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Abstract — Polymer solutions flowing through small-diameter capillaries of which length scale is
much larger than that of polymers were experimentally demonstrated to have the enhanced flow
rate as compared to in bulk flow. This apparent slip phenomenon was analyzed by obtaining the slip
velocity and concentration depleted layer thickness. Hydrolyzed polyacrylamide (HPAM) of highly flexible
polymer and Xanthan of rigid rodlike polymer were made to flow through stainless steel canillaries
having the diameter range of about 100 to 250 pm. The results showed that both slip velocity and
depleted layer thickness decreased markedly with increasing polymer concentration. This behavior
can be interpreted as being due to the reduction of diffusion coefficient and flexibility of polymer
chains as the concentration is increased. The depleted layer thickness of HPAM was much larger
than the polymeric length scale and was shown to increase with increasing wall shear stress. This
is considered as an evidence of the stress-induced diffusion of polymer chains being a dominant factor
for the apparent slip of flexible polymer soluticn. On the other hand, the depleted layer thickness
of Xanthan solution was almost constant with the wall shear stress, which can not be explained

by the stress-induced diffusion mechanism alone.

INTRODUCTION

The flow of polymer solutions through porous me-
dia has been the subject of experimental and theoreti-
cal investigations. Such studies are relevant to a num-
ber of phenomena, including applications of polyelec-
trolytes in enhanced oil recovery, chromatography, and
filtration process. Since in most of these applications
the polymer solution is confined to narrow regions
of space, it is important to investigate the behavior
of the polymer near a wall and in the presence of
a flow field.

It is obvious that flow of polymers in a confined
geometry is different from those in the infinite do-
main. It may be helpful to classify two distinct cases
based on the relative size of polymer to that of confi-
ning geometry. If they are comparable with each other,
it is easy to formulate theoretical problem with the
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help of molecular models such as elastic dumbbell for
flexible chains and rigid dumbbell model for rigid
chains [1,2]. However, its experimental verification
is somewhat complicated due to the difficulty of obtain-
ing well defined flows in such a small scale. In this
context, Chauveteau [3] performed excellent experi-
ments on flows of Xanthan solutions through the well-
defined cylindrical micropores to obtain that the shear
viscosity decreases as size of pore decreases because
of the concentration depleted layer formed near a wall
of pore.

On the other hand, if the relative size of confining
geometry is much larger than that of polymers, then
the situation is totally different. Viscosity reduction
was observed on a rather large scale to be explained
with the depleted layer of molecular scale. Cohen [4]
and Cohen and Metzner [5] achieved such flowing
experiments of several polymer solutions through a
narrow capillary to see apparent viscosities decrease
as the diameter of the capillary decreases. They inter-
preted it as an apparent slip and developed a system-
atic analytical scheme to calculate not only the rhick-
ness of a slip layer but also a slip velocity.
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In order to explain such a slip phenomenon, the
stress-induced diffusion mechanism was introduced
by Tirrell and Malone [6] and Metzner et al. [7].
If the length scale of confining geometry is large
enough to generate an inhomogeneous flow field, then
the polymer in higher shear stress region will tend
to migrate to lower stress region, or inward to the
center of tube. Therefore, there may be a polymer
concentration depleted layer near the wall of which
thickness is much thicker than the polymer character-
istic length. Here we are going to restrict ourselves
to the latter case to demonstrate that not only a rela-
tive molecular scale to the size of confining geometry
but also a wall shear stress will play the major roles
to determine the apparent slip and depleted layer. Fur-
thermore, it will be shown that the flexible polymer
exhibits slightly different behaviors compared with
those of rigid one flowing in the confined geome-
try.

EXPERIMENTAL

1. Polymers

Polymers used for this work are Xanthan biopoly-
mer and partially hydrolyzed polyacrylamide (HPAM),
which represent rigid and flexible polymer chains, re-
spectively. Xanthan was purchased from Sigma Co.
as a practical grade and its weight-average molecular
weight M, is about 3.8X 10°. Polyacrylamide was ob-
tained from Aldrich Co. as powder, of which M, is
20X 10° Distilled water was used as solvent for both
polymers.

For a rigid rodlike polymer like Xanthan, it was
suggested to evaluate macromolecular dimensions
from the intrinsic viscosity data (see, e.g, Ref.3). 1f
length-to-diameter ratio p is large enough (p>50),
then viscosity factor v,=[nJ,/v, can be approximated
by the power law function:

v, =0.159 pi*. o))

Here, v,, is the specific volume, equal to 0.62 for oligo-
saccharides. The value of p was calculated as 425 ac-
cording to the experimental intrinsic viscosity of Xarn-
than, 5340 cm®/g. Once the value of p is given, the
equivalent characteristic length of Xanthan, L, can be
estimated from

45

[
L 27TNA

where N, is Avogadro’s number. L, was calculated as
1.154 um, which is nearly consistent with the result
reported elsewhere by Chun et al. [8].

Fig. 1. Schematic diagram of experimental apparatus.
1. N, gas tank

. Pressure regulating system

. Solution reservoir 4. Water-jacket

. Stainless steel capillary

. Electronic analytical balance

. Digital manometer

. Constant temperature bath
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For a flexible polymer chain like HPAM, Wang [9]
correlated the relationship between intrinsic viscosity
and characteristic length of polymers from gel per-
meation chromatography:

[n]=167X10°% (LpH)?92, 3)

Here (L”'? and [n] have units of A and dl/g. With
the experimental correlation between intrinsic viscos-
ity [n] and known molecular weight M, (sce, eg,
Refs. 4 and 10):

[n]=3.13X 1073 M, @

The equivalent characteristic length of HPAM, L, was
obtained as 0.14 ym.

In the case of Xanthan, 500 ppm (= 0.05%) was cho-
sen for the concentration. And for HPAM, the concen-
trations of 1000, 2000, 3000, and 5000 ppm were consid-
ered. Polymers were dissolved by using the magnetic
stirrer with a condition of minimum speed in order
to reduce any possibility of the degradation of polymer
chains. After that they were filtered through cellulose
ester membranes (Gelman Science) with a low flow
rate to get rid of any solid particles, suspensions or
microgel.

2. Experimental Set-up

Narrow-bored capillary rheometer was made to
measure the rheological properties of polymer solu-
tion, which is mainly composed of three parts. Solution
reservoir, inert nitrogen gas tank to generate the pres-
sure drop for flow, and flow rate measuring system
are shown in Fig. 1. Solution reservoir will supply the

Korean J. Ch. E.(Vol. 9, No. 4)



188 C-I. Park et al.

Table 1. Dimensions of the capillaries (unit in pm)

Nominal Diameter measured
Capillary diameter (=D) L/D
A 254.0 237.8 663
B 177.8 199.5 629
C 101.6 100.9 679

solutions to different size of capillaries with the pres-
sure of gas tank. It was manufactured from acryl resin,
which is a cylindrical vessel of 12.0 ¢cm in length and
7.5 cm in diameter with water-jacketed. Temperature
was controlled to be maintained at 25T . Pressure was
generated by nitrogen gas tank with pressure regula-
ting system and was measured with digital manome-
ter, of which the accuracy is order of + (1>x107%) atm.
Flow rate from the narrow-bore capillary was meas-
ured using an electronic analytical balance (Mettler, AE
200) with + 10~ *g accuracy. After the minimum 3 min-
utes at each measurements, flow rate was chosen
for accuracy. Narrow-bore capillaries used were pur-
chased from Alltech Inc. (Illinois, USA). They are
made of 1/16” OD stainless steel tube of which dimen-
sions are tabulated in Table 1. Diameter was estimated
with the distilled water having known viscosity by
using Hagen-Poiseuille equation (see, Ref. 11):

nD*
128 ulL,

Q=Ap )
where L. is the narrow-bore capillary length.

To be sure that there is no polymer adsorbed on
the wall of the capillary, the procedure suggested by
Cohen and Metzner [12] was adopted. In order to
eliminate adsorption effects, they treated the inner
surface of capillaries by using a coating procedure with
the silane compound, such as a solution of 2% dimeth-
yldichlorosilane in an ethanol-water solution. Temper-
ature control was provided by circulating water from
a constant temperature bath around the reservoir
through a water-jacket. Both the reservior and the
capillary were thoroughly insulated.

3. Data Analysis

The slip velocity at a wall can be estimated from
apparent shear rate v, and shear stress t data with
three different capillaries. Flow rate of laminar tube
flow is obtained from the velocity distribution as follow-
ing:

Q= R um2nr dr

R2
= j ,u d(r’) 6)
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where R is the capillary tube radius, and u is the fluid
velocity. It can be converted into the following expres-
sion by using integration by parts scheme.

Q=muR?—n J : r(du/dr) dr @

where u, is the slip velocity. The shear rate can be
related as a function of shear stress f(t) and the shear
stress is linear in radial position r, or t/t,=r/R. Then,
we have

Q= nusR“rfAf f(z) dt. ®

Here v, is the wall shear stress, which is proportional
to the pressure drop:

Tw = Ap/(4L./D). ©

Eq. (8) can be converted into a relationship between
apparent shear rate vy, and wall shear stress:

_ 329
Y= e
8uS

:_f ©f(t) dt+ (10)
Therefore, in order to evaluate the slip velocity, appa-

rent shear rate should be differentiated with respect
to (1/D):

- L{ e an

(/D)

Tw

In order to calculate the depleted layer thickness
5, let us suppose a depleted layer of polymer concen-
tration near the wall, of which rheological properties
are defined by y= —g(t, ¢) instead of y=—1(:,¢,) of
bulk flow. Here ¢ is the polymer concentration in the
depleted layer, and ¢, is the bulk concentration of pol-
ymers. Then flow rate can be expressed as a sum
of two terms:

32Q 4 v
o |y

“ gt 0 dr (12)
k)

where t; is shear stress at the depleted layer position
of R-3. If we combine this equation with Eq. (10), then
slip velocity u, i1s expressed by:

=

R [fw . o
3 [f T'g(t, o dt—J- (x, ¢,) dt:l. 13)
Tw E3 %

Since the depleted layer thickness is much smaller
than the radius of capillary, f(t, ¢,) is assumed to be
equal to that of bulk flow. If power law model is as-
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sumed, then t=K-f(z, ¢,)". On the other hand, the g(x,
c) for depleted layer can be assumed to be linear
in shear stress as first approximation:

gt )= gt ¢~ [8(Twr cu)— (s, G)]
(T — /(T — ) (14)

where, ¢, 1s the polymer concentration at wall. Now
Eq. (14) is substituted into Eq. (13) and if terms up
to O(®/R) are retained, then

u,=(1/2) 8l glt, c)—f(Ts, ). (15)

Here we know that t;=t,(1—8/R). and g(x,, c.) is
much larger than f(ts, ¢,) so that f(ts, c.) can be neglec-
ted. Indeed, we have

u;5=(1/2) 8 g(Tu, Co). (16)

Therefore, if u, and g(z,) are determined experimen-
tally, then the depleted layer thickness can be estimat-
ed at that shear stress T..

g(t,) can be calculated from the following Eq. (17)
which is obtained by differentiating both sides of Eq.
(12) by t.:

2Ee) = Y
=(3+1/m}Q/nR?. o)

Here v, is wall shear rate, and m is obtained from
the log-log plot of apparent shear rate and shear
stress. As it is seen, Eq. (17) is the same as Rabinowit-
sch equation, which leads to the fact that Rabinowitsch
equation can be used irrespective of the existence of
concentration depleted layer.

RESULTS AND DISCUSSION

1. End Effect

Generally the measured pressure drop Ap,, is deter-
mined between the capillary exit and somewhere
above the entry. This measured pressure drop inclu-
des excess pressure drops Ap, due to entry and exit
effects (4. In order to evaluate the rheological prop-
erties from tube flow data, excess pressure drop should
be excluded first. Bagley [13] method can be used
for this purpose. Then we have

Apy =47.(L/D+L/D) (18)

where Ap, can be obtained from shear rate-shear
stress plots with several different lengths L.. For capil-
lary A. experimental data for shear rate-shear stress
of three different lengths (i.e., 6.35, 5.3 and 4 cm) fall
into a single curve as shown in Fig. 2 so that the end
effect can be neglected in this work.
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Fig. 2. Flow curves of 0.1 and 0.5% HPAM solutions for

various capillary lengths: L.=6.35 cm (), 5.3 cm
(*), 4.0 cm (+), capillary A was used.
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00 1000 2000 3000 4000 5000 6000
Apparent shear rate(1/s)
Fig. 3. The flow curve of 0.1% HPAM solution for three
different capillaries: capillary A (+), B (%), and
C (D), (see, Table 1 for dimensions).

2. Flow and Viscosity Curves

Typical flow curve for 0.1% HPAM is shown in Fig.
3 as plots of apparent shear rate vs shear stress for
three different capillary diameters. As the diameter of
the capillary is reduced, apparent slip, or flow enhance-
ment is increased. 0.2 and 03% HPAM solutions
show the similar tendency, while 0.5% HPAM solution
shows no a difference in flow curves between capillary
A and B. Fig. 4 shows the case of 0.05% Xanthan solu-
tion. From these curves, if we use Eq. (17) for shear
rate, then viscosity curves can be obtained as shown
in Figs. 5 and 6. Here one can easily observe a main
difference between two plots. HPAM solution shows
a decreasing tendency in power law index n as the
diameter of capillary decreases, but no difference is
detected for Xanthan solution.

For flexible chain like HPAM, as the diameter of

Korean J. Ch. E.(Vol. 9, No. 4)
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Fig. 4. The flow curve of 0.05% Xanthan solution for three
different capillaries: capillary A (+), B (*), and

C (D).
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Fig. 5. The viscosity curve of 0.1% HPAM solution for
three different capillaries: capillary A (+), B (*),

10000

and C (O2).
10
O
Z e
7
= -
\tgu
1
100 1000 10000

Shear rate(1/s)
Fig. 6. The viscosity curve of 0.05% Xanthan solution for
three different capillaries: capillary A (+), B (*),
and C (°)).
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Table 2. Parameters of power law model

Polymer Capillary K
§91uti0n ) diameter{um) (Pa-sec”)
01% 237.8 0.8539 0.01011
(=1000 ppm) 199.5 0.8291 0.01195
HPAM 100.9 0.7787 0.01596
0.2% 237.8 0.8242 0.01976
(=2000 ppm) 199.5 0.8273 0.01867
HPAM 100.9 0.7540 0.02948
0.3% 237.8 0.8030 0.03025
(=3000 ppm) 199.5 0.8177 0.02646
HPAM 100.9 0.7247 0.04997
0.05% 237.8 0.7134 0.02001
(=500 ppm) 199.5 0.7255 0.01787
Xanthan 100.9 0.7193 0.01693
10
047% HPAM

n \/

- £ 025%

2 = HPAM
g |

¥

b

0.1 >
1 10 100

Shear stress(Pa)

Fig. 7. Slip velocity as a function of wall shear stress for
HPAM and Xanthan solution: 0.1% HPAM (),
0.2% HPAM (+), 0.3% HPAM (*), 0.05% Xan-
than (X), and dotted lines from Ref. 13.

capillary decreases, the concentration depleted layer
will increase relatively by stress-induced diffusion,
which results in a reduction of viscosity. On the other
hand, for rigid chain like Xanthan, there could be a
balance between stress-induced diffusion and concen-
tration redistribution. This feature seems to be due
to the parallel orientation of Xanthan since rigid rod-
like chain cannot be deformed much by applied stress,
but its orientation can be aligned along the wall [8].
The depleted layer thickness calculated later will sup-
port this argument, since the order of depleted layer
is three times of its macromolecular scale. Parameters
of power law model are tabulated in Table 2. These
data can be analyzed vie depleted layer thickness and
slip velocity.

3. Slip Velocity and Depleted Layer Thickness
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Table 3. Parameters in slip velocity

. a T
Polymer solution [m/(sec- Pa)] b Pa)
0.1% HPAM 2.88%10° % 1.873 7-15
0.2% HPAM 1.94X10°° 2.158 7-15
0.3% HPAM 427X10° 1 2543  12-25
0.05% Xanthan 1.62X10 ® 1.378 3-8
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Fig. 8. Depleted layer thickness as a function of wall shear
stress for 0.2% HPAM: capillary A (—), B (---),

According to Eq. (11) the slip velocity can be obtain-
ed from the plot of 1/D vs apparent shear rate. Slip
velocity can be correlated with wall shear stress as
shown in Fig. 7. Slip velocity does not depend upon
the diameter of the capillary which is consistent with
the results reported by Cohen and Metzner [5]. If
one use a linear correlation between slip velocity and
wall shear stress, then

u,=at,” a9

where, a and b are tabulated in Table 3. The reason
why slip velocity decreases as polymer concentration
increases is that the diffusivity and flexibility of poly-
mer chains will be decreased as the concentration in-
creases. For a comparison, data obtained by Cohen [4]
are plotted together. The overall magnitude is consist-
ent, however, the slope is much different due to the
flexibility of HPAM chains depending upon the hydro-
lyzed extent.

For the better parameter which explains the slip
phenomenon, depleted layer thickness can be estimat-
ed by Eq. (16). Fig. 8 shows that depleted layer thick-
ness increases as wall shear stress increases fot
HPAM solutions, which is consistent with the results
from stress-induced diffusion. As wall shear stress in-

0.1
0.09¢
008+
0.07+
0.06 +

= 005+
0.04 1
0.031 e
0024 o
0011

0

0 2 4 6 8 10 12 14 16 18 20
Shear stress(Pa)
Fig. 9. Reduced depleted layer thickness 5/R as a function
of wall shear stress for 0.2% HPAM solution: cap-
illary A (=), B (), C ().

Depleted layer thickness(um)

0 + + + —

0 1 2 3

4 5 6 7 8 9 10
Shear stress(Pa)
Fig. 10. Depleted layer thickness as a function of wall
shear stress for 0.05% Xanthan solution: capillary
A=) B(r), C()

creases the polymer chains experienced with high
shear will propagate inward the capillary tube due to
the entropic force to result in 1.5-5um which are of
about 15-35 times larger than that of macromolecular
scale (i.e., 0.14 um). Now, it is obvious that the repul-
sive wall effect is not the only reason of such slip
phenomena but stress-induced diffusion effect is a lot
more than that. [t can be easily understood when one
replots 8/R vs shear stress as Fig. 9. The relative loca-
tion of depleted laver is almost constant regardless
of concentration and flexibility of polymer. However,
5/R values of capillary C are somewhat larger than
those of capillary A and B. This may be due to the
fact that the concentration profile in a capillary devel-
op more rapidly as capillary diameter decreases, which
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Fig. 11. Reduced depleted layer thickness 5/R as a func-
tion of wall shear stress for 0.05% Xanthan soh-
tion: capillary A (—), B (), C (-+).

5
= 0
S +
7 * 9
o *
g
= 24
- & @
= "
21
0 v + .
0 0.1 0.2 0.3 0.4

HPAM concentration(%)

Fig. 12. Depleted layer thickness of HPAM solution as
a function of polymer concentration at t, =13 Pa:
capillary A (Q), B (+), and C (*).

is proposed by Tirrell and Malone [6]. Situation for
rigid rodlike polymer is slightly different. As shown
in Fig. 10, depleted layer thickness is not dependent
upon wall shear stress, and only about three times
larger than that of macromolecules as shown in Fig.
11. But the relative location of depleted layer is as
same as that of flexible one.

Recently, Omari et al. [14] observed that the deplet-
ed layer thickness decreases as wall shear rate in-
creases for Xanthan solution flowing through micropo-
rous membranes, which can be compared with our
constant depleted layer. In their case, micropores are
not long enough to have a fully developed flow so
that with increasing shear, polymers can be aligned
paralle] to the wall which results in the decrease of

October, 1992

depleted layer. In our case, however, the flow is fully
developed so that even parallelly aligned polymer can
migrate inward to the tube center due to the stress-
induced diffusion, which may be balanced with out-
ward migration due to the parallel alignment. Fig. 12
shows the depleted layer thickness decreases with in-
creasing polymer concentration as the slip velocity
does. The possible explanation is the same as before.

CONCLUSIONS

Polymer molecules may be excluded from a region
of fluid close to the wall in a narrow capillary, this
effect results in a concentration depleted layer which
causes both apparent slip and velocity enhancement
of polymers relative to the solvent. We find that the
slip and depleted layer phenomena for flexible poly-
mers such as 2 HPAM solution are strongly affected
by the stress-induced diffusion. Experimental results
clearly indicate these phenomena, which results give
almost constant relative location of depleted layer in
the capillary and show the increasing depleted layer
according to shear stress. In the case of somewhat
rigid chain like Xanthan, the depleted layer thickness
is almost constant regardless of stress as a result of
balancing the parailel orientation and stress-induced
diffusion.
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NOMENCLATURE

A
(=2

: parameters in slip velocity

: polymer concentration in depleted layer

: bulk concentration of polymers

: polymer concentration at wall

: capillary diameter

: power law constant

: capillary length

: equivalent capillary length

: equivalent characteristic length of HPAM

: equivalent characteristic length of Xanthan

: weight-average molecular weight

: slope at log-log plot of apparent shear rate
vs shear stress

: Avogadro’s number

: power law index
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: length-to-diameter ratio
: pressure drop of capillary
s excess pressure drop

: measured pressure drop
: volumetric flow rate

: capillary radius

: radial position

: flud velocity

:ship velocity

: viscosity factor

: specific volume

Greek Letters

: shear rate

: apparent shear rate

:wall shear rate

: depleted layer thickness

Jintrinsic viscosity

: Newtonian intrinsic viscosity

: Newtonian fluid viscosity

: shear stress

s wall shear stress

: shear stress at the depleted layer position of

R-&
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