174-165 (oo 9 o lesis 17 0,93 1396 H3T (30 Sl w g dlxo

9y ele dolinle =

: . z &

o 3o Sl (wigo = 5
mme.modares.ac.ir ;’7,«/\."__:{;:%,

e w3 90 SCuuYIglugg o ghad o8 > (69 p ¥l olgs Wl dxdllae

359908 (sage (559,90 v gans L yLaskel ol

39,0L5 gyl o sl (SlSe g )l w5 gemmiily -1
390l gyald o oSl «SlSe wdige bkl -2

Sl ¢ Jgn 9 < Jo2y0e) oKl (Sl wtie 553 sooeitils ~3
mnorouzi@Shahroodut.ac.ir 3619995161 iwy 3giie wg,nls #

LXVLES

Ao wleWb!

22l B85 3 ol 335 gy Sl S50 0 5l iy el 3 55 e Ko 090 g 0B (sl 8 ol ol

Sllllas @isiS and dix Job ) cuwl o odlail ] ygely lases 518 (gl (e Je jl g 0pkad 518l JouSle Byen 598 o I
y Slllhs 5l gs5 cul ol 8,5 )18 s g5 3,90 iy Adlpo 31T sk Jold 45 (63 ]9 029 4 (st SVl (5 uLL & bgso

J ings, o
1396 315, 16 :cdl,,»
1396 s, 18 : s i

1396 15005 17wyl 5 1)

Jo ey bspe ol g 5 S5 5 gl sl (Kb slaat] s Cuntio e Sl 2k slaanlf sludine e lgie ol 115
9 35y dn Sl I (Jdod By g3 dliue @Sl Yol (il dad jolaiedy il oo Cuwaty CLBLEED ) 5l oslitul b s (Fgeiel 0ylab
oykad (530 (695 g0yt 0pkd SVl Canold I3l b ol 0ylad StV Cousls oind i g0 das sl o ool 1)g:0 JRUSS)
s 336 el b 3,5 on 95 @2 003 g S5 g o3l camd 1 355 (59, Sl cbogis Jlo 53 i ok 35 o g 21 b
S e iy 8IS o s ol 5 805 QI T 553 i s 3 5 00 g il o el o (Sl ) Ww‘i“’ =
919 5 S Moo ojhd olel Cuond ) (15 Jloys adlie 5005 5 (A5 oy 929 0jkad (Aol Cuand )3 o) bl JpuSle en g

@ Ordg Clalllas > o 2o 8 ojlul CYolas (b ik p5) lbmly £ (B S 2 ey Ol &) G Sl G5
Lol 00 b r0 p 5l iy 29 GBS

Study of the effect of elastic properties on viscoelastic drop motion in inertia
regime
Amin Emamian?, Mahmood Norouzi*", Mahdi Davoodi?

1- Mechanical Engineering Department, Shahrood University of Technology, Shahrood, Iran
2- Mechanical Engineering Department, Liverpool University, Liverpool, United Kingdom
*P.0.B. 3619995161, Shahrood, Iran, mnorouzi@Shahroodut.ac.ir

ARTICLE INFORMATION ABSTRACT

In this paper, steady motion of non-Newtonian falling drop through a Newtonian fluid at low Reynolds
number is investigated analytically. Here, the Upper Convected Maxwell model (UCM) is used for drop
phase and Newtonian model is considered for external fluid. During the past few decades, studies
relating to non-Newtonian instabilities especially those involving free surfaces are amongst the most
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striking. These types of studies can be used to optimize design processes in, for example, the petroleum

Keywords: . . . ) .

nom\,ewonian drop and medicine related processes, metal extraction, and paint and power-plant related fields. Analytical
Reynolds solution is obtained using the perturbation method. Reynolds and Deborah numbers are used to linearize
Deborah the equations governing the problem in analytical method. Deborah number indicates the elastic effect
Capillary of drop. The drag force increases by the growth of the elastic effect of non-Newtonian Drops. The non-

perturbation method

Upper Convected Maxwell model Newtonian drop loses its shape and changes to an oblate form. Increment in Deborah number enhances

the dimple at the bottom of the drop and results in an increment in its drag force and as a consequence
its terminal velocity decreases. A hole is created at the rear of the drop due to the presence of inertia
force and focus of normal component of stress at the rear of the drop. The novelty of this study is that it
considers the convection (non-linear) term of the momentum equations which was neglected in the
previous studies due to the creeping flow.
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Fig. 2 A comparison between the steady shape of (a) the analytical solution of Taylor and Acrivos [6] (b) the current study solution.

Folo el Jo (0 [B] g ST 5ks s Jor (Gl 51 ooal sy JS 50t (s dlin 250

ol o e e lis iz (Kinge dlael Gl @ jWgn, sae blie
) ok &5 950 Sl lgioe SSS
S s Gl oykad 5 e (3 s SRl (SO Gl 4 4z
P Sy G Gl e (SKange dae Gl ol gy 1y 0oy
IS s Sl 8 B 50 (55 Sl 35 iyl 3
IS8 e opl drwg cam o] inliEl &g, aalol g o)ls oy 1) kb
Sl S ks iy o5 s5digm et " JSE" S| bl 55
03)lg 53 59508 1 Kimge b (S (595 (Rl B dlanlyay (5t 0 had

L o5 ovmlive S35 958 S,

R=1 R = 1 + ReCaP, (1)

(D

R = 1 + ReCaP, () + ReCa?P; (1) + DeCaP, (1)
Fig. 3 Effects of different perturbation solution order on drop shape

171

Gl o1 e g ol ple Gl L sls as3 Bills [6] ey ST
ooy Sl e 65,5 Sl leykad IS (Sige 5 jalsn, Sl
i o)kB Sl 3 505 Ko sl s, ol Al b 35 o
IRV JPRRYP
bl IS5 59 » 1) ool aulone calizie Slaz r—’l’ "3 g o

Ol38l w08 glpl o oud ol ﬁ)5} S oo oanlive o,lad
29 g0 0ykd do Cs s 1alS (T a5 S0 5958

S0 G989y 5t o prie pil -2-4
) boi Jlo 50 o)kl mhaw p 03)ly S0 (6958 Sl s M4 JS"

(O

R =1 + ReCaP,(u) + ReCa?P; (1)

O

R =1 + ReCaP,(¢) + ReCa?P; (1) + DeCaP, (i) + DeCa?Py(u)

o kd IS5 (g5, cilie sloaz o b oMlex 56 3 S

9 opleibs 17 095 1396 ,3T (I3 SHlle (Swiue



Ubhed 9 ylwlel wl

oWl @3) ) S VlgSausg o pdad S A (59 g2 Sl olgd Sl dsllae

0 50 120 180 240 300 360
2}

Fig. 6 Normal component of stress %,. at free surface for Re =
0.9,Ca=0.5,De = 0.7,k =10

Re =0.9,Ca=05,De = sl ohd mhuwi, o Oless 6 JSSo
0.7,k =10

e Gl it od Sl Copols dygs 20 il |
(oaie pz (13l & g sae Gl b e S o)Ll B a5 sk len
69y bl iy old g sl (alil o)kl sleml (S5 (e
Oy a5 b oo Gial3dl (e i 0,8 o I3 L S oo alols
Olgie T US" 0 008 e okl a> ey palS el (5950

Sged odnlive Iy T,y Lygud a0 sae &l pis il

08 u> Cas pu g b o il -4-4

O T (K PP MR AR Y
Gl @ bgin Jlo 0 (SSesd 0,k o> e "8 K" s ail e
dde il ad co odalive .l ol ooly ioles |) il 1)g0 slucl
) ohd o sy ebgio Jl 4o oyl Jlow (Sl Sonols) g0
03,5 oy (tal33l oplad (slocil (K859,3 1) sae (Al L aas oo palS
lagy Gmals o,kd ao e pos )1 5 4 g Gl 1 S0 (5950 a0
S e

1 1
o 30 60 90 120 150 180
6

Fig. 7 Normal component of stress %, at free surface against the
Deborah number for Re = 0.9,Ca = 0.5,k = 20

Re = 0.7,Ca = 0.5,k = (sl Lygss youis b opd gelas Ty lpeis 7 J5CH
20

9 ol 17 095 1396 ,3T (e Sle (Swiye

26

[ [ I A ]
Ll ]

Drag force ()
[
[

21
20
19+
‘18 1 1 1
0 02 04 06 08
ke

Fig. 4 Drag force at free surface against the capillary number
élﬂ}nd&db%%bo,}aﬁch.uj)ééjﬂdl]xxm4ﬁ

21y bt Jb j0 0,8zl oo)ly Fys gy Slyas "5 JS"
g sas s o plid Gl (Siuge slacl Glil 4 g sae Lilas
Caols Gl boail e o)l 5B Syl cools caims lis
Oil38l aizren S o oy ol oykad o ls I (g9, SVl

Dgdge S0 6oy (ool Bl Wigy o 55 (SKinge dry g das

oylad elads i yo b o 3T -3-4
850 b Jlo )5 (il oylad oS > (65, 2 S0 Lol Jele
o ol Jlo adlge 5l Jolo (950 ade bz (S pogdle (Se
O g eaims lis "6 S abbige (b ES S9p8 » Ty
S s i 81308 85 pobolan 28l (53 08 b 55,
o 55 el ailge Croed 3 o lel Ceond 4o oy sl 5 o,lad
9 S50 S Ll o 0,kad lol (o oal bl 0,8 00 co iU
Saie 08 )F oo cdalin ed oo oyhd w> ey GalS cel as o
S ede £y 0ykad oLl Ceond 5 i 6= 0 50 adlge (nl At
4 ablos oylike (Hgei e 05kad haw (69, 5 @j9 Jloges 6 =180
Gl gloyall @l & |y By 25 oled Jloy pyolie bl ean
oy 0O <180 oogaome jo (S olad adge (55, p IS 5L

)5 ebly>

205

20t

Drag force (M)
o
IR

1851

‘18 1 1 1 1
0 0.2 0.4 06 0.8 1

De

Fig. 5 Drag force at free surface against the capillary number

Simge A g 938 i b oyhad mbav 5o (69,5 Ol s 5 KB

172



Ubhed 9 ylwlel wl

oWl @3) ) S VlgSausg o pdad S A (59 g2 Sl olgd Sl dsllae

—
— Lh
T T

Terminal velocity {cm/s)
=
h

OO 0.1 0.2 0.3 0.4 0.5 0.6

Equivalent radius (cmy

Fig. 10 Terminal velocity against the capillary number for Re =

0.9,Ca=0.5k=20

Re = 0.7,Ca = lp Siuge sde ;i boojhd s> oy lpis 100 S
0.5,k =20

k=10

Fig. 11 Streamlines of interior flow in different k variation at Re =
0.9,De =0.7,Ca= 0.5

Re = 0.9,De =o,kd sl k sse s b ophd S5 caepm glowe 11 S

0.7,Ca=05

k=40

Sl eals solaul calazel el loe 4 (Kige o g galen,
Sl (Fo Joe 5l g 08 56 (gile 4 ln JpuSle (S8500 358 Joe
U5 5 oS o ol aalllas 4o el ot oolitul (T ogely a5
330 5 opz N Gloyall 4 cons bgin Jlo s o)kad gL
JOMPLER ST
145 00,5 (asuie Ol B S8 28 > (69, N5 (sl el gy 0 b
5o oals ol oyax (ol Sl Caols) g sae il Lo -
ol o)ld wx Sy g wloo drwgi g 0D 0yl el end
S35 et 08 (339 dnrr 938) SVl gl il -
RV PR AR I PICRE S
5 bl US55, k<10 Gl o K Sy o Sl -
e K> 10 Glil a5 ail so dgpuinn Slylad S e s oo
s aalyi 0,8 IS (55, Sz

173

_.
—_ in

Terminal veloctty (cm/s)
=
(o)

OO 0.1 0.2 0.3 04 0.5 0.6
Equivalent radius (crmy)
Fig. 8 Terminal velocity against the Deborah number for Re =
0.9,Ca=0.5k=20
Re=0.7,Ca = lp Lo soe s b ophd v Cep Olpss 8 K0
0.5,k=20

5 gy dng ool i o3l s 4 M0 U 59 Jss”
9ol oS o odlive (gl oykad v e p (59, 2 |y (Simge
A S (S9y p j¥sn; G g sae Ol 30 0ed oo canlin oS
9 Sae e jalah) dap sve Gl L S (Solea wBboe e o)kd
S Sy 2 Semise g 998 Il g wiS el (25 iy o) lad
ML’LSA ).._>L\ o).laé a>
Sl 55y 2 K 459Ky S o sl 3l 1L K" s
Gl a ot S 55 WS a5 jeblen 58 e soslive o,lad 3l sy
oelad 25 g 0kad IS8 (555 2 Sl K e ke lEl k> 10
e K> 10 Gl 4 aS 0gd e samlie 35 "11 JSB" o 5,lai o kb

S 5 4o -5
55555 Sl 3 (s B g sl IS 5 S5 il i
Sl a8 18 gy p 3y50 et ©pgoar Gl Salsn, Sl o
A o slael el oo oolawl Lo o g, lgredy olilinél Glus

2.5

,_.
— [ [}
T T T

Terminal velocity {cm/s)

=
in

0 01 0.2 0.3 0.4 0.5 06
Equivalent radius (o)

Fig. 9 Terminal velocity against the Reynolds number for Re =
0.9,Ca = 0.5,k = 20,7 = 0.35 kgm™~1s7?!

0

Re =0.7,Ca = slp julgu, doe s b oyhd o> S pus Olposs 9 S0
0.5,k = 20,7 = 0.35 kgm~1s7!

9 opleibs 17 095 1396 ,3T (I3 SHlle (Swiue



Ubhed 9 ylwlel wl

oWl @3) ) S VlgSausg o pdad S A (59 g2 Sl olgd Sl dsllae

[7] G. Taylor, The formation of emulsions in definable fields of flow,
Proceedings of the Royal Society of London, Series A, VVol. 146, No. 858, pp.

501-523, 1934.
[8] H. A. Stone, Dynamics of drop deformation and breakup in viscous fluids,
Annual Review of Fluid Mechanics, Vol. 26, No. 1, pp. 65-102, 1994.

[9] A. Emamian, M. Norouzi, M. Davoodi, An analytical investigation on shape
of a falling viscose drop at low Reynolds number, Modares Mechanical

Engineering, Vol. 17, No. 2, pp. 251-262, 2017. (in Persian .. ,13)

[10] N. Kishore, R. Chhabra, V. Eswaran, Effect of dispersed phase rheology on
the drag of single and of ensembles of fluid spheres at moderate Reynolds
numbers, Chemical Engineering Journal, Vol. 141, No. 1, pp. 387-392,

2008.

[11] C. Koh, L. Leal, The stability of drop shapes for translation at zero Reynolds
number through a quiescent fluid, Physics of Fluids A, Vol. 1, No. 8, pp.

1309-1313, 1989.

[12] R. Clift, J. R. Grace, M. E. Weber, Bubbles, Drops, and Particles, Vol. 1,
No.1, pp. 83-246, New York: Courier Corporation, 2005.

[13] A. Smolianski, H. Haario, P. Luukka, Numerical bubble dynamics,
Computer Aided Chemical Engineering, Vol. 14, No. 1, pp. 941-946, 2003.

[14] M. C. Sostarecz, A. Belmonte, Motion and shape of a viscoelastic drop
falling through a viscous fluid, Journal of Fluid Mechanics, Vol. 497, No. 3,

pp. 235-252, 2003.

[15] D. Noh, 1. Kang, L. G. Leal, Numerical solutions for the deformation of a
bubble rising in dilute polymeric fluids, Physics of Fluids A, Vol. 5, No. 6,

pp. 1315-1332, 1993.

[16] N. Aggarwal, K. Sarkar, Deformation and breakup of a viscoelastic drop in a
Newtonian matrix under steady shear, Journal of Fluid Mechanics, Vol. 584,

No. 5, pp. 1-21, 2007.

[17] M. Aminzadeh, A. Maleki, B. Firoozabadi, H. Afshin, On the motion of
Newtonian and non-Newtonian liquid drops, Scientia Iranica, Vol. 19, No. 5,

pp. 1265-1278, 2012.

[18]B. Vamerzani, M. Norouzi, B. Firoozabadi, Analytical solution for creeping
motion of a viscoelastic drop falling through a Newtonian fluid, Korea-

Australia Rheology Journal, Vol. 26, No. 1, pp. 91-104, 2014.

[19] M. Davoodi, M. Norouzi, An investigation on the motion and deformation of
viscoelastic drops descending in another viscoelastic media, Physics of

Fluids, Vol. 28, No. 10, pp. 103103, 2016.

[20] R. Wanchoo, S. K. Sharma, R. Gupta, Shape of a Newtonian liquid drop
moving through an immiscible quiescent non-Newtonian liquid, Chemical

Engineering and Processing, Vol. 42, No. 42, pp. 387-393, 2003.

[21] A. Acharya, R. Mashelkar, J. Ulbrecht, Mechanics of bubble motion and
deformation in non-Newtonian media, Chemical Engineering Science, Vol.

32, No. 8, pp. 863-872, 1977.

[22] A. Acharya, R. Mashelkar, J. Ulbrecht, Motion of liquid drops in
rheologically complex fluids, The Canadian Journal of Chemical

Engineering, Vol. 56, No. 1, pp. 19-25, 1978.

[23] M. G. Wagner, J. C. Slattery, Slow flow of a non-newtonian fluid past a
droplet, AIChE Journal, Vol. 17, No. 5, pp. 1198-1207, 1971.

[24] R. Bird, R. Armstrong, O. Hassager, Fluid Mechanics, Dynamics of
Polymeric Liquids, Vol. 1, pp. 258-325, New York: Wiley, 1987.

[25] J. Happel, H. Brenner, Low Reynolds Number Hydrodynamics with Special
Application to Particulate Media, pp. 243-315, New Jersey: Prentice-Hall,

1965.

[26] F. M. White, I. Corfield, Viscous Fluid Flow, Vol. 3, No.1, pp. 173-180,
New York: McGraw-Hill, 2006.

[27] E. Lifshitz, L. Landau, Course of Theoretical Physics, VVol. 6, No.1, pp. 243-
351, Oxford UK: Pergamon Press, 1959.

[28] G. K. Batchelor, An Introduction to fluid Dynamics, pp. 320-410, Cambridge
University: Cambridge University Press, 1967.

[29] L. E. Payne, W. Pell, The Stokes flow problem for a class of axially
symmetric bodies, Journal of Fluid Mechanics, Vol. 7, No. 4, pp. 529-342,

1960, 1959.

9 ol 17 095 1396 ,3T (e Sle (Swiye

Cely e odan 1S (g9, SRalS Lo 4 Ca  Singe doe yiali8l -
olowl 0y Wby A H0 g A G alS (S (g9, Ll
2,5 00,08 Sl Caad 5o 00l

MMG C,w}gs -6
u;““’?" S Ca= %
) IS8 euis p5ils D
[JYTRIERES _ %
De R
kgms?) g, wul,y F
Kkgms?) L, 55,5 Fp
(kng'Z) T (S Fg
Co ) Kk = (Mo
Mo
gl g oges lop T
] L_r,—i-*JL‘-W‘ Jlad P = B
NUq
iy, e o PUR
n
69)5 Slaisew olKiws L5°L’L“‘ VS
MS™) (5505 Jlw g2 0 250 Voo
MS?y 6,15 x> o 2oy Up
Sl @
™) Hss Sl bz & Yo
(S'l) o ka8 )l > &l Y;
R
kgmls?) o ks x5 jeuib T
Ss,5 Slaies olKws lugly o> 0
kgm?) Jiz P
kgs?) b a5 T
kgmis™) (55 Jow 223l Tho
kgms?hy o pp g vekicad (Mo
&lp-T

[1] A. S. Campbell, J. M. Eldridge, F. C. Lee, G. Olive, Thermal Drop-On-
Demand Ink Jet Print Head, US Patents No. 4870433, 1989.

[2] C. Hanson, Recent Advances in Liquid-Liquid Extraction, Vol. 1, pp. 241-
326, New York: Elsevier, 2013.

[3] J. Roy, J. S. Moore, Drop-On-Demand Ink Jet Print Head, US Patent
N0.5087930, 1992.

[4] J. Hadamard, Mouvement permanent lent d’une sphere liquide et visqueuse
dans un liquide visqueux, Comptes Rendus de I'Académie des Sciences Paris,
Vol. 152, No. 25, pp. 1735-1738, 1911. (In French)

[5] W. Rybezynski, Uber die fortschreitende Bewegung einer fliissigen Kugel in
einem zdhen Medium, Bulletin international de I'Académie des sciences de
Cracovie, Vol. 1, No. 13, pp. 40-46, 1911. (In German)

[6] T. Taylor, A. Acrivos, On the deformation and drag of a falling viscous drop
at low Reynolds number, Journal of Fluid Mechanics, Vol. 18, No. 3, pp.

466-476, 1964.

174



