A Multiphase Pump Unit for the Offshore
Exploitation of Oil-Gas-Solid Mixtures
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Abstract

The further exploration of crude oil off-
shore will lead 10 the exploitation of smaller
oil reservoirs, which are located around the
nowadays discovered large oil fields. By the
use of an advanced subsea pump technigue
it is possible to iransport the oil from the well
heads of samiler oil reservoirs to the still
existing oil production platformns by using
subsea pipelines. Therefore it will be possible
to explore new oil fields with the hardware of
todays offshare oil production.

The reservoir fluid consists of crude oil, a
remarkable amount of natural gas and also
some solids. Using standard mechanical
pumps will lead to bad efficiency because of
the high gas fraction and the erasion inside
of the pump due to the solids of the fluid. A
pump unit is presented, which separates ina
first stage the three phases oil, gas and solids.
A single phase pump rises the oil to a high
pressure level. Afterwards the oil depressuri-
zes by forming a jet of high speed. Gas and
solids, which have passed by the pump are
remixed with the jet in a liquid jet pump. The
mixture is recompressed by deceleration in
the diffuser of the jet pump.

The test results have shown a good perfor-
mance of this process. The experimental data
were used to verify an analytical model of a
full scale offshore plant.

Up to a void fraction of 50 % the svstem
operates with sufficient efficiency. By sepa-
rating the solids. erasion of the mechanical
pump is prohibited. leading to low mainte-
nance costs. Considering the extraordinary
high service costs offshore, this is an impor-
tant feature of a pump unit.

If the void fraction exceeds 50 %, an addi-
tional compressor for the gas phase is recom-
mended.

1 Description of process

A study of the BP Exploration Co. Lid. {1}
shows, that the most unexpiored but econo-
mically interesting oil reservoirs are situated
within a maximum distance of 30 km away
from exising oil production platforms.
These new oilfields could be exploited by the
use of still existing production and transpor-
tation equipment, if economically techniques
for subsea pipeline transport of the crude oil
were available. Due to the extraordinary high
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Fig. 1 Amultiphase pump unit for subsea operation
maintenance costs of offshore systems, new
transportation technologies must operate
without any need of service.

If one uses e.g. a one stage screw pump, the
efficiency decreases with increasing void
fraction. In addition the solids in the well
head fluid, which have a fraction in the order
of 2% or 3% cause erasion in the small
sealing gaps of the machine, which will also
lead to a loss in efficiency and short service
intervals.

Figure | shows a subsea pump station,
where the solids together with the gas are
separated from the liquid.

Pressure shocks, caused by slug flow are
damped by the use of a slug catcher. This
device is also used as gas-liquid separator.

-Down stream of the slug catcher a hydro
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Fig. 2 Void fraction versus pressure for 10 typical re-
servoir fuids

cyclone separates the solids in a slurry stream
from the liquid flow.

The pure liquid is now compressed in a
screw pump and depressurizes in a nozzie. A
liquid jet of high velocity, which drives a jet
pump, leaves the nozzle. Within the liquid jet
pump gas and slurry are remixed and recom-
pressed to a high pressure level,

In contrast to a one stage three phase pump
there are two additional components, a hydro
cyclone and a jet pump, necessary. But both
devices are very simple, without moveable
parts and a very reliable performance. As a
result of the single phase flow within the
screw pump it shows a high efficiency.

2 Typical reservoir fluids

There are no general properties of crude oil.
The density of different oil types vary as well
as the viscosity. Furthermore the well head
data like pressure, temperature and gas-oil-
ratio and the extent of contamination differ
within a wide range.

Properties of reservoir fluids, gained by
measurements and derivated constitution
laws were discussed by the authors of the
papers {2] up to [9].

By plotting the void fraction € versus the
pressure p figure 2 shows the range of well
known oil reservoirs. A decrease in pressure
can lead to strong increase of the void frac-
tion. The curves in Figure 2 show also the
condition at the well head, marked by circles.
On the right side the curves represent the oil
condition inside the riser. At the left side the
fluid conditions down stream of the well head
within a pipeline or pump unit are shown.
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Multiphase pumps will be only established
at oil reservoirs of low pressure levels, which
do not allow a natural flow from the well
head to the next production platform. There-
fore fluids with well head pressures below 50
bar were only taken into account. A void
fraction of up to 70 % should be handled by
the pump unit. These assumptions lead to a
operation range, which is marked also in
Figure 2.

3 Test facility

All components of a real offshore pump
unit were used at the test facility, represented
in Figure 3. )

Water was used as a test liquid as well as
water-glycerin-mixtures of increased visco-
sity.

The gas phase of a reservoir fluid was
simulated by air from‘ the atmosphere. The
pressure vessel of | m” content simulates the
slug catcher.

The liquid leaves the vessel at the bottom

to the liquid-solid separator. which splits the -

flow in two streams, a main stream with pure
liquid and a slurry stream of liquid, contami-
nated with solids. A hydro cyclone, especial-
ly developed for oil-solid separation by the
Institute for Mechanical Processing Enginee-
ring of the University of Stuttgar, was used
as liquid-solid separator.

After passing a filter, the main stream flows
to the screw pump, which can handle up to
40 m’ liquid per hour, while the maximum
pressure difference is about 25 bar. The high
. pressure fluid forms a high speed liquid jet
for the liquid jet pump. which is capable for
the suction of the slurry from the hydro
cyclone as well as air from the atmosphere.
It is also possible to feed the jet pump by air
of a pressure level of up to 3 bar. leading 10
higher gas densities. The liquid. gas and
slurry streams are remixed within the jet
pump.

Down stream of the jet pump a throttle

38

LRl

a1 -

pressure risedpg/App !}
o
T

18 bar

FTY T

AL/A =058

L TNa AL/ =034
L/ =
— <

15 bar

valve is used to simu- b oot \°
late the pressure drop a i
\';fhichlh§s Cg:‘;‘”;l;?ee(i °OJ D:l es ar ot Ly "3 ‘; A2
3
: - 107
with the pump ges—-liquid muans ratio u o 110

station of a full scale
offshore plant.

4  LUquid jet pump
4.1 General

The overall design of the liquid jet pump as
well as its internal pressure are shown in
Figure 4. Within the nozzle the liquid is
accelerated, forming a liquid jet of small
diameter but high velocity. Down stream of
the nozzle the jet enters the suction chamber,
where gas is entrained by viscous forces on
the surface of the jet. The gas is forced to
enter the mixing tube. In a sudden break up
of the jet, called a mixing shock, gas and
liquid are mixed, which is combined with a
pressure rise due to sudden deceleration.

" Within the mixing shock the pressure distri-

bution is unsteady.

Down stream of the mixing shock the gas-
liquid-flow is still on high velocity and the-
refore has a high momentum. A diffuser,
connected to the mixing chamber, reduces
the flow velocity by rising the static pressure.
Basic studies about jet pumps where done by
Cunningham |11} and Dopkin [12].
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The liquid jet pump was designed with a
cylindrical mixing tube of 15 mm inner dia-
meter in a first version. It was possible to
change the lenght of the mixing tube. All tests
were done with a diffuser of 270 mm lenght
and an angle of 8 degree. The most important
results of the tests are reported below. More
detailed information can be found in [13].

The area ratio AU/A is defined as the cross
section of the liguid jet Ay divided by the
cross section of the mixing tube A. Using a
nozzie of |1 mm outlet diameter this ratio

intake geometry and area ratio

Fig. 5 Pressure rise across the jet pump for water air mixture, varied area ratio
AyA and pressure differances of the screw pump of 8 bar and 15 bar

was Ag/A = 0.55, Figure 5§ shows the ratio of
measured pressure rise Apg of the jet pump
to the pressure rise of the pump Ape, which
is plotted against the gas-liquid ratio pg =
Mg/-Mir. The results for 8 bar and 15 bar
pressure difference of the screw pump are
shown in Figure 5. Up to i = 0.7-107" the
pressure ratio Apc/App is about 0.6-107,
Within the jet pump there is a pressure rise of
60 % of the pressure difference of the pump.
Exceeding the gas-liquid mass ratio over jg =
0.6-107" leads to a decreasing pressure ratio.

Generally higher gas rates can be achiesed
by the use of greater intake areas for the air
at the entrance of the mixing tube. The cor-
responding test results are also plotted in
Figure 5 for an area ratio of Ap/A = 0.34.
Remarkable higher gas-liquid ratios of g =
1.5:107 were measured at Apc/Ape = 0.4.

A conical air intake led to a further increa-
sed intake area. The mixing shock is still
located in the cylindrical part of the tube.
where the area ratio is still the same. There
was an orifice used as a nozzle. Although
there was a slight decrease in pressure ratio.
the conical intake allowed to have about 10 %
higher gas-liquid ratios, compared to the cy-
lindrical intake, see Figure 6. To reduce all
pressure losses at the air intake to a
minimum. a testrun was done without having
an air intake chamber. The liquid jet passed
free atmosphere before entering the mixing
tube. But no significant increase of the gas
rate could be achieved.

4.3 Variation of the gas density

In order to investigate the jet pump perfor-
mance with higher gas densities at the entran-
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arrangements
in the case of injec-
tion just after the
nozzle, and sub-
sequent deceleration
of the slurry streamis
necessary. Curve 3 of
Figure 9 shows test
results  for  this

Fig. 8 Different arrangements for slurry injection

ce of the jet pump, air on a pressure level of
2 bar and 3 bar was fed to the jet pump. For
having equal jet velocities. the pressure dif-
ference between pump outlet and static pres-
sure of the air intake were the same as on low
density tests. Due to higher gas densities
significant higher gas mass flow rates were
possible. But the void fraction £. as plotted in
Figure 7. decreases slightly at higher gas
pressure fevels. This is aresult of the constant
momentum of the jet which has to accelerate
an increased mass of gas.

4.4 Slurry injection

The oil-solid slurry from the solid separator
has to be added to the main stream again after
the pump at a section of low pressure. This is
between the nozzle and the mixing shock of
the jet pump.

Figure 8 a shows the design of a jet pump
with slurry injection just before the mixing
shock. In this section of the tube the jet
velocity has already decreased. A small pres-
sure difference of about 1 bar based on the
gas pressure at the air intake is sufficient for
the slurry injection. No inefficient accelera-
tion up to an extreme high jet velocity. like
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option. While the
pressure ratio achie-
ved is only slightly
below that of the jet pump without slurry
injection, the gas-liquid mass ratio decreases
remarkable.

Another arrangement of the slurry injec-
tion. shown in Figure 8 b, was also tested.
There were two slurry jets added to the main
liquid jet of the jet pump at the air intake
section. Due to the differences in velocity of

liquid and slurry. the surface of the liguid jet

was scattered and a lot of droplets, which
were spread around the jet, could be obser-
ved. These droplets help to accelerate gas and
therefore to increase the gas rate, see curve 3
in Figure 9. On the other hand the overall
pressure rise of the liquid jet pump decreases,
compared to a jet pump without slurry injec-
tion.

4.5 Increased liquid viscosity and proper

mixing tube design

For the investigation of the influence of an
increased liquid viscosity a mixture of glyce-
rine and water was used at the test facility.
This test fluid had at test conditions a visco-
sity of 8-10” Pass, which is 12 times the
viscosity of pure water, as used for the first
tests. A strong influence of liquid viscosity

Pressure rise against gas-fiquid mass ratio for dferant slurry injection

on the mixing behaviour of the jet could be
observed. Because of the higher viscous
forces, which are needed for the jet break up,
the jetis able to travel a longer way along the
tube before breaking up in the mixing shock.
The mixing tube had to be redesigned to
prevent the mixing shock from being located
in the diffuser. It could be also observed, that
due to the more viscous liquid there were less
droplets scattered from the surface of the jet
at the gas intake, which help to accelerate gas
in this section. This leads to lower gas rates,
which were about 20 % below corresponding
gas-liquid ratios of pure water tests. Further-
more a more viscous liquid induces higher
pressure losses by increased friction in the
two-phase section of the mixing tube. This
leads to lower total pressure nses for the jet
pump. Therefore it is important to have the
mixing shock. which is follwed by a two-
phase flow in contact with the inner wail of
the tube, located at the end of the mixing -
tube. The pressure rise of the system versus
the gas-liquid mass ratio is plotted in Figure
10 for different dimensions of the tube. High
gas rates combined with common pressure
ratios could be measured for a tube with a
lenght to diameter ratio of L/D = 32. A pres-
sure ratio of Apc/App = 0.28 can be achieved
with a gas-liquid ratio of g = 1.1-10”. The
corresponding void fraction is € = 48 %.

5 Mathematical model

Within the jet pump gas is accelerated by
viscous forces at the surface of the liquid jet
and by droplets, separated from the jet. Due
to the mixing shock. there is a sudden pres-
sure rise. This unsteady flow cannot be des-
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cribed in detail. Therefore the mathematical
model is based on the overall momentum
equation.

Equation (1) describes the pressure at the
exit of the mixing tube, pm, depending on the
inlet pressure pg, the pressure of the pump
pr*. p* and pc.m. the momentum coefficients
P and geometrical data:

pu=pg+p’ -2'(95-95)-(—::}-

Bl
pA
A

peM(pM) Ag
A

L]

. — e
¥ pan pmH Apeen
"

The density of gas at the exit of the mixing
tube pgm is a function of the pressure pm.
Therefore equation (1) has to be solved by
transformation to a quadratic form or by suc-
cessive approximation. [13] gives the deriva-
tion of equation (1) in detail.

The calculation of the pressure rise of the
diffuser is based on homogeneous two phase
flow at the exit of the mixing tube. By the use
of a diffuser efficiency ngir and the mean
density of the two phase flow pum the pressure
rise of the diffuser Apas is represented by
equation (2):

(u'H)-[J:
p

span=nan- 5 - vk @

The efficiency N was about 80 % for the
test diffuser at two phase mode. Using the
results of equation (1), it is also possible to
represent the pressure recovery of the diffu-
ser by equation (3): :

Aam=n¢n'(p5-ps)-p‘-{§f
(1;;1')'[-5;-«»

The total pressure rise of the jet pump Apg
is the sum of the pressure differences of the

mixing tube and the diffuser. It is unified with
the pressure differences of the screw pump

Ape:
40
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Comparison of experimental and meorehcsl data for a jet pump with sluny
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The presented analytical model of the jet
pump was verified with the experimental
data. Input data were the design data, the
properties of the fluids and the gas rate. Cal-
culated data were the pressure differences of
the mixing tube, the diffuser and the total
pressure difference of the jet pump, plotted
at Figure 11. Slurry injection and high visco-
sity fluid were used in this test and also in the
calculations. Calculations as well as test
results show a decrease in pressure rise of the
jet pump with increased gas rates.

With respect to the velocity profile at the
exit of the mixing tube, which is of great
influence on the correiated momentum, the
momentum coefficient B was used in equa-
tion (1). Measurements of the velocity profile
led to momentum coefficients of B = 1.08 ...
1.1. Only at the exit of very long mixing tubes
smaller momentum coefficients about f =
1.02 were detected. For the first quarter of the
calculated pressure curves, shown in Figure
11, no measurement data are available,
because the jet pump does not work in a
steady state mode at low gas rates. As the
small slope of the curves show, a very small
change in pressure leads to great changes of
the gas rate.

For gas- -liquid ratios of more than pg =

'1.15- 107 and above the tested jet pump had
smaller pressure rises than predicted by the
model. At this gas rates the flow within the
jet pump does no longer meet the assump-
tions of the calculation. Increasing gas rates
lead to a more and more misplaced mixing
shock, which is located in the diffuser at
worst case conditions.

As the tests have shown, the jet pump has
a relatively small range of operation, where
a maximum pressure rise is combined with
satisfactory gas rates, hkc the measurement
data at pg = 115 107 in F:gurc 11. This
design point of the jet pump is well repre-
sented by the analytical model.

The length of the mixing tube was used for
the calculation of the two phase loss within
the tube. But there is no way to calculate the
focation of the mixing shock, which has a
direct influence on the behaviour of the jet
pump and is strong depending on the visco-
sity of the fluid. A guide for further design of

mixing tubes could be the experiences of the
tests, which are summarized in Table 1.

6 Range of operation

A theoretical model was presented before,
which predicts the pressure difference for the
test jet pump at its design point. While the
separation characteristic of the solid-liquid
separator was well known from detailed
work on this device, it was possible to des-
cribe its behaviour with a simple mass
balance. The pressure losses in the piping
arrangement of the pump unit can be descri-
bed by common calculations. Both was done
in order to complete the simplified model
which was now capable to prescribe the be-
haviour of a full scale pump unit. For details
see {13].

Reservoir fluids are contaminated with
solids of about 3 % of the whole mass flow
rate. Within the solid-liquid separator the
incoming flow is splitted to a slurry stream

‘of 10 % and a liquid stream of 90 %. A model

fluid was created with properties which rep-

resent the variety of possible fluids:

Density of oil, kg/m® poi = 865

Viscosity of oil, Pa's it = 0.01635 ~
0.000175 p

Density of gas, kg/m Pexs = 0.998- p

Viscosity of gas, Pa-s Tges = 1.392: IO‘5
2.28-107. p

(p - pressure, bar,

all data for model oil at 85 “C)

A pressure difference of the screw pump of
App = 160 bar was used for the calculations.
This will lead to high velocities within the
mixing tube. The chose of a relative short
mixing tube with L/D = 20 helps to reduce
the pressure loss of the tube.

There are two essential input data for an
offshore plant: The void fraction €sgp and the
pressure of the fluid psep at the entrance of
the slug catcher. Those parameters were
varied on a wide range for the prediction of
the behaviour of a full scale plant. as shown
by the bottom axis in Figure 12. The calcula-
ted pressure rise of the plant, unified with the
pressure difference of the screw pump, is
represented by the vertical axe of the graph.

As known from the experimental data the
liquid jet pump has a small range of operation
with high gas rates and proper outlet pressu-
re. Therefore it is not useful to operate the jet

OIL GAS - European Magazine 1/1992
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Fig. 12 Caicuiated pressure rise of a fuil scale multiphase pump unit

pump far from its design point. Obviously
figure 12 represents a wide range of input
data, which could be handled by different
pump units especially designed for each
point but not the operation range of one
single plant.

As known from the tests there is a
downward tendency of the pressure rise with
increasing gas rate and input pressure. For
instance at an entrance pressure of 20 bar and
a void fraction of €sgp = 50 % the unit will
have 2 unified pressure rise of Apg/App =
0.25. Le. the pressure rise of the three phase
flow is 25 % of the pressure difference of the
screw pump of 160 bar, working on pure oil.

Table 1 Testrange

VISCosity area ratio ratio of length
of iquid, and diameter of
107 Pas the mixing tube LD
065 0.28-040 2
065 0.40- 0860 18
80 0.30-040 32
“for test temperatures of 40 'C
Table 2 Power consumption
! pump process multiphase ’
screw pump
ApG. bar 40 40
Appump. bar 160 40
Vpumg. MM s 100
Npump 078 04"
Poump. kW 25 2%
*efficiency losses caused by solids within the scrow
pump are nol considered

OIL GAS - European Magazine 1/1992

unified pressure rise
of Apc/de = 009
occurs on flow con-
ditions of esgp = 70 % and psep = 50 bar. It
seems not useful to have a pump unit working
on those input conditions.

7 Process variations

For the comparison of different processes,
the power requirement of the pump P is one
important parameter. With the pressure diffe-
rence of a pump App, the fluid rate VP and
the pump efficiency np its power need is
given by equation (5);

oly o
Mo

For normal operation of the liquid jet pump
a considerable Ape is required. But the fluid
rate VP is low, because the liquid is compres-
sed within the screw pump only. For instance
at esgp = 50 % VP is only 45 % of the total
flow rate.

Some simplifying assumptions made it

p:

‘possible to calculate the power consumption

of the here presented plant and also thatof a

- one stage multiphase screw pump. working

on oil, gas and solids. The results are presen-
ted in Table 2, based on a void fraction of
50 % and an input pressure of 20 bar. Equa-
tions for calculation of the power consump-
tion of the one stage multiphase pump and
corresponding efficiencies were taken from
{15].

According to Table 2 the power consump-
tion of the jet pump process is not significant-
ly higher than that of a multiphase pump. Due
to erasion a screw pump, operating on solid
contaminated fluids, suffers from efficiency
losses. Those effects could not have been
considered for the figures of Table 2.

in addition economic aspects like increased
maintenance effort and the increased risk of
a total failure of the pump have to be taken
into account.

If reservoir fluids of high gas rates have to

Fig. 13 Process of a mulliphase pump unit based on | liquid-fiquid jet pump and
an additional compressor for fluids of extreme high gas rates

be pumped, a compressor for the gas phase is
recommended. see Figure 13. The liquid
pump will still be protected from solids by
the solid-liquid separator. The jet pump will
be of the liquid-liquid type, which is used to
pump the slurry to the output pressure. Com-
pressed gas and oil with solids are remixed
for the common transport on a pipeline.

Nomencisture

p pressure

ap pressure difference

P power consumption for the pump
A cross section araa

w valocity

M mass flow rate

v volume flow rate

] density

€ void fraction

G gas-liquid mass ratio MG/ML
us solid-lquid mass ratio MS/ML
n dynamic viscosity

ndn diffuser efliciency

ne pump efficiency

8 momentum coefficient
indices

G gas

s slury

L fiquic

SEP separator

E entrance of mixing tube

M mixing tube exit

* after premixing of fiquid and sturry

2phChish.  two phase pressure loss from {14]
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Flow Behaviour of Saudi Heavy
Crude Oil Emulsions under
Turbulent Conditions

By A. E. OMAR, S. E. M. DESOUKY and B. K. ABDALLA*

Abstract

Rheological characteristics of Saudi heavy
crude oil emulsions were measured with a
Haak Rotovisco Model (RV-11)} rotational
viscometer at temperatures ranging from 0.0
to 40.0 °C in steps of 10.0 °C. The oil-in-
water emulsion emploved had oil concentra-
tions of 10.0, 30.0, 50.0, 70.0 and 90.0 % by
volume, with emulsifving agent concentra-
tions of 0.25, 0.50, 0.75, 1.0, and 1.25 % by
volume for each oil concentration.

A new rheological model which relates the
shear stress with shear rate, temperature, oil
and emulsifving agent concentration was de-
veloped. The Metzner and Reed parameters
n and k', required for pipeline design were
incorporated as functions of the model para-
meters. The effects of temperature and con-
centrations of oil as well as emulsifving
agent on pipeline design under turbulent
conditions were studied. The results show
that the pressure required to pump Saudi
heavy crude oil emulsions is less than that
required to pump the heavy crude oil,

Introduction

An extensive study of the rheological be-
haviour of crude oil emulsions is indispensa-
ble for evaluation of energy consumption,
operational safety and cost effectiveness of
transportation of such emuisions through 4
pipeline (Wyslouzil, et al., 1987). A change
in the rheological characteristics of crude oil
emulsions, due to thermal and shear history
of oil concentration, strongly affects the pi-
peline design. Although several studies have
reported significant effects of temperature
and concentrations of emulsifying agents
and oils on the rheological behaviour of
crude oil emulsions, no agreement has
emerged on a generalized correlation
between such effects on pipeline design
{Marsden and Rose, 1971; Marsden, 1971;
Marsden and Raghavan, 1973; Zakin, et al.,
1979; Yildirim, et. al., 1988).

In this article the effects of temperature, oil
and emulsifying agent concentrations on the
rheological behaviour of Saudi heavy crude
ail emulsions {SHCOE) were studied expe-

*Adnan E. Omar. Saad E M. Desouky and Babiker K.
Abdalla, Petruleum Engineering Depe., King Saud Universi-
1y, Riyadh, Saudi Arabia.

rimentally and described mathematically. A
new rheological model involving the effects
of the temperature. oil and emulsifying agent
concentrations was developed. Two refations
were also developed to relate the Metzner
and Reed (1955) parameters {n and k) to
those of the rheological model developed.
These two relations and the Dodge and
Metzner (1959) equations were used to study
the effect of temperature. oil and emulsifying
agent concentrations on the pressure required
to pump such emulsions in AL-Jubial- Yanbu
pipeline (Al-Fariss and Desouky. 1990).

Experimental work

_ The rheological characteristics of SHCOE

were measured with a2 Haak Rotovisco
Model (RV-11) rotational viscometer at tem-
peratures of 0.0, 10.0,20.0, 30.0 and 40.0 *C.
The oil concentrations empioyed were 10.0.
30.0, 50.0, 70.0 and 90.0 % by volume. The
emulsifying agent used was Triton-X100 in
concentrations of 0.25, 0.5, 0.75, 1.0 and
1.25 % by volume for each oil concentration.
The salinity of the brine used to form the
emulsion was 15.0% NaCl (by weighy)
which is the average salinity of the Saudi
formation water.

In order to duplicate the time in flow equip-
ment in a typical experiment, the sample of
the prepared emulsion to be tested was placed
in the viscometer and stirred at the specified
test temperature for four hours before the mea-
surements were made. The rotational speed
was then increased and the corresponding
shear stress and shear rate were recorded.

Results and discussion

Some of the rheological characteristics
measured are given in Fig. I. The data obtai-
ned were used to develop the new rheological
model employing the pseudo-analysis tech-
nique (Levenispiel, 1970). The model is as
follows:

1304 EAC 7 (OCI™® 1 0es ()
= 7087 Y

where

t - shear stress, Pa

Y - shear rate. s

T ~ temperature, “C

OC - oil concentration. % by volume
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