-
JleJIeHNsI TIEpEMEHHbBIX, TPOOHBIE TTPOou3BoIHbIe KarmmyTo.
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