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Abstract. This paper describes an experimental setup for axial lam-
inar flow of liquids in the annulus between two eccentered cylinders.
The design uses a conductivity method for measuring peak axial
velocities around the annulus, and for the determination of displace-
ment efficiency when displacing one fluid by another (displacement
efficiency being defined as the ratio of volume of displaced fluid
removed from the annulus, to the volume of the annulus, after a
given number of annular volumes have been pumped). In an eccen-
tric annulus, lower axial velocity in the narrow side produces “chan-
neling” of the displacing fluid in the wide side and reduces the
displacement efficiency. A positive density contrast between the two
fluids can increase the efficiency by promoting azimuthal flow of the
(denser) displacing fluid towards the narrow side. In this paper we
report that gravity driven azimuthal flow is prone to severe instabil-
ities which accelerate the displacement process but may leave be-
hind an immobile strip of the displaced fluid in the narrow side.

List of symbols

C, mean tracer concentration in exit stream

Co tracer concentration in displacing fluid

d m distance between centres of inner and outer pipes

E circulation or displacement efficiency

e non-dimensional eccentricity [=d/(R,—R,)]

g ms~? gravitational acceleration

h m typical annular gap (=R, —R;)

k Pas" consistency index in Herschel-Bulkley equation

L m hydrostatic head between wide and narrow sides of
annulus

n flow behaviour index in Herschel-Bulkley equation

p Pa pressure

Q m’s™ ! volume flow rate

R, m inner radius of annulus

R, m outer radius of annulus

r m radial distance in annulus

T s time

T, s breakthrough time

V. m? volume of annulus

w  ms ! axial velocity

Woae MS 1 peak axial velocity

w ms~' mean flow vclocity

z m length in direction of flow

3 s shear rate

0 angular position around annulus

u Pas shear viscosity

¢  Kgm™? fluid density

T Pa shear stress

7, Pa Herschel-Bulkley yield-stress

angle of deviation from vertical

Superscript

* denotes non-dimensionalized quantities such as time, etc.

Subscript

S specifies value of variable at position S along the annulus

1 Introduction

Non-Newtonian fluid flow in eccentric annuli is encountered
routinely in the drilling of oil/gas wells and is of particular
interest in process industries such as polymer extrusion. The
effect of eccentricity is to produce flow velocities in the nar-
row side considerably lower than those in the wide side of
the annulus. In annular flows involving displacement of one
fluid by another, this can lead to “channeling” of the displac-
ing fluid (Fluid 2) in the wide side, leaving behind a layer
of the fluid to be displaced (Fluid 1) in the narrow side. An
example of this is in the cementing of oil/gas wells where the
drilling fluid, which initially fills the annulus between the
steel casing and the wellbore, is displaced by cement. Good
bonding between casing/cement and cement/formation is
essential for hydraulic isolation of the well. In addition to
eccentricity, displacement efficiency is dependent on the flow
regime, fluid properties and deviation of the annulus from
vertical.

The technical literature contains many reports of experi-
mental investigation of this type of flow. McLean et al. (1967)
performed a qualitative study of the flow by observing the
displacement through a transparent wall and measuring ex-
ternally the angle encompassing the immobile fluid at vari-
ous positions along an eccentric annulus. Others [e.g. Haut
and Crook (1979), Clark and Carter (1973) and Lockyear
and Hibbert (1988)] used pilot-scale test rigs to displace
drilling fluid with cement. After allowing time for cement to
set, the annulus was cut into sections and the displacement
efficiency was determined from the areas of cement, casing
and borehole. Zuiderwijk (1974) used a radioactive tracer to



Fig. 1. Driving force for azimuthal flow

measure the drilling fluid left behind by cement along the
annulus. For obvious safety and environmental reasons this
method has not been widely used.

The above methods have been useful in providing guide-
lines for specific cementing operations in the field, but are
not suitable for detailed studies of fluid flow in eccentric
annuli. In this paper we describe a test rig for the laminar
flow of model fluids in an annulus, which is capable of pro-
ducing accurate experimental data for studying the effects of
various parameters on displacement. The design offers vari-
able eccentricity and inclination and uses a conductivity
method for measuring the overall displacement efficiency
and the peak velocity of the interface around the annulus.
Lockyear et al. (1989) used conductivity probes to observe
the behaviour of the interface between two model fluids and
to measure a value for the interfacial velocity. Recently,
Beirute et al. (1991) reported use of resistivity probes for
estimating the circulatable volume in a pilot-scale annulus
containing gelled mud. But, to our knowledge the technique
has not been used for direct determination of displacement
efficiency in annular flow.

A positive density difference between Fluids 2 and 1 (i.e.
@, —0, >0) is known to improve the displacement efficiency
[e.g. see Martin et al. (1978), Haut et al. (1978) and Lockyear
et al. (1989)]. Our observations suggest that the mechanism
by which density difference operates is in the creation of
azimuthal flow of the denser displacing fluid from the wide
side to the narrow side of the annulus which improves dis-
placement of Fluid 1 from the narrow side. The driving force
for this flow is the hydrostatic pressure imbalance Agg
Lcos ¢, as shown in Fig. 1. To our knowledge, there are no
reports in the literature of instabilities in this type of flow.
However, our flow visualizations show evidence of strong
azimuthal flow instabilities which accelerate displacement,
but are likely to leave behind a thin strip of Fluid 1 in the
narrow side. We describe the nature of these instabilities and
discuss the mechanism responsible for their occurrence.

2 Experimental methods
This section describes the design of the test rig, the experi-

mental method and test conditions. The method is based on
the measurement of variations in electrical conductivity of
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Fig. 2. Schematic of the annular displacement test rig

the test fluid, due to the presence of a tracer (NaCl) in the
displacing fluid.

2.1 Test rig

The layout of the test rig is illustrated in Fig. 2 and a sche-
matic of the test section is shown in Fig. 3. The test section
is formed by two cylindrical tubes, one inside the other. The
inner tube, or centre-body, has an OD of 4 cm, while the ID
of the outer tube is 5 cm, creating a concentric clearance of
5 mm. The centre-body is of stainless steel and functions as
a common ground terminal for the conductivity sensors lo-
cated at position S in Fig. 3. The outer wall is made up of
four glass tubes connected by Perspex sleeves.

The annular test section comprises two parts; the dis-
placement volume with a total length of 3 m, preceded by the
flow development section. The latter consists of a plenum
chamber and a honeycomb flow straightener. The two parts
of the annulus can be isolated by a sliding valve which was
designed in house. The valve consists of two 0.25 mm thick
stainlees steel plates which, in their innermost position,
clamp around the centre-body and isolate the test section
from the flow development section. The sliding valve is oper-
ated by two pneumatic actuators and its operating speed can
be altered by adjusting the air pressure.
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Eccentricity can be varied from a concentric to a fully
eccentric annulus (where the centre-body and the outer wall
are in contact). Alterations to eccentricity are made by
means of adjusting screws located in two centralizing mech-
anisms which support the centre-body. The desired eccen-
tricity is maintained along the test section by five sets of four
centralizing pins located at 90° intervals around the annulus.
Eccentricity is symmetrical about the axis passing through
the wide and narrow sides of the annulus (0° and 180°,
respectively).

Conductivity measurements are made at two measuring
stations. For the fluid in the test section we use a set of eight
conductivity probes at position S (see Fig. 3), while for the
exit stream we employ a conductivity transducer at X. The
azimuthally positioned conductivity probes, illustrated in
Fig. 4, are for the measurement of peak axial velocities
around the annulus. The probes are made of 2 mm diameter
stainless steel pins welded onto 6 mm diameter adjusting
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Fig. 4. Arrangement of the azimuthal conductivity probes around
an cccentric annulus

screws. These are inserted into the annulus through threaded
bushes fitted inside tapped holes in the outer wall. The radial
position of the tip of each probe in the annulus can be
adjusted by turning the screw in the bush.

The annular geometry is sensitive to departure of the
inner and outer cylinders from perfectly circular cross sec-
tions. In our experiments, the maximum variations in the
diameters of the two tubes were +0.05 mm for the centre-
body and +0.02 mm for the outer wall. Such variations had
a very small effect on the velocity distribution around the
annulus. We confirmed this by measuring the nonuniformity
of the interface around a concentric annulus from break-
through times (see §2.2) at position S in Fig. 3. We found a
maximum variation of less than 1.0% in the height of the
interface.

The conductivity transducer (Flow Line Cell Model
2241-604 Transducer, Kent Industrial Measurements) is sit-
uated a short distance downstream of the test section and
measures the fully-mixed conductivity of the exit fluid. A
static mixer, packed with a nylon mesh, is located ahead of
the transducer to ensure good mixing in the exit stream. The
transducer produces a conductivity trace from which dis-
placement efficiency is calculated.

Displacement is effected by a especially designed piston-
type positive displacement (PD) pump. The stainless steel
cylinder has an ID of 15 cm and a total capacity of 20 litres.
The piston is driven by a servo-controlled ball screw which
can provide the necessary acceleration at high pump rates, as
well as good precision at low rates. The PD pump can
operate in both manual and auto modes. The pumped vol-
ume and flow rate are controlled by feed back of position
and speed (of the piston) from an optical encoder mounted
on the shaft of the ball screw. The pump can produce flow
rates in the range 0.01 to 1.5 litre/s, with a tolerance of +1%
of specific flow rate. The design precision for volume control
is better than +0.20 cm?.

Frictional pressure losses can be measured via 2 mm
holes tapped into the test section at positions indicated in
Fig. 3. A suitable differential pressure transducer is needed



for this purpose. In our test rig we have installed a Honey-
well Model 41105, calibrated to produce a signal of 4—-20 mA
in the range 0—1400 mm water. The accuracy of the device
is +0.25% of the full scale. The test section can be inclined
to any angle from 0° to 90° to the vertical.

Each displacement test involves a sequence of procedures,
including:

e washing, draining and drying of the annular space,

e filling of the annular space with Fluid 1,

e filling of the positive displacement feed pump with
Fluid 2,

o flushing of all pipes upstream of sliding valve with
Fluid 2.

Balancing of pressures on the two sides of the sliding plates
1s a crucial factor in obtaining a smooth interface before the
start of a test.

The test rig can be operated in either “manual” or “auto”
mode. Displacement tests are normally conducted in the
“auto” mode. Computer control is by a main test computer
which communicates via an RS422 serial link with the mi-
croprocessor controlling the positive displacement pump.
The main test computer controls the inclination of the test
section and is interfaced with the conductivity sensors for
displacement data acquisition. The controlling software is in
BBC BASIC with CONTROL BASIC extensions.

2.2 Experimental procedure

To perform a displacement test, the upper and lower parts of
the test section are first filled with Fluids 1 and 2, respective-
ly. The two fluids are kept apart by the sliding valve. At time
zero the sliding valve opens and the fluids are brought into
contact across a flat interface in the r,8 plane. A piston-type
positive displacement pump then injects a known volume of
the displacing fluid into the test section at controlled flow
rate. The interface between the two fluids moves forward
along the test section as displacement of Fluid 1 takes place.
Simultaneously, data acquisition begins which consists of
the time, volume (of Fluid 2) pumped and the conductivity
signals from different sensors.

The azimuthal conductivity probes at S detect the arrival
of the interface by the discontinuity in the tracer (salt) con-
centration. From the conductivity traces produced by the
probes, the times of first arrival of Fluid 2 at various posi-
tions around the annulus are measured, i.e. breakthrough
time T, ¢ (0). The peak velocities are then calculated from

W @) 1 W
wo TX©O) QT,s6)
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where TJ% is the non-dimensional breakthrough time at po-
sition S. The dimensionless time T* is also the number of
annular volumes (of Fluid 2) pumped. Figure 5 shows typi-
cal conductivity traces produced by the azimuthal probes in
an annulus with 50% eccentricity. It can be seen that the
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arrival of the interface at S occurs first in the wide side and
then gradually at other positions around the annulus. In
particular, we note that there is little or no axial flow in the
narrow side of the annulus. Figure 6 is an example of varia-
tion of the peak velocities around the annulus. The solid line
is the predictions of a theoretical solution referred to in §2.4.

Displacement efficiency is defined as the volume fraction
of Fluid 2 in the annulus. This is equivalent to the volume of
Fluid 1 removed from the annulus divided by the annular
volume. Thus, up to the breakthrough time, efficiency is
proportional to flow rate,

oT

E(T)==, =T*

S T<T,. )

Here, T, is the time of first arrival of the interface at the top
of the annulus. This is obtained from the trace produced by
the conductivity transducer, after allowing for the additional
distance to position X. After breakthrough, efficiency contin-
ues to increase, albeit at a reducing rate. Referring to Fig. 7,
we can write for the fluid at the top of the annulus,

r2(0,T)

2 rw(r, 0)dr dé
0

ri(6,T)

o (D)
Co 0 ’ G
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where r is the radial position across the annular gap and
w(r, 8) is the axial velocity. Note that the limits of the second
integral, which are dependent on both azimuthal position 6
and time T, arc located on the interface at the exit of the test
section. Equation (3) describes the volume fraction of Fluid 2
in the exit stream in terms of the time-dependent non-dimen-
sional mean concentration of the tracer in the fluid. The rate
of removal of Fluid 1 from the annulus is now given by
[1-C,, (T)/C,]Q. Therefore, displacement efficiency at any
time after breakthrough is described by,

;
QTb+TJA (1-C,(T)/Col QdT

vV

In terms of the non-dimensional time T%*, equation (4) be-
comes,

Er=5— | T g )
iy Co

In our experiments, a small tracer loading (C,) ensures that
the relationship between conductivity and tracer concentra-
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Fig. 9. Variation of overall efficiency with time for displacement in
a concentric annulus, Re=30

tion remains linear during a displacement test. As a result,
C,./C, can be obtained from the normalized form of the
conductivity trace produced by the transducer at X (see
Fig. 5). Referring to the plot of the normalized trace in Fig. 8,
it can be seen that the first term in Eq. (5), T*, is the number
of annular volumes of Fluid 2 pumped. The second term, the
area under the C,/C, curve, is the annular volumes of
Fluid 2 that has left the annulus since breakthrough. The
difference between the two terms, i.e. the area above the
curve, is the volume fraction of the displacing fluid in the
annulus (or the volume fraction of Fluid 1 removed from the
annulus). Thus, displacement efficiency is equal to the area
above the C,/C, curve and has an upper limit of unity.

The normalized trace is also the cumulative age distribu-
tion of the tracer in the exit stream. An alternative approach,
therefore, 1s to consider the slope of the C,,/C, curve, which
is the residence time distribution of the tracer in the exit
stream, i.e. the C-curve [see, for example, Levenspiel (1972)].
The mean of the C-curve, in the limits of C(T*)=0 for
T*<T;* and C(T*)=0 when T*=T}, is given by:

Ty
L T C(T*) dT*
T, =T (6)
Ts
f* C(THdT*
Ty
T;
where j C(T*) dT*, area under the C-curve, is unity. Re-
T

placing ?or C(T¥*) from

d[C,,(T*)/C,]
C(TY)=—""">-" 7
(== )
and integrating by parts, equation (6) becomes,
7 C,, (T*
T¥.W=E(TH=TF— | MdT*. (8)
7 Co

Therefore, displacement efficiency after a sufficiently long
time T7,ie. when C,(T*)/C, =1, is equal to the mean of the
residence time distribution of the tracer in the outflow.
Figure 9 shows the efficiency curve for displacement in a
concentric annulus. The bulk of the displacement occurs



before breakthrough. After breakthrough the rate of dis-
placement decreases gradually as most of the displacing fluid
pumped into the test section leaves the annulus. Figure 9
indicates that, even in a concentric annulus, more than three
annular volumes of Fluid 2 are required in order to achieve

99% displacement. We never completely remove the original
fluid.

2.3 Dynamic similarity

To achieve flow conditions similar to those encountered in
the cementing of oil wells, we used dynamic similarity to
scale the experiments. Geometric similarity was provided by
choosing a radius ratio for the annulus comparable to those
in the field, i.e. R;/R,=0.8. The aspect ratio of the annulus
(length to width ratio of 600), although smaller than that of
a typical annulus in cementing, was found to be well in
excess of that required to produce a fully developed laminar
velocity profile. We also matched the experimental values of
the dimensionless parameters governing the flow with those
in the field. These parameters, which arise from the formula-
tion of the problem for displacements involving two general-
ized Newtonian fluids, i.e. non-Newtonian fluids which may
exhibit a yield stress but no thixotropy or elasticity, include
a Reynolds number for each fluid i (i=1 for Fluid 1, i=2 for
Fluid 2),

20, wh
Re,= ~2-2%, ©)
Hi
and a buoyancy number defined by:
Aggh?
Bu= 270 (10)
Wi,

which is the ratio of buoyancy to viscous forces. Note that
Bu=0 for the flow of a single fluid in the annulus. Reynolds
numbers were in the range 0.8 to 260 and the buoyancy
numbers varied from 0 to 13.

2.4 Test conditions

The design of the test rig is such that, with suitable choice of
displacement fluids, it allows both quantitative and qualita-
tive studies of (non-Newtonian) fluid displacement in an
annulus. To model the oilfield fluids, in our experiments we
used solutions of a commercial xanthan gum Idvis (supplied
by International Drilling Fluids) as the base fluid. A weight-
ing agent was added where required to produce a density
difference between Fluids 1 and 2. The weighting agent was
precipitated barium sulphate (Blanc Fixe) manufactured by
Rhéne-Poulenc Chemicals, with a density of 4200 Kg/m?
and mean particle size 2 pm. A Baroid 286 Variable Speed
Rheometer measured the rheology of the solutions at twelve
shear rates in the range 5.11-1022 s~ 1. The fluid exhibited
a concentration-dependent apparent yield-stress and its rhe-
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ology was found to be well represented by the Herschel-
Bulkley (1926) model,

t=1,+ky". (1)

Typical values of the rheological parameters were:
7,=1.22 Pa, k=0.197 Pa s" and n=0.505. We performed dis-
placement tests using several density differences (0—20%),
flow rates (0.01-0.30 L/s) and eccentricities (0—100%).

3 Results and discussion

In this section, we report quantitative results of experiments
involving flow of a single fluid. These were used to examine
the performance of the test rig for non-Newtonian displace-
ment. We also discuss secondary flow instabilities observed
in flow visualizations of displacement in the presence of a
positive density difference.

3.1 Performance tests

The experimental rig had previously been used by Long
{1991) in his study of Newtonian fluid displacement in an-
nuli. We examined the performance of the test rig for non-
Newtonian displacements by conducting a series of experi-
ments in which the two fluids were identical except for a
small concentration of the tracer in Fluid 2 for conductivity
measurements. These are referred to as single fluid circula-
tion tests. An example of this type of flow is in the circulation
phase preceding a cementing operation where the gelled
drilling fluid in the annulus is mobilized by circulation
around the wellbore. The magnitude of the peak axial veloc-
ity w_,,.(6) is a good indication of local mobility of the fluid
around the annulus, while E provides an accurate measure
of the overall circulation efficiency.

We compared the results of the (single fluid) circulation
tests with predictions of a theoretical solution for the steady
unidirectional flow of a yield-power law fluid in an eccentric
annulus. The solution uses a numerical scheme to solve the
governing flow equations. The numerical method is that
reported by Walton and Bittleston (1991) for the axial flow
of a Bingham plastic in a narrow eccentric annulus, with
appropriate modification for a yield-power law fluid.

Figure 10 compares theory with experiment for the non-
dimensional peak velocities, WX =w,,./w. In a concentric
annulus, axial velocity profile is constant around the an-
nulus, with W% =1.18. This is considerably lower than that
for Newtonian flow in the same geometry, where analytical
solution suggests WX =1.50. In an eccentric annulus, re-
striction of flow in the narrow side results in higher velocities
in the wide side. Peak velocity in the wide side has its highest
values with ~ 50% eccentricity. In Fig. 10, for e=0.5, W ¥
is 90% higher than in a concentric annulus. In annuli with
50% or more eccentricity, the fluid can become effectively
immobile in the narrow side.
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Figure 11 illustrates the effect of eccentricity on circula-
tion efficiency. Up to the breakthrough time, efficiency in-
creases linearly with hole volumes pumped. Displacement
becomes progressively more difficult after breakthrough. We
see that in a 50% eccentric annulus, about 20% of the fluid
remains uncirculated after six annular volumes have been
pumped.

In the laminar region, higher flow rates produce a small
increase in the peak axial velocity around the annulus. This
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Fig. 13. Effects of Reynolds number and annular volumes pumped
on circulation efficiency in an annulus with 50% eccentricity
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Fig. 14. Effect of density contrast on displacement efficiency in a
vertical annulus, Re=176, e=0.5

is illustrated in Fig. 12 for W% (corresponding to 8=0) vs.
Reynolds number at several eccentricities. The solid lines
represent theoretical predictions.

The increase in the peak velocity results in a slight im-
provement in circulation efficiency. Fig. 13 shows the effects
of Reynolds number and annular volumes pumped on effi-
ciency, in an annulus with 50% eccentricity. Whereas flow
rate has only a small effect on displacement, larger volumes
of Fluid 2 can increase the efficiency significantly. However,
in oilfield practice the amount of fluid pumped is limited, and
optimizations are generally aimed at displacement with one
annular volume.

The agreement between experiment and theory is good.
For the peak velocities in the wide side of the annulus the
difference is 2%, increasing somewhat towards the narrow
side. Circulation efficiencies show an average difference of
approximately 2%.

3.2 Secondary flow instabilities
A positive density difference between the displacing and dis-

placed fluids can improve the displacement efficiency in an
eccentric annulus. An example of this is shown in Fig. 14



where we compare efficiencies for a single fluid circulation
(4¢=0) and a displacement involving two fluids with similar
theologies but with 16% density difference (Re=176,
¢=0.5). The improvement in efficiency after one annular
volume is about 16.5%.

In such a geometry, where the displacing fluid has a ten-
dency to channel through the wide side, density difference
produces a hydrostatic pressure imbalance between the wide
and narrow sides. This imbalance induces a secondary grav-
ity-driven azimuthal current from the wide side to the nar-
row side of the annulus. Regardless of eccentricity, density
difference also induces secondary radial flows across the
annular gap. This is due to a hydrostatic pressure imbalance
between the central part of the annulus and regions near the
walls. The relative strengths of the azimuthal and radial
currents depends on eccentricity and the rheology of the
fluids.

The interface between two miscible fluids with similar
rheologies, but with different densities, is stable so long as
the denser fluid lies below the interface, and the interface is
not near vertical. When flow conditions are such that the
interface becomes close to vertical, small perturbations in
the flow field may trigger gravity driven interfacial instabili-
ties. We observed such instabilities when we performed flow
visualizations of displacement in a vertical eccentric annulus
in the presence of a positive density difference. In these ex-
periments the partially transparent Fluid 1 was coloured
with a water soluble red dye, while the displacing fluid was
completely opaque, with white colour due to the weighting
agent. The annulus was viewed from the narrow side at an
angle perpendicular to the direction of flow. We observed
displacement over a range of flow rates and density differ-
ences.

We found that under certain conditions, significant az-
imuthal instablities occur which appear to accelerate dis-
placement in the narrow side of annulus. To our knowledge,
there are no reports in the literature of instabilities in such
gravity induced secondary flows. Our observations show
that the intensity of azimuthal instabilities is related to den-
sity difference and flow rate. Larger values of Ag promote
instabilities while higher flow rates have the opposite effect.
This suggests that the relative strength of azimuthal to axial
flow is an important factor in the occurrence of instabilities.
Flow conditions which increase the relative strength of sec-
ondary azimuthal currents with respect to axial flow may
trigger or intensify azimuthal instabilities. In this respect,
higher eccentricities may also favour the occurrence of insta-
bilities.

Noting the driving force for azimuthal flow in a vertical
annulus by Agg L, and for axial flow by 1 g, w? (based on the
displacing fluid), the relative strength of azimuthal to axial
flow is given by 240gL/o,w?. This is a ratio of static to
dynamic pressures and is similar to the ratio of buoyancy
number (defined as Bu= Ag g h*/u, w) to Reynolds number
(Re=2¢, wh/u,) of the flow. An increase in this ratio would
enhance azimuthal flow and may trigger instabilities.
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One must not overlook the role of fluid rheology in this
process. In our flow visualizations, Fluids 1 and 2 had simi-
lar rheologies, i.e. similar shear stresses at like shear rates. In
such instances, the condition for the azimuthal currents to
mobilize the fluid in the narrow side is governed by the
hydrostatic head L, as well as the dimensions of the annulus.
To illustrate this point, we consider the simplified case of
displacement in an eccentric annulus with mean radius r,,
and average gap size h,,. The momentum equation for steady
azimuthal flow then reduces to a balance between the pres-
sure and viscous forces [see Bird et al. (1987)],

O=—4ph,+2=nr,z,, (12)

in which Ap is the pressure force driving the azimuthal flow,
given by dgg L, and t,, is the wall shear stress. For the fluid
to flow, shear stress at the wall must exceed the yield stress.
Therefore, the condition for flow is

h
T > (13)

nr y

dogL 2
The above equation sets the minimum required value for the
hydrostatic head L, and is expected to be easily satisfied in
an eccentric annulus. For typical oilfield data, e.g. 7,=10 Pa,
40=250 Kg/m? R;=0.089 m and R,=0.111 m, the mini-
mum required value for L is about 0.11 m.

The above example serves to illustrate that for fluids with
a yield stress, a relatively small hydrostatic head is sufficient
to mobilize the fluid in the narrow side. However, for insta-
bilities to occur, L must be such that the interface assumes
a near vertical profile between the wide and narrow sides of
the annulus. This value can be determined from properly
scaled experiments. In our experiments with e=0.5, the hy-
drostatic head producing the instabilities was of order 1-2 m.

We categorize the mechanism for displacement in the
narrow side according to whether or not azimuthal instabil-
ities occur in the flow:

1. In stable flow, or when the instabilities appear only as
wavy motion of the interface, Fluid 2 flows towards the nar-
row side by means of the azimuthal velocity component
induced by the pressure imbalance between the wide and
narrow sides, e.g. points a and b in Fig. 15. Within Fluid 2,
in the vicinity of the line of symmetry in the narrowest part,
the azimuthal component is transformed into axial velocity,
with the consequent result of Fluid 2 displacing Fluid 1 in
the narrow part of the annulus. Continuity of the velocity
field dictates that, within Fluid 1, the velocity vectors near
the interface point in the direction of the main flow and
slightly towards the wide side (ie. away from the line of
symmetry), setting up a weak reverse azimuthal flow, as
depicted in Fig, 15.

When azimuthal flow is strong but stable, i.e. large 49 and
relatively high flow rate, displacement by azimuthal currents
takes place more or less simultaneously along most of the
axial spread of the interface, i.e. L. Consequently, the driving
force for azimuthal flow decreases rapidly as the interface



254

B

-4- Cross sectional
F [
A A Vview of annulus

B !
Line of symmetry

a / \

Fluid 1

|
|
|
|
|
I
|
|
|
|
I
|
|
|
|
|
|
|

Fluid 2

View angle B

View angle A

Fig. 15. Hydrostatic pressure imbalance resulting in secondary az-
imuthal flow in an eccentric annulus. Arrows show direction of
velocity vectors (mean across the annular gap) near the narrow side
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Fig. 16 a and b. Effect of (stable) azimuthal flow on displacement, a
early stage in displacement, b advanced stage in displacement with
a narrow strip of Fluid 1 left at the line of symmetry

approach the line of symmetry in the narrow side. At this
stage, the annulus is filled with the displacing fluid except for
a thin strip of Fluid 1 in the narrow side, which becomes very
difficult to remove. Fig. 16a shows an early stage in the
displacement, while Fig. 16b depicts an advanced stage
when the annulus is filled with Fluid 2, except for thin strip
of Fluid 1 at the line of symmetry.

2. When 5ggL2ilI”; —1,»0 and the ratio of static of

m

dynamic pressures is relatively large, i.e. low flow rates, the
reverse azimuthal flow field set up in Fluid 1 “cuts” into the
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Fig. 17. Schematic diagram showing azimuthal instabilities

interface which is advancing towards the narrow side and
triggers flow instabilities. Where the instabilities are severe,
Fluid 2 flows towards the narrow side through formation of
fingers branching away from the main axial flow. Since the
motion of the fingers is towards the narrow side, they move
at a lower axial velocity than the main body of Fluid 2 and
appear to be falling away at the interface. As the fingers
cascade towards the narrow side, streams of Fluid 1 become
trapped between the fingers and the main body of Fluid 2.
These streams are directed towards the wider part of the
annulus and are carried away by the main body of Fluid 2.
This mechanism is illustrated in the schematic diagram of
Fig. 17. In situations of high azimuthal instability, the falling
fingers accelerate displacement in the narrow side. However,
in most cases a thin wavy strip of Fluid 1 is left behind in the
narrow side, as shown in the photograph of Fig. 18. In addi-
tion, small pockets of Fluid 1 may become trapped in the
narrow side where they are likely to remain indefinitely.
Figs. 19a and b show photographs of such instabilities at
two levels of intensity.

When the two fluids have different rheologies, azimuthal
flow has to overcome the yield stress of the more viscous
fluid in the narrow side in order to affect displacement.
Where Fluid 1 has a higher yield stress than Fluid 2 and the
driving force for azimuthal flow is not sufficient to mobilize
Fluid 1, then circulation currents are expected to be set up
near the interface in Fluid 2, with little or no contribution to
displacement of Fluid 1 in the narrow side.

The scaling by dynamic similarity (see § 2.3) suggests that
gravity driven instabilities can also occur under field condi-
tions. Furthermore, we note that in normal field practice for
laminar displacement, the displacing fluid is both denser and



Fig. 18. Azimuthal instabilities leave a wavy strip of Fluid 1 in the
narrow side

a b

Fig. 19 a and b. Photographs of azimuthal instabilities at a low and
b high levels of intensity

has a higher apparent viscosity than the displaced fluid.
Therefore, any interfacial instabilities that may occur as a
result of viscous fingering, will be augmented by the density
contrast when the interface is near vertical in a highly eccen-
tric annulus.
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4 Conclusion

We describe an experimental test rig for the study of fluid
displacement in an annulus. The annular test section pro-
vides variable eccentricity and inclination. A sliding valve
mechanism produces a clean interface between the displaced
and displacing fluids at the start of each test. The measure-
ment technique uses conductivity probes to measure peak
axial velocities and the overall displacement efficieny. The
design is particularly useful for investigation of non-Newto-
nian flow where problems of nonmobility may exist under
certain conditions of geometry, flow and material properties.
The performance of the apparatus was tested successfully
by comparing the measured peak velocities and overall effi-
ciencies against theoretical predicitions for the laminar flow
of a yield-power law fluid in an annulus. We have given
several examples of single fluid circulation and two fluid
displacement. The measurements indicate that:

1. Eccentricity has the greatest effect on displacement in an
annulus. Minimum efficiency occurs at about 50% eccen-
tricity.

2. Flow rate of the displacing fluid has a small positive effect
on displacement in an eccentric annulus.

3. Pumping larger volumes of the displacing fluid increases
the displacement efficiency.

4. In displacements in a vertical annulus, a positive density
contrast between the displacing and displaced fluids im-
proves the efficiency.

Flow visualizations in an eccentric annulus reveal azimuthal
flow instabilities occurring in two-fluid displacements where
a positive density difference exists between the two fluid.
Such instabilities accelerate the displacement process but
leave behind a thin channel of the displaced fluid in the
narrow side of the annulus. We suggest that instabilities
occur due to a reversal of the azimuthal flow field in the
displacing fluid.
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Announcements

5th International Conference Laser Anemometry — Advances and Applications, Koningshof, Veldhoven, The Netherlands,

23rd-27th August 1993

Introduction

International Conferences were held in the UK at the Universities
of Manchester, Strathclyde, Swansea and in Cleveland, USA in
December 1985, September 1987, September 1989 and in August
1991 respectively. It is now planned to hold the fifth conference in
the series at Koningshof, the Netherlands which is situated in the
provence of Brabant near Eindhoven. This venue offers a most
attractive combined location for the meeting and is easily accessed
by road, rail or air.

The meeting will take place from Monday 23rd until Friday 27th
August 1993 and will follow the same proven format as in the
previous highly successful meetings. All submitted abstracts will be
reviewed and papers will be refereed before acceptance. The number
of parallel sessions will be minimised. Poster Sessions will be ar-
ranged for most recent findings or highly specialised topics.

Papers are sought on every aspect of Laser Anemometry, al-
though those making reference to ““Advances in techniques” and
“Special applications” will be particularly welcome. The following
list is offered for guidance.

Flow-types

Single-phase fluid mechanics

Two-phase flow and particle sizing

Effects of temperature on flow

High speed flows

Unsteady flows

Separated flows

Biomedical flows

Combustion and reacting flows

Cavitation

Atmospheric boundary layer {low

Rotating and reciprocating
machinery

Techniques
Laser Doppler anemometry
Two-spot velocimetry
Whole field velocimetry
Particle image velocimetry
Doppler pictures
New optical schemes
Fibre optics
Refractive index matching
Miniature laser velocimeters
Signal processing
Data acquisition, processing,
reduction
Non standard forms of laser
anemometry
Comparison between codes and experiments

Note that this list is not meant to be exhaustive and that papers in
other subject arcas will be considered.

Offers of papers

Authors are invited to submit titles and extended abstracts (500
words minimum plus supporting figures) on topics appropriate to
the conference. The abstract should be sent to the Conference Ad-
dress as soon as possible and certainly not later than 1 October
1992,

Subject to acceptance of this abstract, completed papers having
a text of 3,000-5,000 words will be required for refereeing by 15
February 1993. Final acceptance of the paper will depend upon the
referees’ judgement of the draft mansucript and reccipt of the
corrected camera-ready proof (incorporating any specified correc-
tions) before 15 May 1993. Here, authors should note that the
Proceedings Volumes from the former conferences are on sale from
the British Hydromechanics Research Association, Cranfield, and
that hard bound volumes from the second conference in Strathclyde
and third conference in Swansea have been distributed by Springer-
Verlag.

Further notes to authors

In all cases work must be original and should not have been pub-
lished nor offered for publication elsewhere. Papers must be written
and presented in English. Papers accepted for presentation will be
available to delegates at the time of the meeting. Authors are expect-
ed to present their papers in person and to attend the meeting as
delegates.

National representatives are currently being appointed to assist with
planning and advertising the conference. Full details will be avail-
able in the next announcement.

Invited lectures will be given by acknowledged experts on several
topics selected by the Organising Committee. Details of these will be
available in the second announcement due for release in July 1992.

Enquiries and all Correspondence should be addressed to: Ms. .
Schellingerhout, L.A. Conference 1993, Dr. Ter Braaklaan 1, NL-
4002 WN Tiel, The Netherlands, Telephone: +31 3440 15763/
16384, Fax: +31 3440 24103.



