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Abstract

The boundary effect on the drag acting on a rigid particle is investigated by considering a spheroid on the axis of a cylinder filled with a
Carreau fluid. The result of numerical simulation reveals that the ratio (drag coefficient in Carreau fluid/drag coefficient in Newtonian fluid)
has a maximum as the ratio (semiaxis in radial direction/radius of cylinder) varies. The presence of a wall has the effect of enhancing the
convective motion in the rear part of a particle, and therefore, the formation of wakes. The influence of the shape of a particle on the drag
force acting on it can be decreased either by increasing the shear-thinning effect of the fluid or by increasing the Reynolds number. The
Reynolds number at which flow separation occurs is found to increase roughly linearly with the increase in the power-law exponent of the
Carreau fluid.
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1. Introduction ber is sufficiently high, wakes are formed in the rear part
. L of a particle, and the classic Stokes law becomes inapplica-
Sedimentation is a phenomenon of both fundamental andy|e The pehavior of a particle in a non-Newtonian fluid was
practical significance. It is widely adopted to estimate the ¢ jied recently by several investigatfs11]. In a study of
physical properties of an entity, or to separate entities of y,o sedimentation of a rigid sphere along the axis of a cylin-
different nature. Previous analyses of sedimentation in the yyica| tube filled with a fluid, which is of an elastic and shear-
literature are ample. Brenngt], for instance, investigated thinning nature, Navez and Waltefs2] concluded that the
analytically the settling of a nonspherical particle in an in- jna,ence of the former on the drag on the sphere is less im-
finite Newtonian fluid under creeping flow. The result ob- o iant than that of the latter. This conclusion is consistent
tained was used by Blasg] to evaluate the hydrodynamic | iih that of Mena et al[13]. Rodrigue et al[14] investi-

force_acting on an eII_ipsoid_aI particle in a linear Newtonian gated analytically the movement of a spherical bubble and a
flow field. Chhabrg3] investigated the wall effectonthe free iqiq particle in an infinite Carreau fluid under conditions of

settling of particles of various shapes in a Newtonian fluid creeping flow. Shahcheraghi and Dwyjéb] analyzed the
experimentally for the case where the Reynolds number is yroplem of the flow of an incompressible Newtonian fluid
smaller than 7. The settling of an entity, including a solid qer 4 spherical object placed in a pipe under the condition
particle, bubble, or drop, both in a Newtonian fluid and in ot conyective flow, taking the effect of heat transfer into ac-
a non-Newtonian fluid, was reviewed by Clift et §4] and count. Tripathi and Chhabf46] calculated the drag force on
Chhabra[5]. It was pointed out that if the Reynolds num- 5 spheroid moving in a dilatant fluid in the convection-flow
regime. Turian[17] and Uhlherr et al[18] conducted the
* Corresponding author. Fax: +886-2-23623040. experiment of the sedimentation of a rigid sphere in a circu-
E-mail address: jphsu@ntu.edu.td.-P. Hsu). lar tube filling with an elastic shear-thinning fluid. Missirlis
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et al. [19] estimated the drag coefficient of a rigid sphere Carreau fluid. Cylindrical coordinates are adopted with their

moving near the wall of a circular tube filled with a power- origin located on the axis of the cylinder, andand z are

law shear-thinning fluid under conditions of creeping flow. respectively the radial and the axial distances. deindb

Ceylan et al[20] calculated the drag force on a rigid parti- be respectively the semiaxis in thedirection and that in

cle settling in a power-law fluid; the result of simulation was the z-direction, and let. and R be respectively the length

found to be consistent with experimental observations. Their and the radius of the cylinder. The center of the particle is

result is applicable to Reynolds numbers up to 1000 and thelocated on the axis of the cylinder, and the former moves

parameter characterizing a power-law fluid in the range 0.5 with a constant velocity-V. For convenience, the particle

to 1. Mach& et al.[21] investigated experimentally the ter- is held fixed, and the bulk fluid moves with velocit.

minal velocity of a rigid sphere moving in a Carreau fluid in The steady-state flow field in the liquid phase can be

the creeping flow regime. There is an extensive literature on described by the Navier—Stokes equation and the equation

rigid particle motion in non-Newtonian liquids. See, for ex- describing the conservation of mass,

ample, McKinley[22], which provides an excellent review

on relevant problems. A thorough account of wall effects is pu - Vu=—-VP +V .1, 1)

also presented. V.u=0, (2)

In this study, the boundary effect on the drag force acting

on a rigid, nonspherical particle settling in a non-Newtonian Wherep is the density of the fluidp is the pressurey is

fluid is analyzed theoretically under conditions of low to the gradient operatot, is the stress tensor, amdis the ve-

medium Reyn0|ds number. We consider the case of a SpherJOCity of fluid. The constitutive equations for a generalized

oid, which is capable of simulating particles of various Newtonian fluid can be expressed[8x23-25]

geometries by varying its aspect ratio, and a general shear- .

thinning fluid described by a Carreau model. =1y, (3)
y=Vu+(Vu)'. (4)

In these expressiong, andn are respectively the rate of
strain tensor or shear rate and the apparent viscosity, and
superscript’ denotes matrix transpose. Note that if the ap-
parent viscosity remains constant, E¢g.and (4)reduce to

the constituent equations for a Newtonian fluid. For the case

l l l l l l l v of a Carreau fluid5,23-25]we have
. . —-1)/2
NG7) = 1oo + (00 — neo)[L+ )2 "2, (5)
R whereng andrn, are respectively the viscosities correspond-
< ’ ing to the minimum and the maximum shear rates the
relaxation time constant, andis a measure for the rate of
decrease in the apparent viscosity as shear rate increases.
Equation(5) describes the behavior of a shear-thinning fluid,
which is one of the most important fluids exhibiting non-

Newtonian behavior.
‘ Since the particle is held fixed and the fluid moves with a

2. Mathematical modeling

Referring toFig. 1, we consider the settling of a rigid,
spheroidal particle along the axis of a cylinder filled with a

relative velocityV, we have the following boundary condi-

t tions for the flow field:
u;,=V asr=R, (6a)
u;=V asz— oo, (6b)
u; =0 on particle surface (6¢)

The symmetric nature of the problem under consideration

\r/ requires that

U _o r=o (6d)

Fig. 1. Systematic representation of the problem considered. A rigid, spher- 5 B
oidal particle of semiaxes andb in a cylinder of lengthL and radiusk . . Lo . .
filled with Carreau fluid. The center of the particle is on the axis of the Whereuz IS the_flmd veloc_:lty in the-direction.

cylinder.r andz are respectively the radial and axial distances of the cylin- T_he governing equations, EO|(§L)—_(_5) are solved nu-
drical coordinates chosen, the origin of which is located on the axis of the merically subject to boundary conditions, Eq6a)—(6d)

cylinder. by FIDAP 8.6, which is based on a Gelerkin finite element
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method with bilinear, four-node quadrilateral elements pro-

cedure. A total of 15,600 elements are used in the fluid do-

main, and the convergence criterion is1@elative error in
velocity.

The sedimentation of a particle in a fluid is often charac-
terized by the hydrodynamic drag force it experiencEd,
For a rigid spherical particle of radiusmoving at velocity
V in an infinite Newtonian fluid, the magnitude Bf F, can
be expressed by,5,17,26]

1 1
F= (Esz) (Znaz)CD,

whereV is the magnitude oV, p is the density of the fluid,
andCp is the drag coefficient. I¥ is in the creeping flow
regime,Cp and the Reynolds numbdRg, are related by the
Stokes law[4,5,22,26]

_ 24
T Re’

()

Cp (8)

3. Resultsand discussion

The applicability of the numerical procedure adopted is
justified by comparing our result with the analytical expres-
sion derived by Happel and Brenrje7] for the sedimenta-
tion of a rigid sphere along the axis of a cylinder filled with
a Newtonian fluid. It was found that & = 0.1, the maxi-
mum deviation of our numerical result in the drag coefficient
Cp from that predicted by Brenner far/ R ranges from 0 to
0.8 is smaller than 1%.

In the following discussions we assume that = 0 poise
and o = 2 poise. Note that iz =1 in Eq. (5), the fluid
becomes Newtonian. Also, the larger the valug tie more
non-Newtonian the fluid is. For convenience, we define the
Carreau numbeCtu as[5,23-25]

= ©)
a

Note that if Cu = 0, then the fluid is Newtonian. For the
present case, the Reynolds number is defined by
2paV
Re= ra .
no

Figs. 2 and 3llustrate respectively the contours for the

Cu

(10)
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shear-thinning nature of a fluid has the effect of reducing its
convective motion. On the other hand, if the wall effect is
important, the convective motion of a fluid is enhanced by
its shear-thinning naturdzigs. 3 and Sshow that for both
Newtonian and Carreau fluids the wake region in the rear of
a particle ata/R = 0.1 is larger than that ai/R = 0.4 or

0.7. This is because af R = 0.1 the streamlines in the rear
of a particle are more asymmetric with respect to those in
front of it than ata/R = 0.4 or 0.7. A comparison between
Figs. 3c and 3find betweerkigs. 5¢ and 5feveals that if
a/R is large (e.g., 0.7), the shear-thinning nature of a Car-
reau fluid has the effect of enlarging the wake region behind
a particle. Note that the streamlineshigs. 3f and Sfare
more asymmetric than thosehigs. 3c and 5aespectively.
The asymmetry of the streamlines for an oblate is more ob-
vious than that for a prolate.

Figs. 6 and &how respectively the variation of the con-
tours of viscosity for the cases of an oblate and a prolate
for variousa/R at two levels ofRe. These figures reveal the
largerRe the more asymmetric the contours are. Also, there
is a drastic variation in viscosity in the rear of a particle,
which implies the possibility of flow separation. This will be
discussed later.

The variation of the drag coefficier@p for a sphere
as a function ofa/R at various Carreau numbe€u for
two different Re is illustrated inFig. 8 This figure re-
veals that for a fixedCu, Cp increases with the increase
in a/R, and for a fixeda/R, Cp decreases with the in-
crease inCu. The former is because the larger theR
the more significant the wall effect is, and the latter is be-
cause the larger th€u the more important the effect of
shear thinning is. A comparison betweEigs. 8a and 8b
shows that the smaller tiee the larger theCp. This is be-
cause ifRe is small, the viscous force acting on a particle
is more important than the inertial force acting on the par-
ticle. According toFig. 8a, atRe=0.1, Cp (a/R =0.8) =
73.56Cp (a/R = 0) for the case of a Newtonian fluid (i.e.,
Cu = 0). Note thata/R = 0 corresponds to the case where
the particle is placed in an infinite fluid. @u = 0.1, then
Cp (a/R =0.8)=47.6Cp (a/R =0), and if Cu=1, Cp
(a/R =0.8) = 2232Cp (a/R = 0). That is, for a fixed
nonzeroa/R, Cp decreases with an increase Qu. This
is due to the shear-thinning nature of the fluid since the
presence of wall has the effect of enhancing shear rate. Ac-

shear rate and the streamlines for an oblate. Those for thecording toFig. 8, ata/R =0, Cp (Cu= 1) = 0.834Cp

case of a prolate are presentedFigs. 4 and 5Figs. 2-5re-
veals that the flow field is asymmetric Be = 40 for both
oblate and prolate, which is mainly due to the convective
flow of fluid at the relatively larg®e. Figs. 3 and Sndicate

(Cu = 0), which implies that the shear-thinning nature of

the fluid plays a role even for the case where the wall ef-
fect is absent. This is because the shear ratBeat 40

is sufficiently large to induce an appreciable decrease in

that, due to the convective flow, wakes are formed in the rearthe apparent viscosity of fluid. For the caRe = 40, Cp

of a particle Figs. 2-5also suggest that if/ R is small, that
is, the particle is away from the cylinder wall, the degree of
asymmetry is more serious for the case of a Newtonian fluid

(a/R =0.8) = 258Cp (a/R = 0) for the case of a New-
tonian fluid (i.e.,Cu=0). If Cu= 0.1, thenCp (a/R =
0.8) = 175Cp (a/R =0), and, ifCu=1, Cp (a/R =

than for the case of the present shear-thinning fluid, but the 0.8) = 10.05Cp (a/R = 0). Apparently, the increase iip

reverse is true ifi /R is large. These results imply that if the
wall effect on the movement of a particle is insignificant, the

due to wall effect is less appreciable than that for the case
Re=0.1.
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Fig. 2. Contours of shear rate for an oblate at varioyR for the caseRe = 40,n = 0.6, anda/b =4/3. (a)Cu=0,a/R=0.1; (b)) Cu=0,a/R =0.4;
(c)Cu=0,a/R=0.7;(d)Cu=1,a/R=01;(e)Cu=1,a/R=04;(f)Cu=1,a/R=0.7.Key:a=0.12cm,p=1 g/cm3, no = 2 poise, andjoc =0
poise.

Fig. 3. Streamlines for an oblate at variau&R for the caseRe=40,n = 0.6, anda/b =4/3. (a)Cu=0,a/R=0.1; (b) Cu=0,a/R =0.4; (c)Cu=0,
a/R=0.7;(d)Cu=1,a/R=0.1;(€)Cu=1,a/R=04; (f) Cu=1,a/R =0.7. Key: same as ifrig. 2

Fig. 9 shows the variation of the drag coefficiefiy for 29.94Cp (a/R = 0). A comparison betweehigs. 8a and 9a
a prolate as a function of /R at various Carreau num- shows that the increase @fp as a/R varies from 0 to
bers,Cu for two differentRe, and the corresponding vari- 0.8 is greater for a prolate than for a sphere. This is be-
ation for an oblate is presented Hg. 10 These figures  cause ifa is fixed, the surface area of a prolate is greater
reveal that the qualitative behavior ¢f; for both a pro- than that of a sphere. Ai/R =0, if Re= 0.1, thenCp
late and an oblate is the same as that for a sphere. For thCu= 1) = Cp (Cu=0), and ifRe=40,Cp (Cu=1) =
case of the prolate shown Fig. 9, if Cu=0, Cp (a/R = 0.846Cp (Cu= 0), which is slightly higher than for the case
0.8) =9834Cp (a/R=0),if Cu=0.1,Cp (¢/R=0.8) = of a sphere. For the cas®e =40, if Cu=0, Cp (a/R =
65.45Cp (a/R =0), and ifCu=1, Cp (a/R =0.8) = 0.8) =34.36Cp (a/R=0),if Cu=0.1,Cp (a/R=0.8) =
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Fig. 4. Contours of shear rate for a prolate at varioy® for the caseRe=40,n = 0.6, anda/b =2/3. () Cu=0,a/R =0.1; (b) Cu=0,a/R =0.4;
(c)Cu=0,a/R=0.7;(d)Cu=1,a/R=0.1;(e)Cu=1,a/R=04; (f)Cu=1,a/R =0.7. Key: same as ifrig. 2

(b)
(© ®

Fig. 5. Streamlines for a prolate withyb = 2/3 at variousz/ R for the casédRe= 40 andn = 0.6. (a)Cu=0,a/R=0.1; (b)Cu=0,a/R =0.4; (c)Cu=0,
a/R=0.7;(d)Cu=1,a/R=0.1;(e)Cu=1,a/R=04; (f) Cu=1,a/R =0.7. Key: same as ifrig. 2

23Cp (a/R=0),andifCu=1,Cp (a/R=0.8) =123Cp ation of a/R being smaller than that for a sphere. This
(a/R = 0). As in the case of a sphere, the increas€in is because for a fixed the surface area of an oblate is
due to the variation ofi/R at Re = 40 is smaller than  smaller than of a sphere. At/ R =0, if Re= 0.1, thenCp
that atRe = 0.1. The increase inCp due to the varia- (Cu=1)=Cp (Cu=0),and ifRe=40,Cp (Cu=1) =
tion of a/R is greater than that for the case of a sphere. 0.782Cp (Cu = 0), which is lower than for the case of
Again, this is because for a fixed, the surface area of a sphere. For the cafRe = 40, if Cu=0, Cp (a/R =

a prolate is greater than that of a sphere. For the case 0f0.8) = 20.7Cp (a/R =0), if Cu=0.1,Cp (a/R =0.8) =
the oblate shown irFig. 10 at Re= 0.1, if Cu= 0, Cp 14.38Cp (a/R =0), and ifCu=1, Cp (a/R =0.8) =
(a/R=0.8)=553Cp (a/R=0),if Cu=0.1,Cp (a/R = 9.32Cp (a/R = 0). The increase ofp due to the variation
0.8) =37.5Cp (a/R =0),andifCu=1,Cp (a/R =0.8) = of a/R for an oblate is smaller than that for a sphere. Again,
17.9Cp (a/R =0). The increase ilp arises from the vari-  this is because for a fixed the surface area of an oblate is
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Fig. 6. Contours of viscosity for an oblate at variay&R for the case: = 0.6, Cu= 1, anda/b = 4/3. (a)Re=10,a/R =0.1; (b) Re=40,a/R = 0.1;

(c)Re=10,a/R=0.4; (d)Re=40,a/R =0.4; ()Re=10,a/R =0.7; (f) Re=40,a/R = 0.7. Key: same as ifrig. 2 Flow separation in the wake does
not occur aRe = 10, but occurs aRe= 40.

Fig. 7. Contours of viscosity for a prolate at variausR for the case: = 0.6, Cu= 1, anda/b = 2/3. (a)Re=10,a/R =0.1; (b) Re=40,a/R =0.1;
(c)Re=10,a/R =0.4; (d)Re=40,a/R =0.4; ()Re=10,a/R = 0.7; (f) Re=40,a/R = 0.7. Key: same as ifrig. 2 Flow separation in the wake does
not occur aRe = 10, but occurs aRe = 40.

smaller than that of a sphere. As in the case of a sphere oring flow regime. For the case dfig. 11 at Re = 40, if

a prolate, the increase ifip due to the variation of /R at Cu = 0 (Newtonian fluid), the deviations from the Stokes-

Re =40 is smaller than that &= 0.1. law-like relation fora/b equal to 23, 1, and 43 are 2.2,
The variations of the drag coefficiely as a function 4.3, and 6.8%, respectively. The deviation is defined by

of the Reynolds numbeRe for various Carreau numbers [(Cp — Cp)/Cp] x 100%, whereCp is the drag coefficient

Cu anda/b at two levels ofa/R are illustrated irFigs. 11 based on the Stokes-law-like relation.Gfi = 0.1, the de-

and 12 According to Eq(8), log(Cp) and logRe) are lin- viations are 2.4, 4.6, and 7.2%, respectively, anduf= 1,

early correlated for the case of Newtonian fluid in the creep- the deviations are 7.2, 14, and 21.4%, respectively. For the
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Fig. 8. Variation ofCp for a sphere as a function af R at variousCu for the case: = 0.6. Curve 1Cu=0;2,Cu=0.1; 3,Cu= 1. (a)Re=0.1; (b)Re=40.
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Fig. 9. Variation ofCp for a prolate as a function af/R at variousCu for the casex = 0.6 anda/b = 2/3. Curve 1,Cu=0; 2,Cu=0.1; 3,Cu=1.

(a) Re=0.1; (b) Re=40. Key: same as iRig. 2
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Fig. 10. Variation ofCp for an oblate as a function af/R at variousCu for the case: = 0.6 anda/b = 4/3. Curve 1,Cu=0; 2,Cu=0.1; 3,Cu=1.

(@) Re=0.1; (b) Re=40. Key: same as iRrig. 2
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Fig. 12. Variation ofCp as a function oRe at variousCu anda/b for the
casen = 0.6 anda/R = 0.1. Curve 1,Cu=0; 2,Cu=0.1; 3,Cu=1.
o p o (@)a/b=1; (b)a/b=2/3, (c)a/b=4/3. Key: same as ifig. 2
Re
© reverse is true if the wall effect is significant. This conclu-
Fig. 11. Variations ofCp as a function oRe at variousCu anda /b for the sion is consistent with that obtained frdfigs. 3 and 5
casen = 056 a"fé“/R =07. Cllf“ge L1.Cu =2033_2' Cu= O'ii 3? }‘(3“ =1in For a sphere settling along the axis of a cylindrical tube
agtim(fig' (2)‘ and (©)- @)/b =1; (b)a/b=2/3; (c)a/b=4/3.Key:same ¢ o 4iusR, Navez and Walteri 2] used the expression
F =6rnnoVak, (11)
case offFig. 12at Re = 40, if Cu = 0 the deviations from  whereK is a drag-correction factor. Also, a paramekeis
the Stokes-law-like relation far/b equal to 23, 1, and 43 defined to characterize the influence of the non-Newtonian

are 124, 137, and 146.4%, respectively. The deviations atpehavior of the fluid12],

Re = 40 for Cu = 0.1 are almost the same as f6u =0, %

and the deviations foCu =1 are 101, 112, and 120%, x-— —, (12)
respectively. We conclude frorhigs. 11 and 12hat the Kn

shear-thinning nature of a fluid has the effect of reducing the where K and Ky are respectively the drag correction fac-
deviation of the logCp) — log(Re) relation from the Stokes-  tor of a rigid particle in a shearing—thinning fluid and that
law-like relation when the wall effect is insignificant, but the of a rigid sphere in a Newtonian fluid. Both are based on
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Fig. 13. Contours ol as function ofRe andn at various combinations af/b anda/R for the case wheQu= 1. (a)a/b=1,a/R =0.7; (b)a/b=2/3,
a/R=0.7;(C)a/b=4/3,a/R=0.7;(d)a/b=1,a/R=0.1; (€)a/b=2/3,a/R=0.1; (f)a/b=4/3,a/R = 0.1. Key: same as ifrig. 2

the same:/R andRe [12]. This measure is also adopted in creases monotonically with the increaseninR. Note that
our study withK now representing the drag-correction fac- for a fixeda, the surface area of a prolate is larger than the
tor of a rigid spheroidal in a shearing—thinning fluig. 13 corresponding sphere, and, therefdfes 1. Also, the larger

illustrates the variation oK as a function of: and Re for thea/R, the more significant the wall effect and the larger

various combinations af/b anda/R. This figure indicates  the X. However, for the case of a shear thinning fluidex-

that, in generalX decreases with the decrease:inr with hibits a local maximum ag/R varies. This is becausedf R

the increase ifRe. is small, the presence of a wall, which has the effect of in-
The variation ofX as a function ot:/R for the case of a  creasing the drag force on a particle, is more significant than

prolate at variou€u for two levels ofRe is shown inFig. 14 the shear-thinning nature of the fluid, which has the effect of

This figure reveals that i€u = 0 (Newtonian fluid),X in- reducing the drag force, and therefoteincreases with the
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Fig. 14. Variation ofX for a prolate as a function af/ R at variousCu at two levels ofRe for the case:/b = 2/3 andrn = 0.6. Curve 1,Cu=0; 2,Cu=0.1;

3,Cu=1. (a)Re=0.1; (b) Re=40. Key: same as iRig. 2
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Fig. 15. Variation ofX for an oblate as a function af/ R at variousCu at two levels ofRe for the case: = 0.6 anda/b = 4/3. Curve 1Cu=0; 2,Cu=0.1;

3,Cu=1. (a)Re=0.1; (b) Re=40. Key: same as iRig. 2
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Fig. 16. Variations ofX as a function of:/b at variousCu at two differentRe for the case: = 0.6 anda/R = 0.7. Curve 1,Cu=0; 2,Cu=0.1; 3,Cu= 1.

(a) Re=0.1; (b) Re=40. Key: same as iRig. 2
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Fig. 17. Variations ofX as a function ofCu at variousa/b at two differentRe for the casen = 0.6 anda/R = 0.7. Curve l,a/b =2/3; 2,a/b = 1;

3,a/b=4/3. (a)Re=0.1; (b) Re= 40. Key: same as iRig. 2
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Fig. 18. Variations ofX as a function of: at variousz/b at two differentRe for the case€Cu=1 anda/R =0.7. Curve 1a/b =2/3;2,a/b=1;3,a/b = 4/3.

(@) Re=0.1; (b) Re=40. Key: same as iRig. 2

increase inu/R. On the other hand, /R is large, the re-
verse is true, and decreases with the increasedfR. For
the caseRe = 0.1 the maximum ofX occur ata/R = 0.6
whenCu=0.1, anda/R = 0.15 whenCu = 1; these values
are about the same for the case wiRen= 40.

The variations ofX as a function ofa/R for the case
of an oblate at variou€u for two levels ofRe are shown
in Fig. 15 This figure indicates that, in contrast to the case
of a prolate, ifCu = 0 (Newtonian fluid),X is smaller than
unity and decreases monotonically with the increase/iR.

At Re=0.1 anda/R = 0.7, X decreases 66.5, 60, and 57%
asa/b varies from 0.5 to 2 foiCu equal to 0, 0.1, and 1,
respectively. ARe =40 anda/R = 0.7, X decreases 57.4,
55.3, and 43.6% as/b varies from 0.5 to 2 foiCu equal
to 0, 0.1, and 1, respectively. These imply that the influence
of the shape of a particle on it can be decreased by en-
hancing the shear-thinning nature of the fluid phase or by
increasing the Reynolds number.

Fig. 17 shows the variations oK as a function of the
Carreau numbeCu for variousa /b at two differentRe. This

This is because the surface area of an oblate is smaller tharfigure indicates thak decreases aSu increases, which is

that of the corresponding sphereCifi # 0, X also decreases
monotonically with the increase iry R. This is because both

expected. For the cas®e = 0.1, X decreases 85.3, 85, and
84.5% asCu varies from 0.1 to 20 fow/b equal to 23,

the presence of a wall and the shear-thinning nature of thel, and 43, respectively. The difference in the percentage

fluid lead to smaller drag force on a particle.

The variations ofX as a function ot:/b for variousCu
at two differentRe are illustrated irFig. 16 This figure indi-
cates that for fixed andCu, X decreases with the increase
in a/b. As discussed above, this is because if fixed, the
surface area of a particle decreases with the increasgin

decrease irnX asCu varies is insensitive to the shape of a
particle atRe= 0.1. For the cas®e = 40, X decreases 77.6,
73, and 68.5% a€u varies from 0.1 to 20 fon/b equal to
2/3, 1, and 43, respectively. Apparently, the effect of the
shape of a particle on the percentage decrease asCu
varies becomes appreciableRé is high.
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Fig. 19. Variation of critical Reynolds numbeRec, at which flow sepa-
ration in the wake occurs as a function ofat variousa/b for the case

A = 0.00036 s andz/R = 0.7. Discrete symbols are the estimated val-
ues, and curves represent fitted results. Curve/b,= 2/3; 2,a/b =1,
3,a/b=4/3. Key: same as ifrig. 2

The variations ofX as a function of: at variousa /b for
two differentRe are presented iRig. 18 Note that ifn = 1,
the fluid is NewtonianFig. 18 suggests thak increases
with an increase im. This is expected since the smaller the

n the more significant the shear-thinning nature of the fluid.

For the casdre = 0.1, X increases 389, 371, and 357% as
n varies from 0.4 to 1 fow/b equal to 23, 1, and 43, re-
spectively, and for the cagee = 40, X increases 357, 317,
and 285% aw varies from 0.4 to 1 for:/b equal to 23, 1,
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Fig. 20. Variation of:/ V as a function ot /a along the symmetric axis of a
cylinder for the case wheRe=0.2,a/b =2/3,a/R =0, ng = 100 poise,

A =1322s, andr = 0.69. Discrete symbols, experimental data of Maalouf
and Sigli[28]; solid curve, result predicted by the present analysis.

where the effect of the shape of a body fixed on the axis
of a cylinder filled with a viscoelasticity fluid on the fluid
velocity around the body is investigated. For the case of a
shear-thinning fluid, a power law relation

n=Kly/m?t (14)

and 43, respectively. These imply that the shape effect of a is used, wher& andm are constant. The rheological prop-

particle can be easily distinguished by varyingnd the ef-
fect ofn on X at a lowRe is more important than that at a
high Re.

As pointed out by Clift et al[4], flow separation in the

erties of the shear-thinning fluids used by them &re=
22 g/(cn?s) and m = 0.69. The corresponding parame-
ters in the present Carreau model gge= 100 poise i =
1322 s, andn = 0.69. The experimental data of Maalouf

wake behind a particle can be checked by a change in theand Sigli which describe the variation of the downstream
sign of the vorticity contour on particle surface and first oc- and the upstream velocity distribution along the axis of the
curs at the rear stagnant point. The critical Reynolds number,cylinder are presented iRig. 20 The results based on the

Rec, theRe at the onset of flow separation, is defined by
_ 2paVe
T
where V. is the velocity at the onset of flow separation.
Fig. 19 shows the variation oRec as a function ofn for

various types of particle at/R = 0.7. It should be pointed
out that because judginge; based on the above-mentioned

Re: (13)

criterion is not an easy task, only approximate results are

obtained. The scattering of the data presentdeign 19re-
flects this. In generalRec increases roughly linearly with
the increase im for the types of particle and the rangerof
examined.

The applicability of the present model is examined by fit-
ting it to the experimental data of Maalouf and SiiB],

present analysis are shown in this figure. As can be seen
from Fig. 20 the performance of the present model is sat-
isfactory.

In an experimental study of the wall effect on a sphere
of radiusa moving along the axis of a cylinder of radius
R filled with a viscoelastic fluid, Chhabra et §b] arrived
at the correlation below for the wall factof = V/ Ve,
Vs being the velocity of a sphere moving in an infinite
medium:

f=1-1.3(a/R)*cu=0077, (15)

Fig. 21shows the result based on this relation and that calcu-
lated by the present method. As can be seen from this figure,
the agreement between the two is satisfactory; the maximum
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number at the onset of flow separation, and their relation is

09 f roughly linear.
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