
INTRODUCTION

The generally highly viscous nature of polymeric
materials plays a prominent role in the selection

of a suitable processing operation, as well as process-
ing conditions. For instance, certain polymeric materi-
als having very high viscosity (e.g. ultra-high molecu-
lar weight polyethylene) are more readily processed by
positive displacement techniques such as compres-
sion molding (1), a processing operation that can be
modeled as a squeezing flow of fluid between two solid
surfaces. Squeezing flows are also encountered in
other polymer processing operations such as sheet

forming and injection molding (2). An accurate and re-
liable prediction of the generated flow pattern is es-
sential in such operations since the flow pattern im-
pacts greatly on the material properties of the finished
product. For example, in the compression molding of
fiber-reinforced composites, the flow patterns deter-
mine not only the fiber orientation, but also the cur-
ing behavior of the processed material. Another area
of practical importance where squeezing flows find rel-
evance is in the modeling of lubrication systems (e.g.
the meshing of a gear teeth), where extremely large
pressures are developed under unsteady state condi-
tions when a fluid is confined in a small clearance be-
tween two solid surfaces that approach each other in
relative motion.

Squeezing flows are characterized by both shearing
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and biaxial extensional deformations under transient
conditions. Close to the solid walls, the flow is domi-
nated by shear, but in the region near the center
plane, the flow is primarily extensional. By assuming
that the squeezing flow of a material is describable by
a particular hydrodynamic problem, squeezing flows
have been used for the determination of material
functions such as shear and biaxial elongational vis-
cosities, and stress relaxation of highly viscous mate-
rials. The materials that have been used include poly-
mer melts (1, 3, 4), and elastomers (5, 6). Rheological
constitutive equations can also be tested using this
procedure. For the reasons outlined, the study of
squeezing flows is not only of theoretical interest but
also of practical significance.

A large number of polymeric materials, including
gels and concentrated suspensions (7–10), and melts
of commodity resins such as polyethylenes (11–14),
and polyvinylchloride (15) have been observed to ex-
hibit wall slip at solid surfaces. Various mechanisms
have been proposed for wall slip at the liquid-solid in-
terface region. In flows of concentrated suspensions,
the apparent slip mechanism is related to the migra-
tion of particles away from the wall, which creates a
thin low viscosity fluid layer next to the wall and a
core of highly viscous fluid. With such large viscosity
gradients within the flow, the thin low viscosity fluid
thus appears to slip past the solid surface because of
its negligible resistance to flow. With gels and concen-
trated suspensions, the apparent wall slip mechanism
may dominate the flow behavior (9, 10) for a wide
range of wall shear stress values as there exists a
strong interplay between the wall slip and the fluid
mechanics at the liquid-solid boundary. In compres-
sion molding of polymeric composites, large viscosity
gradients are believed to arise from large temperature
differences that usually exist between the walls of the
mold and the processed material. The high tempera-
ture, low viscosity material that is formed next to the
wall essentially acts like a lubricant, creating an ap-
parent slip, i.e. a relative velocity between the material
and the wall (16, 17).

In squeezing flows, with the no-slip condition at the
walls, the flow in the region close to the walls is shear
dominated, and the velocity distribution assumes the
usual parabolic form for fluids that do not exhibit vis-
coplasticity. If, on the other hand, a perfect slip is im-
posed at the walls, the flow will be primarily exten-
sional and consequently, the velocity profile will be of
the plug flow type. Neither of these two conditions cor-
rectly characterizes the flow. A finite non-zero wall slip
coefficient will best represent the interfacial constitu-
tive equation, and the capability to handle such
boundary conditions renders the analysis contained
in this article especially relevant, as most studies,
with the exception of the work reported by Zhang et
al. (18), are applicable only to the no-slip wall condi-
tion. In addition, most investigations, both theoretical
and experimental, have been restricted to fluids that
do not exhibit viscoplasticity, a rheological behavior

that is commonly observed in gels and concentrated
suspensions.

In the following, we present analytical and exact so-
lutions for the velocity distributions as well as the
force, in squeezing flows of viscoplastic fluids with
wall slip. The elastic deformation is neglected and the
fluid is assumed to be describable by the Herschel-
Bulkley viscosity function thus permitting various
simplifications such as the Bingham plastic, the power
law fluid of Ostwald-de Waele, and the Newtonian fluid.

ANALYSIS

The viscoplastic fluid is contained in the gap formed
by two horizontal parallel circular disks that are of the
same radius, R, and are both initially at rest (Fig. 1).
The fluid subsequently undergoes squeezing action by
either applying a constant force F to the top disk or by
moving it at a constant speed h

.
, with the bottom disk

remaining at rest. If the applied force is constant, the
speed of the top disk will vary with time, and vice-
versa. Therefore, the flow is time-dependent. However,
the flow is dominated by viscous effects, thus permit-
ting the treatment of the flow as quasi-static, i.e. the
flow is steady at any instant of time, and the time de-
rivatives of the equations of conservation of mass and
momentum can be ignored. Since the thickness of the
fluid, h, is usually much smaller than the radius of the
disk (h,,R), it is conventional to model the flow using
the lubrication approximation that essentially allows
the neglect of the inertia force in the equation of mo-
tion. If gravitational effects are also neglected, the flow
in essence becomes one-dimensional, and is radial in
the cylindrical coordinate system considered here.

According to the agrument presented by Lipscomb
and Denn (19), squeeze film flow of a Herschel-
Bulkley material cannot contain a yield surface as
previous analytical solutions (20) using lubrication
theory suggest. One attempt at the resolution of this
inconsistency involves the modification of the
Herschel-Bulkley model. One such model is the bi-vis-
cosity model, (21, 22), which essentially introduces an
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Fig. 1.  Schematic of the model of squeezing flow between
two parallel disks with the top disk moving with speed -h

.

while the bottom disk remains stationary.



additional parameter to describe the rheological be-
havior of viscoplastic materials at low shear rates.
Although the application of lubrication theory to the
squeezing flow of viscoplastic fluids using the
Herschel-Bulkley rheological model leads to kinematic
inconsistency, squeeze film measurements (23, 24)
carried out on a model Herschel-Bulkley fluid suggest
that the analytical solution based on the lubrication
theory provides a useful first approximation.

Following the lubrication approximation, the equa-
tion of continuity and the r-component of the equation
of motion are given respectively by:

(1a)

(1b)

where r is the radial coordinate, p is the pressure, and
trz is the shear stress. To obtain a solution to Eqs 1, a
constitutive model need be specified. Here the fluid is
assumed to be a purely viscous generalized Newton-
ian fluid that is characterized rheologically by the
Herschel-Bulkley viscosity function. Applying again the
lubrication approximation, the model equations are:

(2a)

(2b)

Here, m and n are material parameters and to is the
yield stress, i.e. a critical value of the stress magni-
tude below which viscoplastic materials do not de-
form. The minus sign is to be used when trz , 0. At
stress magnitures _trz_ that are less than the yield
stress, only the rigid body motion, i.e. plug flow is
possible.

Defining the following dimensionless variables:

(3a)

where h
.

is the speed of the top disk, Eq 1b becomes

(3b)

Equation 3b is applicable only in the deformation re-
gion and is replaced by the rigid body translation re-
quirement, Eq 2b, in the plug region whenever it ex-
ists. The boundary conditions to Eq 3b are provided
by the Navier’s slip at the wall condition, which is of
the form (25).

(4)

where t
;

is the unit tangent vector to the surface n is
the unit outward normal, and b is the slip parameter.

In general, b may depend on the invariants of the
stress tensor, but here it is assumed to be a material
constant which for a given fluid depends on the mate-
rial of construction and roughness of the solid sur-
faces.

If we apply Eq 4 to the geometry under considera-
tion, we have:

(5a)

(5b)

where vr
*st and vr

*sb are the dimensionless radial veloci-
ty of the fluid at the top and bottom disks, respective-
ly, bt and bb are the corresponding slip parameters,
and trz (0) and trz (h) are related through:

(6)

The results of numerical experimentation revealed
that there are four distinct flow regimes (Fig. 2) that
are described by the solutions to Eq 3 depending on
the values of the parameters of the problem. The solu-
tions to these different cases can be expressed more
compactly in terms of the following dimensionless pa-
rameters:

(7a)

(7b)

(7c)

(7d)

(7e)

(7f)

The four cases are:
• Case 1: Plug region attached to the top disk (bt Þ 0,
Fig. 2a)

(8a)

(8b)

The parameter l1, which designates the lower inter-
face between the deformation region and the plug flow
region is governed by the equation:
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R 2
n

a1 5 1bbm
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(8c)

while the equation for the pressure gradient is ob-
tained by integrating the continuity equation (Eq 1a),
and is given by:

(8d)

Equations 8c and 8d are solved simultaneously to ob-
tain the values of l1 and dp*/dr * at any radial loca-
tion r * for given values of the flow parameters.
• Case 2:  Floating plug region (Fig. 2b)

(9a)

(9b)

(9c)

The equation for l1 is given by:

(9d)
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Fig. 2.  Schematic representation of the radial velocity profiles for the four possible cases.



and l2, the upper interface between the deformation
region and the plug flow region is subsequently ob-
tained from:

(9e)

The pressure gradient is related to l1, and l2 through
the following equation:

(9f)

• Case 3: Plug region attached to bottom disk (bb Þ 0,
Fig. 2c)

(10a)

(10b)

The parameter l2 is governed by the following equa-
tion:

(10c)

while the pressure gradient is related to l2 through
the following equation:

(10d)

Equations 10c and 10d need be solved simultaneously
to obtain l2 and dp*/dr*.
• Case 4:  Plug flow throughout the flow domain (bt Þ
0, bb Þ 5 0, Fig. 2d)

Since the flow in this case is due to slip, neither the
top disk slip parameter nor the bottom disk slip para-
meter can be zero; however, their values can be differ-
ent. The fluid velocity for this flow regime is obtain-
able from:

(11a)

with the pressure gradient given by:

(11b)

Both Eqs 11a and 11b can also be written in terms of
the top disk parameter a2.

Determination of Force F

The z-component of the surface traction vector (as-
suming compressive stresses positive) is:

(12a)

and the total force needed to maintain the squeezing
flow is obtained by integrating this traction over the
surface of the top disk.
Hence,

(12b)

where pa is the pressure at the edge of the disk, and
the stress component tzz for the Herschel-Bulkley
fluid is given by:

(12c)

Following the lubrication approximation, is negli-
gible, therefore:

(12d)

After carrying out the necessary integration, and in-
troducing the dimensionless variables, the dimension-
less total force F * 5 F/mR2 (– h

.
/R)n is given by:

(12e)

RESULTS AND DISCUSSION

For a given set of rheological and geometrical para-
meters, as well as the operating conditions, the appro-
priate case among the four possible velocity profiles
was selected, and the nonlinear equations for the val-
ues of the extremum locations l1, l2, and the dimen-
sionless pressure gradient dp*/dr * were solved using
the Newton-Raphson technique with a general relative
tolerance of 10–6. The velocity profiles and the dimen-
sionless total force were next obtained from the rele-
vant equations. The analytical solutions were verified
by comparing our results with well-known results
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available in the literature. For several selected values
of rheological and geometrical parameters, the total
force values obtained from our analytical solutions
were compared with those from Stefan (26) for a
Newtonian fluid and Scott (27) for a power-law fluid.
The agreement was excellent, and the relative differ-
ences were less than 0.1% for all the cases selected
for comparison. The analytical solutions were next
compared with the experimental force data in (18) on
constant-speed squeezing of polymer melts for the
case where there is no slip. As shown in Figs. 3a and
b for high-density polyethylene and linear low-density
polyethylene respectively, the agreement between the
analytical predictions and the experimental data is
very good, and the slight differences are within ex-
pected experimental error.

The effects of various parameters such as the slip
coefficient, and the yield stress on the velocity, pres-
sure gradient, and the applied force distributions will
be examined in a number of case studies using realis-
tic values of parameters and operating conditions. The
values are as indicated in Table 1 and the parametric
variations will be indicated in the figures. However,
before these case studies are discussed, representa-
tive velocity profiles that will help elucidate the results

of the case studies must be presented. In all the re-
sults to be presented here, and subsequently, the
squeezing flow is assumed to be generated by moving
the top disk at a constant speed with a force that is
allowed to vary with time, while the bottom disk re-
mains stationary.

The axial distributions of dimensional radial velocity
profiles at selected radial coordinates are shown in
Figs. 4a–c. For finite non-zero values of slip coefficients
at the top and bottom disk surfaces, and an apparent
yield stress, the velocity profile at the edge of the disks
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Fig. 3.  Comparison of model predictions of force with experimental force measurements for constant-speed squeezing of:  (a) HDPE
with m = 4.49 x 104 Pa.s0.25 and n = 0.25 (18); (b) LLDPE with m = 5.91 x 103 Pa.s0.6 and n = 0.6 (18) without wall slip.

(a) (b)

Table 1.  The Geometry, Operating Conditions, and Material
Parameters Used in the Case Studies.

Material Parameters
Herschel-Bulkley fluid
Shear-rate sensitivity parameter n   0.25 < n < 1.25
m 5 6888 Pa•sn

Apparent yield stress to 20 < to < 10,000 Pa
Navier’s wall slip coefficient b 0 < b < 7.2 3 10–8 m/Pa•s

Disk Geometry and Operating Conditions
Gap h 5 2.5 3 10–3m
Disk radius R 5 28.6 3 10–3m
Top disk speed 5 8.5 3 10–6m/s



is Case 2 type, i.e., the plug region is sandwiched be-
tween the top and bottom disks. Along the axis of the
disks, i.e. at a radial coordinate of zero, the shear
stress is zero everywhere and hence the radial velocity.
The radial velocity profile therefore, must go through a
transition from the Case 2 profile at the outer edge of
the disk to the Case 4 profile along the axis of the
disks. The transition velocity profile is determined by
the relative values of the slip coefficients at the bottom
and top disks surfaces. As we proceed from the outer
edge towards the axis of the disks, the value of l2 in-
creases while that of l1 decreases, hence the thickness
of the plug flow region (i.e. l2 – l1) increases as more of
the fluid is at a shear stress value less than that of the
yield stress. The relative movement of the l1 and l2
values depends on the relative values of the top and
bottom disks slip coefficients, and thus determines
whether the transition velocity profile will be that of
Case 1, Case 3 or Case 4 velocity profile.

In Fig. 4a, the slip coefficient at the surface of the top
disk is lower than that at the bottom disk surface, and
the l1 location therefore moves more rapidly than the l2

location. Consequently, the transition velocity profile is
Case 3 with the plug region attached to the bottom sur-
face. When the slip coefficient at the surface of the top
disk (b1) is higher than that of the bottom disk surface
(bb), a reverse behavior is obtained with a transition ra-
dial velocity profile of Case 1 (plug region attached to the
top disk surface). If both the top and bottom disk slip
coefficients are the same, the  l1 and l2 locations move
at the same rate, hence the velocity profile goes from
Case 2 to Case 4 (i.e. plug flow throughout) without any
transition velocity profile (Fig. 4b).

(a) Effect of the Shear-Rate Sensitivity
Parameter N

The parameter n governs the sensitivity of the mate-
rial to deformation rate and its effect on the radial ve-
locity vr profiles is shown in Fig. 5a when the no-slip
boundary condition is imposed at the disks surfaces
and other parameters are as indicated in Table 1. In
the region close to the disks surfaces, and for a fixed
axial coordinate, z, the flow is shear dominated, and
as the parameter n increases, the velocity decreases
and so does the velocity gradient. Since the same
mass flow rate is imposed, in order to satisfy the
mass-conservation constraint, with increased n we
would expect that the decrease in fluid velocity in the
wall regions will be compensated for by an increase in
fluid velocity as the center region is approached giving
rise to a cross-over behavior. The pressure gradient,
and the total force profiles can now be examined in
the light of the velocity profiles of Figs. 4 and 5a. For
any value of the parameter n, as we proceed from the
center of the disks to the outer edge, generally, the
shear stress trz increases, and the requirement of mo-
mentum conservation in the radial direction implies a
corresponding increase in the pressure gradient as
observable in Fig. 5b. Also, at any radial coordinate r,
as n increases the pressure gradient decreases on ac-
count of decreased velocity gradient which results in
decreased shear stress trz.

The development of the total force profile as the
disks approach each other is shown in Fig. 5c for
varying parameter n. As the disk spacing is decreased
or correspondingly as time increases, at constant-
speed squeezing, the total force applied to the moving
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Fig. 4.  Typical dimensional radial velocity profiles for squeezing flow of viscoplastic fluids with n = 0.75, t0 = 500 Pa, m = 6888
Pa.s0.75 and (a) bt = 1.2 x 10–8 m/Pa.s,  bb = 2.4 x 10–8 m/Pa.s; (b) bt =  bb = 2.4 x 10–8 m/Pa.s.

(a) (b)



top disk increases for any value of n as would be ex-
pected from the lubrication approximation theory. The
pressure gradient increases with decreased n as ob-
served in Fig. 5b, and with negligible normal stress,
the total force is accounted for by the pressure gradi-
ent. The total force therefore increases with decreased
n at any disk spacing h.

(b) Effect of the Slip Coefficient b

In considering the effect of the slip coefficient on the
velocity, pressure gradient, and total force profiles, it
is expedient to set the slip coefficients at both disks
surfaces equal, i.e. bb  5 bt 5 b. If b 5 0, which corre-
sponds to the no-slip condition, the velocity of the
fluid at the disk surfaces will be the same as that of
the disks surfaces, which in this case is zero. How-
ever, on imposing a non-zero b value, the fluid velocity
at the disks surfaces attains a non-zero and positive
value, which increases as b increases (Fig. 6a). Since
the mass flow rate is kept constant, as we vary the
slip coefficient b, the increase in the fluid velocity in
the disk surfaces region will result in decreased veloc-
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Fig. 5a.  Dimensional radial velocity profiles in constant-
speed squeezing flow with t0 = 20 Pa, bt =  bb = 0.0 and vary-
ing shear-rate sensitivity parameter n.

Fig. 5c.  Dimensional force profiles in constant-speed squeez-
ing flow with t0 = 20 Pa, bt =  bb = 0.0 and varying shear-rate
sensitivity parameter n.

Fig. 5b.  Dimensional pressure gradient profiles in constant-
speed squeezing flow with t0 = 20 Pa, bt =  bb = 0.0 and vary-
ing shear-rate sensitivity parameter n.



ity gradients there, and in the center region the fluid
will be correspondingly slowed down as b is increased,
otherwise the mass conservation requirement will be
violated. This is clearly observable in Fig. 6a where at
high values of b, the velocity profile greatly departs
from the usual parabolic form and is replaced by the
almost plug flow velocity profile that typifies exten-
sional flows.

A reduction in velocity gradient will necessarily give
rise to decreased shear stress, hence as indicated in
Fig. 6b, the pressure gradient sharply decreases with
increased b at any radial coordinate. On the basis of
this observation, the total force required to maintain
the constant-speed squeezing flow should similarly be
affected by the existence of wall slip, and as shown in
Fig. 6c, for fluids that exhibit significant wall slip, a
far smaller total force is required in comparison to a
fluid with zero slip coefficient. In addition, the total
force grows less rapidly as the disk spacing ‘h’ is de-
creased for fluids with high b values and in fact at
early times, the growth is almost imperceptible.

Squeezing Flow of Viscoplastic Fluids Subject to Wall Slip
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Fig. 6a.  Dimensional radial velocity profiles in constant-
speed squeezing flow with t0 = 20 Pa, n = 0.43 and varying
slip coefficient bt =  bb = b.

Fig. 6c.  Dimensional force profiles in constant-speed squeez-
ing flow with  t0 = 20 Pa, n = 0.43 and varying slip coefficient
bt =  bb = b.

Fig. 6b.  Dimensional pressure gradient profiles in constant-
speed squeezing flow with  t0 = 20 Pa, n = 0.43 and varying
slip coefficient bt =  bb = b.



(c) Effect of the Ratio bt/bb(f)

In situations where the materials of construction or
the roughness profiles of the top and bottom disks
surfaces are different, the slip coefficients at the two
surfaces would be different, therefore a capability for
incorporating different slip coefficients in the analysis
of squeezing flow is of importance. In examining the
effect of the ratio f(bt/bb), the value of the slip coeffi-
cient at the bottom disk surface will be fixed at 9.6 3
10–8 m/Pa.s while bt will be varied. The velocity profile
at the top disk surface can be seen to be significantly
affected by f. As f is changed from zero (Fig. 7a), the
velocity of the fluid next to the top disk surface experi-
ences a steep increase, and thereafter the effect is at-
tenuated. The velocity of the fluid in the region close
to the bottom disk is similarly affected, although to a
lesser extent. Since the fluid velocity at the top disk
surface increases as f is increased, a reverse behavior
is expected at the bottom disk surface for the mass
conservation requirement to be satisfied. The overall
effect, in essence, is the reduction of the velocity gra-
dient and the rendering of the velocity profile plug
like. The effect of f on both the pressure gradient and
the total force is therefore predictably, a decrease with
increased f in the light of the velocity profiles. This is
qualitatively similar to the effect of b. These results,
taken together, could provide a means of achieving
optimum processing or operating conditions for fluids
that exhibit wall slip by proper engineering of sur-
faces either in terms of material selection or the in-
tentional roughening of surfaces to create the desired
f value.

(d) Effect of the Yield Stress to

The flow profiles of fluids that exhibit viscoplasticity
are greatly influenced by the magnitude of the yield

stress to. Any region subjected to a stress magnitude
less than the yield stress will not experience any de-
formation, and when such regions are continuous,
they produce plug flow structures. The stress distrib-
ution within the flow domain dictates the extent and
location of the plug region. In constant-speed squeez-
ing flow, in the absence of wall slip behavior, the
stress magnitude is minimum midway between the
top and bottom disk surfaces, and the plug region is
therefore centered here (Fig. 8a). When to 5 0, i.e. no
yield stress, the velocity profile is parabolic. As to in-
creases, steep velocity gradients develop in the regions
of the disk surfaces while in the center the velocity of
the fluid reduces in compensation, and the size of the
plug region increases.

The effect of to on the dimensional pressure gradi-
ent is shown in Fig. 8b, where for a fixed radial coordi-
nate, as to increases, the pressure gradient also in-
creases. In addition, for fluids with yield stress, the
change in the pressure gradient is abrupt in a very
small region close to the axis of the disks and away
from this region, the pressure gradient is more or less
constant. Increased pressure gradient with increased
to should expectedly give rise to increased total force

Adeniyi Lawal and Dilhan M. Kalyon

1802 POLYMER ENGINEERING AND SCIENCE, NOVEMBER 1998, Vol. 38, No. 11

Fig. 7a.  Dimensional radial velocity profiles in constant-speed
squeezing flow with  t0 = 20 Pa, n = 0.43 and varying f.

Fig. 7b.  Dimensional force profiles in constant-speed squeez-
ing flow with  t0 = 20 Pa, n = 0.43 and varying f.



as confirmed by the results of Fig. 8c. The effect of to
on both the pressure gradient and the total force is re-
lated to the increase in shear viscosity of the fluid. As
the yield stress increases, the fluid becomes more
solid-like and increased values of pressure gradient
and total force are required. Even though reduced ve-
locity gradients in the region centered midway be-
tween the top and bottom disks when considered
alone would imply a reverse outcome, the effect of to
on the shear viscosity appears to be the more domi-
nant for the conditions considered here.

CONCLUSIONS

We have developed general analytical and exact so-
lutions for constant-speed squeezing flows of vis-
coplastic fluids subject to different slip coefficients at
the top and bottom disk surfaces. The accuracy of the
solutions has been established by comparisons with
literature data, both theoretical and experimental.
Since the solutions are analytical, they are applicable
over a wide range of parameters, and they provide
useful design expressions for processing operations
that can be modeled as squeezing flows between two
approaching parallel disks.
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Fig. 8a.  Dimensional radial velocity profiles in constant-
speed squeezing flow with n = 0.43, bt = bb = 0.0 and varying
apparent yield stress  t0.

Fig. 8c.  Dimensional force profiles in constant-speed squeez-
ing flow with n = 0.43, bt =  bb = 0.0 and varying apparent
yield stress t0.

Fig. 8b.  Dimensional pressure gradient profiles in constant-
speed squeezing flow with n=0.43, bt =  bb = 0.0 and varying
apparent yield stress t0.



The solutions have been used in assessing the im-
portance of various parameters such as n, the shear-
rate sensitivity parameter, the slip coefficient b, the
ratio of the top disk slip coefficient to the bottom disk
slip coefficient f, and the apparent yield stress to on
velocity profile, pressure gradient, and total force re-
quired for the squeezing action. An increase in the pa-
rameter n results in decreased pressure gradient at
any radial coordinate, and consequently a reduction
in the total force. The effect of the slip coefficient b or
the ratio f is a significant reduction in the velocity
gradient everywhere with the velocity profiles trans-
formed from the usual parabolic form, (obtained in
shear dominated flow), to plug flow, which typifies ex-
tensional flows. Both the pressure gradient and the
total force are reduced by increased b, and f. Visco-
plasticity produces an opposite effect. Even though
the velocity gradient in the region centered midway
between the top and bottom disks is reduced by in-
creased to, which would imply a decrease in both the
pressure gradient and the total force, the shear vis-
cosity of the fluid is concomitantly increased and ap-
pears to be the more dominant effect, thus leading to
increased pressure gradient and total force.
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