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Helical flow of ®iscoplastic Herschel-Bulkley fluids in concentric and eccentric annuli
with rotating inner cylinder was in®estigated numerically. Similar flows occur in drilling
operations of oil and gas wells. A finite ®olume algorithm with a nonstaggered grid
system and a nonorthogonal cur®ilinear coordinate system to handle irregular geometry
of an eccentric annulus was used to analyze the problem. Papanastasiou’s modification

( )of the Herschel-Bulkley Yield-Power-Law constituti®e equation was used to model the
shear rate-dependent ®iscosity of a ®iscoplastic fluid. For a fixed axial pressure gradient,
the axial flow rate increased with increasing rotational speed of the inner cylinder. The
discharge, as well as torque required to rotate the inner pipe, increased with increasing
eccentricity for a fixed axial pressure gradient and inner cylinder rotational speed. Dis-
charge also increased with increasing axial pressure gradient at a fixed eccentricity and
rotational speed of the inner pipe. The flow field in an eccentric annulus is complex
because ®igorous secondary flow is produced in addition to the primary axial helical
flow. Blockage at the narrow part of the eccentric annulus, when present, intensifies this
secondary flow, with the discharge decreasing initially, then increasing, and decreasing
again with increasing height of the blockage.

Introduction

Axial flow in an annular space with a rotating inner or
outer cylinder is known as helical flow since the fluid parti-
cles move in helical paths. Helical flows are encountered in
many engineering applications such as the flow of drilling fluid
in well-bore. During drilling for oil wells, drilling-fluid circu-
lates through the annular space between the rotating drill
shaft and the fixed well-bore to remove the cuttings. The
drilling fluid is typically a viscoplastic fluid of pseudoplastic
nature whose viscosity decreases with increasing shear rate.
In industry, it is a common practice to neglect the effect of
the drill-pipe rotation for the design of the drilling process.
This assumption simplifies the flow problem significantly, and
it has been solved by various investigators in concentric and
eccentric annulus including the effect of a partial blockage
ŽHaciislamoglu and Langlinais, 1990; Azouz et al., 1993; Hus-

.sain and Sharif, 1997, 1998 . However, the number of studies
taking into account the effect of inner or outer cylinder rota-
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tion is very limited even in the relatively simple case of a
concentric annulus.

The fundamental theory for concentric helical flow was
Ž .given by Coleman and Noll 1959 for a general fluid. There

Žare some works available involving nonviscoplastic fluids Bird
.et al., 1987; Dostal et al., 1993; Batra and Eissa, 1994 and

Ž .viscoplastic fluids Bhattacharya and Javadpour, 1992 in a
concentric annulus.

Under directional or inclined drilling condition gravity pulls
the drill shaft downwards causing the annulus to become ec-
centric. This changes the flow geometry, and the cylindrical
coordinate system cannot be used to define it. Consequently,
the flow analysis becomes more complex and analytical tech-
niques fall short of handling this added complexity. There is
a severe shortage of literature which takes into account the
eccentricity of the annulus in helical flow. Beverly and Tan-

Ž .ner 1992 have studied this problem for Bingham plastics
using a biviscosity rheological model and finite-element

Ž .method. Hai-Qiao and Ji-Zhou 1994 have used an approxi-
mate analytical method which they refer to as an infinite sub-
division method to study power-law and Bingham plastic flu-
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ids in eccentric annulus. This type of flow was numerically
Ž .studied by Cui and Liu 1995 for power-law fluids. They used

stream function-axial velocity formulation in a bipolar coordi-
nate system. This results in a biharmonic equation rendering
the solution process to be inherently difficult. A simplistic

Ž .procedure was undertaken by Wei et al. 1998 involving
power-law fluids in eccentric annulus. They formulated a hy-
brid-analytical solution based on a concentric annulus solu-
tion for an eccentric case using a constant inner pipe radius
and a variable radius for the outer pipe to account for the
eccentricity. They wrongfully assumed the flow to be symmet-
ric across the plane of geometrical symmetry. Such solutions
may be useful for field application where a rough estimate of
frictional pressure drop is often what is needed, but it fails to
provide valuable information about the flow physics. Neither
of these works is capable of handling any geometric irregular-
ities such as a partial blockage which is often caused by cut-
ting deposition.

The above discussion suggests that there is only a handful
of works available in a helical flow of viscoplastic fluids in
concentric or eccentric annulus and none of these studies take
the effect of a blockage into account. In this study
nonorthogonal curvilinear coordinates with nonstaggered or
collocated grid has been used to investigate the helical flow
of viscoplastic fluids in concentric, eccentric, as well as irreg-
ular eccentric annulus due to the presence of a blockage. A
primitive variable velocity and pressure based algorithm has
been used in the computation unlike any of the previous
works. The effects of the rotational speed of the inner pipe,
eccentricity, blockage height on the total discharge, and the
torque requirement for rotating the inner cylinder is investi-
gated. The developed numerical model, as well as the pre-
dicted results in particular, can be used in planning oil and
gas well drilling operations.

Governing Equations
The geometry of the annular flow and the coordinate sys-

tem used in the computation is shown in Figure 1. A cross-
sectional view of the partially blocked eccentric annulus is

Figure 1. Flow configuration and coordinate system.

Figure 2. Flow geometry with blockage.

shown in Figure 2. The flow is considered fully developed in
Ž .the axial z direction. Thus, the flow is essentially two-di-
Ž . Ž .mensional 2-D in the cross-sectional xy plane. The gen-

eral conservation equation can be written as

­ ­ ­ ­f ­ ­f
ruf q r ®f s G q G qS 1Ž . Ž . Ž .ž / ž /­ x ­ y ­ x ­ x ­ y ­ y

where the general variable f can be u, ®, or w. The diffusion
coefficient is denoted by G, and S is the source term. For the
mass conservation equation, f s1, Gs0, and Ss0. The ax-
ial velocity component w is solved as a scalar. The specified

˜constant axial pressure gradient dprdzs P enters into the
system as a source term in the equation for the w velocity
component. The source terms for the u and ® momentum
equations are y­ pr­ x and y­ pr­ y, respectively. The pres-
sure in the cross-sectional plane is variable, but its gradient
in the axial direction is constant for fully developed flow.

The second invariant of the rate of deformation tensor, or,
Ž .the shear rate for this flow is obtained as Bird et al., 1960

2 22­ u ­ ® ­ ® ­ u
g s 2 q2 q q˙ ž / ž / ž /­ x ­ y ­ x ­ y

1r222­ w ­ w
q q . 2Ž .ž / ž /­ x ­ y

According to the yield-power-law rheological model, the shear
stress and the shear rate are related by the following expres-
sion

t st q Kg n forNt N)t˙y y

g s0 forNt NFt 3Ž .˙ y

Ž n.where K and n are the plastic viscosity Pa ? s and the flow
behavior index, respectively. Bingham plastic is a special case
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Ž .of this model for ns1. When the shear stress t Pa falls
Ž . Žbelow the yield stress t Pa , a solid structure unyieldedy

.region is formed in yield-power-law fluids. A viscoplastic fluid
does not have a constant viscosity like a Newtonian fluid.
However, in numerical modeling, the concept of viscosity is
used for viscoplastic fluids to make the analysis analogous to
Newtonian fluids. This viscosity, known as the apparent vis-
cosity, is obtained as

t
m s . 4Ž .a ġ

The yield-power-law rheological model for viscoplastic flu-
ids described by Eq. 3 will encounter a singularity problem
for vanishingly small shear rate in the unyielded region while
calculating the apparent viscosity. This is the most difficult
aspect of numerical modeling of fluids with yield stress. Bev-

Ž . Ž .erly and Tanner 1992 and Vradis et al. 1993 overcame this
problem using the biviscosity model in which the apparent
viscosity is ‘‘frozen’’ at a certain high level when the shear

Ž .rate falls below a certain low level. Azouz et al. 1993 used a
minimum cutoff value of the shear rate. The difficulty associ-
ated with these methods involves the determination of the
cutoff minimum shear rate and maximum viscosity for which
considerable numerical experimentation is required. Pa-

Ž .panastasiou 1987 proposed a constitutive equation for fluids
with yield stress, where a material parameter controls the ex-
ponential growth of stress which is valid for both yielded and
unyielded regions. In 1-D flow, Papanastasiou’s modification
to the yield-power-law model becomes

ymġ nw xt st 1y e q Kg 5Ž .˙y

Ž .where m is the stress growth exponent s . This model is em-
pirical in nature and is designed primarily to offer a conve-
nient constitutive equation for numerical simulation. It closely
mimics the shear stress vs. shear rate curves for ideal Bing-

Ž .ham plastics for mG100 s Ellwood et al., 1990 . It has been
successfully implemented in numerical modeling of different
viscoplastic and yield-power-law fluid flow by Ellwood et al.
Ž . Ž . Ž .1990 , Abdali et al. 1992 , Mitsoulis et al. 1993 , Pham and

Ž . Ž .Mitsoulis 1994 , and Hussain and Sharif 1997, 1998 . The
shear stress value obtained from Eq. 5 is divided by the shear
rate calculated from Eq. 2 to obtain the apparent viscosity

Ževerywhere in the flow. For a vanishingly small shear rate ġ
. Ž .™ 0 , the apparent viscosity m Pa?s approaches the valuea

Ž .ny1of mt q K g . This model is used in the present study˙y
and the value of m is taken as 100 s throughout. The value of
100 s for m was taken after considerable numerical experi-
mentation starting with ms25 s and going up to ms200 s.
For any value of m over 100 s, the flow field virtually stays
the same with a great increase in computational time. The
diffusion coefficient G in the governing equations for u, ®,
and w is taken equal to the apparent viscosity m . The cou-a
pling between the axial velocity component w and the cross-
sectional velocity components u and ® is established through
the variable apparent viscosity.

Ž . Ž .When curvilinear coordinates j x, y and h x, y are in-
troduced, Eqs. 1 and 2 are transformed into

­ G ­f ­f
rG f y a y b1 ž /­j J ­j ­h

­ G ­f ­f
q rG f y g y b sSJ 6Ž .2 ž /­h J ­h ­j

and

2 21 ­ y ­ u ­ y ­ u ­ x ­ ® ­ x ­ ®
g s 2 y q2 y˙ ž / ž /J ­h ­j ­j ­h ­h ­j ­j ­h

2
­ y ­ ® ­ y ­ ® ­ x ­ u ­ x ­ u

q y y qž /­h ­j ­j ­h ­h ­j ­j ­h

1r22 2
­ y ­ w ­ y ­ w ­ x ­ w ­ x ­ w

q y q y 7Ž .ž / ž /­h ­j ­j ­h ­h ­j ­j ­h

where a , b , g are the metrics and J is the Jacobian of trans-
formation given by

2 2
­ x ­ y

a s q 8Ž .ž / ž /­h ­h

­ x ­ x ­ y ­ y
b s q 9Ž .

­j ­h ­j ­h

2 2
­ x ­ y

g s q 10Ž .ž / ž /­j ­j

­ x ­ y ­ x ­ y
J s y . 11Ž .

­j ­h ­h ­j

Ž .The contravariant velocity components G and G mrs are1 2
defined as

­ y ­ x
G su y ® 12Ž .1 ­h ­h

­ x ­ y
G s ® yu . 13Ž .2 ­j ­j

Numerical Procedure
A finite volume algorithm with a nonstaggered grid known

Žas SIMPLEM a variation of the SIMPLE family of algo-
. Ž .rithm proposed by Acharya and Moukalled 1989 is used to

analyze the problem. The governing equations are integrated
over the control volume cells. Discretization of the integrated
equations generates a set of linear algebraic equations of the
form

a f s a f q a f q a f q a f q b 14Ž .P P E E W W N N S S

where f is the general variable representing the velocity
components or the pressure. The subscript P denotes the
nodal point where the variable is calculated and the sub-
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scripts E, W, N, and S denote the nodal points east, west,
north, and south, respectively, of P. These linearized system
of equations for each variable are solved iteratively by a line-

Ž .by-line successive over-relaxation LSOR method. The flow
field is solved by a sequential interactive process. Once the

Žvelocity field is known or assumed at the beginning of the
.iterative process , an improved estimate of the apparent vis-

cosity is obtained from Eq. 4 where the shear stress and shear
rate is calculated using Eqs. 5 and 7, respectively. This appar-
ent viscosity is used to solve the velocity and pressure field at
the next iteration step. Equation 7 is discretized using a cen-
tral difference scheme inside the domain and a one-sided
forward or backward difference scheme of second-order ac-
curacy at the boundaries. This outer-loop iteration cycle is
repeated until

2kq1 kf yfŽ .i i
Fe 15Ž .Ý 2) kfi , j Ž .i

where f is u, ®, and w components of velocity, superscripts
k and kq1 indicate values at two successive iterations, and e
is a pre-specified small number.

The boundary conditions on the inner and the outer pipe
walls are specified as no slip for the velocities and zero nor-
mal gradient for the pressure. The conditions on the other

Žtwo boundaries in the azimuthal direction say is1 and is
.imax have to be specified as periodic. The variables at these

locations are evaluated from the interior values in such a way
that the equality of the variable and its slope at the corre-
sponding boundaries is ensured. This periodicity is imposed
by the condition

f qf2, j i max y1, j
f s sf 16Ž .1, j i max , j2

where f sG , G , w, and p, and imax is the maximum grid1 2
number in the azimuthal direction. The u and ® velocity
components at these boundaries are determined from the
contravariant velocity components G and G as1 2

1 ­ x ­ x
us G qG 17Ž .1 2ž /J ­j ­h

1 ­ y ­ y
®s G qG . 18Ž .1 2ž /J ­j ­h

Usually in the SIMPLEM procedure, the pressure gradient
normal to all boundaries is set to zero by setting the corre-
sponding coefficients in the discretized pressure equation to
zero. However, at the periodic boundaries, the pressure gra-
dient must not be set equal to zero. This is achieved if the
pressure at these boundaries is calculated using Eq. 16, and
the corresponding coefficients in the discretized pressure
equation are calculated in the usual manner. For the partially
blocked case, if the blockage height exceeds the narrow part
of the annulus, that is, the narrow part of the annulus is fully

Ž .blocked see Figure 2 , the flow domain is no longer periodic
and this special treatment of the boundary condition is not
required.

Results and Discussion
The computations of the helical flow of a yield-power-law

fluid are done for both concentric and eccentric annuli. For
the purpose of analysis, the following quantities have been

Ž . Ž .used. The radius m of the inner cylinder R and the outeri
Ž .cylinder R is taken as 0.06 m and 0.12 m, respectively. Theo

fluid considered has a yield stress t of 0.15 Pa and a plasticy
viscosity K of 0.33 Pa?sn. Two values of flow behavior index
n of 1 and 0.75 have been used. The eccentricity e is defined

Ž . Ž .as es dr R y R where d is the distance m between theo i
centers of the inner and outer cylinders. All calculations are

˜done for a fixed axial pressure gradient P of 25 Parm. A
counterclockwise rotation of the inner cylinder is assumed.
The chosen values for all the parameters above are realistic
and typical for drilling conditions. The torque per unit length
of the inner cylinder is calculated by summing the product of
the tangential component of the shear stress on the inner
cylinder surface with the surface area for each control vol-
ume cell face on the inner cylinder.

Grid independence study was performed by calculating the
total discharge and the torque required to rotate the inner
cylinder, while gradually refining the grid in both radial and
circumferential directions. It was found that 60=60 grid pro-
vides a grid independent solution for all the cases analyzed in
the study.

Concentric Annulus
For the concentric annular case with rotating inner cylin-

der, the flow field is axisymmetric and the flow variation is
only in the radial direction.

To date, no analytical solution or experimental data are
available for helical flow of yield-power-law fluids in concen-
tric or eccentric annulus. Therefore, for validation purposes,
the numerical result for the concentric annulus is compared

Ž .with the analytical solution of Hanks 1979 for the limiting
case of nonrotating inner pipe in Figure 3 which shows excel-
lent agreement for both ns1 and 0.75. The radial distance
from the inner cylinder surface to the outer cylinder surface

Ž . Ž .is normalized as Rs r y R r R y R . The plug-flow zone,i o i

Figure 3. Analytic vs. predicted axial velocity profiles in
the annulus for nonrotating concentric inner
pipe.
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a characteristic feature of fluids having yield stress, is clearly
visible in this figure.

Ž .The profiles of the axial velocity mrs component w in the
annulus for different rotational speeds of the inner cylinder

Ž .v radrs is presented in Figure 4. It is observed that the
axial velocity and, hence, the discharge increases with in-
creasing angular velocity of the inner cylinder. However, this
increase is not significant at a higher speed of rotation, espe-
cially for ns1. The plug-flow zone diminishes with increas-
ing rotational speed of the inner cylinder. It is also observed
that the location of maximum velocity gradually moves to-
wards the inner cylinder with increasing angular speed of the
inner cylinder.

The variation of the apparent viscosity m in the annulusa
for different nonzero values of v is presented in Figure 5.
The resultant shear rate in helical flow is composed of the
shear rate due to both axial and tangential flow. For v s0,
the flow is purely axial and the shear rate near the middle of

Žthe annulus becomes very small axial velocity profile is flat-
.ter which produces large values of m in this region accord-a

ing to Eq. 4. For nonzero v, additional shear rate due to the
tangential flow keeps the resultant shear rate larger, and ma
increases monotonically from the inner cylinder to the outer
cylinder for a particular v. The total shear rate increases with
increasing v producing the lower values of m at all radiala

Ž .locations in the annulus see Figure 5 . This shear-thinning

Figure 4. Flow enhancement due to inner pipe rotation
for concentric case.

Figure 5. Viscosity profiles in the annulus for concen-
tric case.

with increasing v leads to an increase in axial-flow rate for a
fixed axial pressure gradient.

In reality, the viscosity should not change for Bingham
Ž .plastic ns1 . However, as shown in Figure 5, there is a small

Ž .increase in viscosity ;2]3% across the annuli for ns1.
This is due to the use of Eq. 5, which is used to handle gen-

Ž .eral viscoplastic fluids of which Bingham plastic ns1 is a
Ž .special case. The change in viscosity is significant ;75%

across the annulus when ns0.75.

Eccentric Annulus
As mentioned earlier, the annulus may become eccentric

under certain circumstances, especially during directional or
inclined drilling. For this reason, it is also important to inves-
tigate the effect of the eccentricity on the flow behavior espe-
cially on the discharge and torque.

Computations are performed for several values of the ec-
centricity e and at each eccentricity for two values of the in-
ner cylinder rotational speed v. As representative cases, the
axial velocity distributions, streamlines, and viscosity con-
tours in the annulus with 50% eccentricity and for v s16.67
radrs are shown in Figure 6 for ns1 and 0.75. It is evident
from these figures that the velocity is higher in the wide
clearance compared to the narrow clearance. Similar behav-
ior was observed for nonrotating inner cylinder in an earlier
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Ž .work of Hussain and Sharif 1998 . The presence of a sec-
ondary flow in the wider part of the eccentric annulus is evi-
dent from the streamline plots using the u and ® velocity
components only. There is no secondary flow at low eccen-
tricity, for which the result is not presented. With the in-
crease in eccentricity, secondary flow sets in. For high eccen-
tricity, the secondary flow is more vigorous occupying a sig-
nificant portion of the annulus. The secondary flow zone is
significantly smaller for ns0.75 than for ns1. Significant
shear-thinning effect is evident from the viscosity contours
for ns0.75 compared to ns1. The viscosity is maximum near
the middle of the wider clearance.

The variation of discharge Q with increasing eccentricity is
shown in Figure 7 where the discharge is normalized by the
corresponding discharge for the concentric case Q . For ac

fixed v, the discharge rate increases with increasing eccen-
tricity. This behavior is similar to the earlier work of Hussain

Ž .and Sharif 1998 for nonrotating inner cylinder. This is due
to the fact that the increase of flow in the wide part is more
than the decrease in the narrow part resulting in a net in-
crease in discharge.

The torque needed to rotate the inner cylinder increases
˜with increasing eccentricity for fixed P and v as seen in Fig-

ure 8 where the torque is normalized by the corresponding
Ž .torque for the concentric case T N?m . The increasing vig-c

orousness of the secondary flow with increasing eccentricity
can be attributed to this increase of the torque requirement.

Similar to the concentric case, the discharge in an eccen-
tric annulus also increases with increasing rotational speed of
the inner cylinder due to the shear-thinning effect as pointed

( )Figure 6. Axial velocity distribution, streamlines, and viscosity contours in the annulus v s16.67 radrrrrrs; es0.5 .
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Figure 7. Variation of the discharge with eccentricity.

out earlier. This is shown in Figure 9 where the discharge is
normalized by the corresponding total discharge for nonro-
tating inner cylinder Q .o

The effect of axial pressure gradient on the discharge is
also investigated. The variation of the discharge with increas-
ing axial pressure gradient is shown in Figure 10 for v s16.67
radrs at 50% eccentricity. As expected, the discharge in-
creases with increasing axial pressure gradient. The rate of
increase of discharge is greater for ns1. For viscoplastic flu-
ids, there is no flow for axial pressure gradients below a cer-
tain critical value. This critical pressure gradient can be de-
termined through parametric study by gradually lowering the
imposed pressure gradient and then extrapolating to the no
flow condition. This, however, is not done in this study.

Eccentric Annulus with Blockage
Since the cuttings bed formation in directional drilling is a

major problem, the flow in partially blocked eccentric annuli
is also investigated using the code. The blockage is imposed
on the narrow side of the annulus and the height of the

Figure 8. Variation of the torque requirement with ec-
centricity.

Figure 9. Variation of the discharge with rotational
speed of the inner pipe.

blockage is gradually increased. As mentioned earlier, where
this height is greater than the narrow clearance of the annu-
lus, the flow domain is no longer periodic.

The axial velocity profile, streamlines, and viscosity plots
for representative cases are presented in Figure 11 when the
narrow part of the annulus is partially blocked, and in Figure
12 when the narrow part of the annulus is fully blocked. The
flow domain is truncated at the lower end due to the pres-
ence of the blockage. A strong secondary flow is found to
exist in the wider part of the annulus in these figures.

The variation of the discharge with increasing blockage
height is presented in Figure 13 for a representative case.
For nonrotating inner pipe, the discharge monotonically de-

Žcreases with increasing blockage height Hussain and Sharif,
.1998 . For rotating inner pipe, however, the discharge is not

monotonic, as shown in Figure 13. With a small blockage,
discharge is found to decrease similarly to what has been ob-
served with the earlier work with nonrotating inner pipe. With

Figure 10. Variation of discharge with axial pressure
gradient.
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increasing blockage height, the discharge also increases. This
phenomenon can be attributed to the fact that the secondary
flow in the wider part of the annulus intensifies with increas-
ing blockage height. This results in an increase in shear rate
which in turn lowers the viscosity causing the discharge to
increase. For even greater blockage height, the flow area is
substantially reduced which ultimately results in the lowering
of the discharge.

Conclusion
Helical flow of a viscoplastic fluid in concentric and eccen-

tric annuli has been solved numerically using a primitive vari-
able based finite volume algorithm employing nonorthogonal

curvilinear coordinates with collocated grids. The fluid is
considered to obey the yield-power-law rheological model.

Results show that the axial-flow rate increases with in-
creasing eccentricity and increasing angular velocity of the
inner cylinder for the same axial pressure gradient. In an ec-
centric annulus, a secondary flow zone is present in the wider
part of the annulus which intensifies with increasing eccen-
tricity. The torque required to rotate the inner cylinder at a
fixed angular velocity also increases with increasing eccentric-
ity. Blockage in the narrow part of the annulus causes the
secondary flow to intensify. Discharge is found to decrease,
then increase, and then decrease again with increasing block-
age height.

The objective of this study was to develop a general numer-
ical model capable of predicting non-Newtonian flow through

(Figure 11. Axial velocity distribution, streamlines, and viscosity contours in the annulus v s16.67 radrrrrrs; es0.5,
)hs0.016 m .
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irregular eccentric annuli and to use it to produce some use-
ful results. The scope of this study was limited and paramet-
ric study encompassing a wide range of rheological parame-
ters and operating conditions could not be performed. As
such, the results presented here cannot be generalized.
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Notation
hsblockage height, m

i, jsgrid location

Qsflow rate, m3rs
Q svolume flow rate in a concentric annulus, m3rsc
Q svolume flow rate with fixed inner cylinder, m3rso
Q svolume flow rate without blockage, m3rsw

r sradial distance, m
R sdimensionless radial distance in a concentric annulus,

Ž . Ž .r } R r R } Ri o i
T storque with fixed inner cylinder, N?mo

u, ®, wsvelocity components in the x, y, and z directions, respec -
tively, mrs

x, y, zsCartesian coordinates
X sdimensionless distance, xr2 Ro
Y sdimensionless distance, yr2 Ro
g ssecond invariant of the rate of deformation tensor, 1rs˙

h, j scurvilinear coordinates
r sdensity, kgrm3

(Figure 12. Axial velocity distribution, streamlines, and viscosity contours in the annulus v s16.67 radrrrrrs; es 0.5,
)hs0.04 m .
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Figure 13. Variation of discharge with blockage height.
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