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Abstract

Understanding centrifugal pump local flow characteristics under different piping systems flow conditions is
important. Single and two-phase flows applications via centrifugal pump are widely used in many industries. In
the present work, the behavior of emulsion (oil-in-water) and air-water mixture flows through a single stage
radial flow type centrifugal pump at three different pump rotation speeds has been studied experimentally and
analytically. Effects of oil type, oil concentrations and air injected into the pump suction side on the pump
performance under different operating conditions were considered. For each operating condition, pump
discharge, generated head, efficiency and the power required to drive the pump were mainly affected by the type
of oil, oil concentrations, the amount of air bubbles flowing through the pump impeller and the air injection
position in the suction pipe. The results obtained from this study are valuable for chemical and petroleum
industries.

Keywords: Pump performance; Analytical; Experimental; two phase flow; Emulsion flow.
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1. Introduction

The performance characteristics of a centrifugal
pump for moving pure water are principally
known. Functioning centrifugal pumps with gas
and fluids may lead to a degradation of their
performance. The effect of moving air or oil or
both of them besides water by a centrifugal pump is
under considerations.

Considering local characteristics of two-phase flow
for different flow conditions in piping systems is
important for industrial process design and
optimization for higher productivity and lower cost.
Starting with two-phase flow (Liquid / gas), Liu et
al. [1] conducted experimentally air-water two-
phase flow in a horizontal pipe. They exposed the
structural features of each phase. Also, they three-
dimensionally presented transient flow fluctuation
energy evolution and characteristic  scale
distribution. Zeghloul et al. [2] presented the
findings obtained from two-phase flowrate
measurements using venturi meters. Shao et al. [3]

experimentally and numerically studied two-phase
flow patterns and the flow characteristics in
transparent centrifugal pump suction chamber.
Song et al. [4] numerically simulated centrifugal
pump performance using two-phase flow method.
Cavitation effects look like entrained air, Ma and
Liu [5] numerically discussed the cavitation
characteristics for centrifugal pumps.

Following with two-phase flow (liquid / liquid),
horizontal segregated two-phase flows (oil-water)
are usually existed in oil wells. The pressure drop
is a significant parameter to estimate the horizontal
oil well productivity. Zhaia et al. [6] introduced
dynamic contact angle by solving Young-Laplace
equation to compute the oil-water interface shape.
Inside a centrifugal pump impeller, Perissinottoa
et al. [7] experimentally investigated the behavior
of water drops in an oil medium. In the same
manner, they [8] investigated the behavior of oil
drops in a water medium. They carried out their
experiments for different water flowrates and pump
speeds. They also captured the flow patterns using
high-speed camera. Moreover within a centrifugal
pump impeller, Rafael [9] used image processing
and deep-learning approaches to follow and
process the mobility of oil droplets in a two-phase
oil-water flow. In a transparent impeller, Chang et
al [10] detected gas-liquid flow for three-phase
centrifugal pump performance according to air
volume.

Two-phase flow (liquid / liquid) may be considered
as a one-phase flow if they were mixed well and
this was called emulsion flow. For curved diffusers,
El-Askary et al. [11] presented an experimental
study on emulsion flow. Mandal and Bera [12]
experimentally studied the variation of the rate of
flow of oil-in-water emulsions with pressure drop
and they calculated rheological parameters. The
pressure drop increased as oil concentration in the
oil-in-water emulsion increased due to high
viscosity.

Nadler and Mewes [13] investigated
experimentally the two immiscible liquids flow and
the influence of an additional inserted gas phase in
transparent horizontal pipes. The pressure drop of
the three phase flow system was of the magnitude
as the pressure drop of the two phase flow of gas
and the dominating liquid phase. However,
Saushin and Goltsman [14] numerically simulated
air-water-oil mixture flow in a horizontal pipe.
They revealed the developed stable flow regimes.
They concluded that, in real oil production
conditions, it is not recommended to use the
isokinetic probes of the flow in front of the
sampling section without preliminary preparation.
Moreover, Ren et al. [15] conducted a series of
experiments to examine the transitions flow pattern
and water holdup taking into consideration both
vertical and horizontal sections of a transportation
pipe. For the same flow, Hanafizadeh et al. [16]



used a qualified digital camera to experimentally
investigate air-water-oil three-phase flow pattern in
an inclined pipe. Besides, Spedding et al. [17]
presented holdup data were accessible in a
horizontal pipe for three-phase co-current oil-
water-air. They confirmed the validity of the
employed experimental technique by detailed two-
phase studies.

Ma et al. [18] combined ablind tee, a Venturi
meter, and a gamma-ray densitometer to develop a
method for flowrate measurement in horizontal
three-phase flows of oil-gas-water. Moreover,
Doherty et al. [19] investigated the three-phase
air/oil/water horizontal flow in a symmetrical
impacting tee junction. Their observed flow
regimes agreed with an existing three-phase flow
map. Ibrahim and El-Kadi [20] experimentally
tested the behavior of a centrifugal pump pushing
air-water-oil flow. Also, Ganat et al. [21]
experimentally studied the influence of gas
injection on the phase inversion in oil-water flows
through vertical transparent pipe. Wang et al. [22]
numerically studied the electrokinetic motion of a
charged oil droplet near a charged air-water
interface. They [23] also interpreted the logging
information of three-phase oil-air-water flow
patterns using a new method in small-diameter
vertical measurement channels. Sun et al. [24]
used vortex flowmeter to experimentally measure
the oil-gas-water three-phase flow due to its
several characteristics.

For three-phase flow (liquid / solid / gas), the ratio
of the permeability of soil to air and to water is an
index of stability of soil structure. Reeve [25]
measured first the permeability of a soil using
water and air. They used entrapped air as a
measuring fluid to study the effect of water
contained in the soil on permeability.

A lot of applications are related to Multi-phase
flows. Steimes et al. [26] mentioned that
lubrication system of aero-engines in air-sealed
bearing chambers managed a two-phase oil-air
flow. Donga et al. [27] investigated cost reduction
technology for high water cut oil producing well
problem. Xu et al [28] presented a variable
hysteresis control algorithm for air-to-water heat
pump (AWHP) supply water temperature. Steimes
et al [29] summarized the outcomes of an air-oil
prototype of extracting a specific phase from a
multiphase flow. Moreover, Ganat [30] reviewed
the types and applications of pumping systems.
Kaluarachchi and Parker [31] described
computationally a simple procedure for modeling
the effects of entrapped oil on permeability-
saturation-capillary  pressure  relations.  The
objective of Perissinotto et al. [32]’s work was to
examine how an oil-water emulsion forms in the
transparent impeller and volute of a prototype
electrical submersible pump (ESP). Images
showing the behavior of oil droplets injected into

water at various flow rates and rotation speeds

were produced by flow visualization techniques.

"Concentrated drops" and "dispersed drops" are the

two patterns that are found. Zhao et al. [33]

studied the effect of centrifugal pump rotation

speed, liquid flow rate and inlet gas volume ratio

on pump flow patterns. They recognized four

common flow patterns; segregated flow, bubble

flow, gas pocket flow, and aggregation bubble

flow.

The main objectives of the present work are

studying pump performance characteristics at these

cases: -

1. Water and oil (emulsion) with different
concentrations.

2. Water and oil (emulsion) with two different oil
densities.

3. Water and air injected at different stations along
the suction line and with different flow rates.

2. Analytical Analysis
The fundamental equation (without swirl) of turbo-
machines with infinite blade is declared by Euler
[34] as:

uc, —u
Hinf :( c~2u 1C1u) (1)

g

After introducing the slip factor y and the blade
blockage 1, the theoretical head will be [35]:

ch :ﬁ[j/_ QLa |:T2 + AZdIm tan(ﬂZB):D

g A, tan(f,s) Atan(a,)
)
A= (di-d}) ®
A, = rdyb, 4

Pump performance may be evaluated using an
accurate loss correlation analysis inside the pump.
In the present study, the following internal losses
are taken into consideration from [36]:

2.1. Leakage loss

Leakage loss happens because of smaller
circulation through gaps between pump’s rotating
and fixed parts. Leakage loss results in a reduction
in efficiency because the flow in the impeller is
increased compared to the flow through the pump.
To compute the leakage loss, the pressure
difference over the seal at the impeller inlet AHsp
has to be recognized [35]:

2 2
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The friction coefficient is calculated as:
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The effect of the rotation in turbulent flow is
covered by an experimentally determined factorli,
0

[35]:
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The friction coefficient is calculated iteratively
[35].

Subsequently, the leakage flow is calculated as
follows:

Q,, =7dy, sc,, (15)

2.2. Impeller loss,
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2.3. Efficiencies and Power
The volumetric efficiency is the ratio of pump to
impeller flow:

— QLa — QLa
Qi QLa + Qsp

Impeller flow can be considered as:

g, :(Z,;aj[{sin?ﬂlg)}dl] 23)
£ :(Z,;a)((sinfzﬁZB)J/dZ} (24)

Q =c¢,,rd b, =c, 7dbe (25)

us (22)

The mechanical efficiency is given as:

n =l/£1+ 77h77v(pme+ pRR)J
" ngthQLa

(26)

The full equation of hydraulic efficiency is
calculated from power balance of a measured pump
and is given by:

_ ngr (QLa +Qsp)
" ( p— pme - pRR)
The actual head H, is given as:
Hr = ch _(Lsh,La + I-fr,La + I-D,La) (28)

(27)

The overall power balance of a pump is given by:

H
P= M+ P+ Prr (29)
nhnv
The overall efficiency is given as:
1= 0T e (30)

3. Experimental Analysis

The general arrangement of the experimental
apparatus is shown in Fig.1. In this study, a single
stage, radial type centrifugal pump, driven by 1 hp




electric motor with a maximum rotational speed of
1650 rpm, is used. This pump was operated in a
closed system consisting of suction and delivery
tanks through pipelines. The centrifugal pump was
equipped with facilities for measuring the pump
discharge, air flow rate, suction head, delivery
head, pump speed and the power required to drive
the pump. The suction and delivery pressures were
measured using pressure transducers. The mixture
of oil and water discharge was measured by a
calibrating collecting tank and a stop watch. Air
flow rate was measured using a standard air
rotameter.

4. Results

To forecast the performance of a centrifugal pump,
two analyses are considered. The equations
mentioned in the analytical analysis are considered.
All the internal and external pump losses are
calculated using Microsoft Excel. Moreover, in the
experimental analysis suction pressure and delivery
pressure are measured then manometric head is
captured. Flowrate is also valued by dividing the
collected volume by time. Pump performance
curves (head-flowrate, efficiency-flowrate and
shaft Power-flowrate curves) are presented. Finally,
the actual head, power and efficiency of the pump
are estimated analytically and experimentally.

4.1. Pure water flow results

Fig. 2 (a), (b), and (c) shows a comparison between
analytical and experimental results of head,
efficiency and shaft power, respectively, and
flowrate for pure water at 1535 rpm. Fig. 2 (a)
shows the measured pump head for pure water
compared with the analytical results. It can be
recognized from figure that the both curves have
the same trend with acceptable agreement. The
variation of the overall efficiency with flow rate is
shown in Fig. 2 (b). The comparison between the
measured and analytical results shows an
acceptable agreement. Fig. 2 (c) shows the
variation of pump shaft power with the flow rate.
The measured results were compared with those
obtained analytically at 1535 rpm impeller speed.

4.2. Water and oil (emulsion) with three
concentrations (0.005, 0.01 and 0.02) Oil
density of 878 kag/m?®

Fig. 3 (a), (b), and (c) shows analytical relations
between head, efficiency and shaft power,
respectively, and flowrate for pure water and oil of
density of 878 kg/m?® of different concentrations at
1535 rpm. From the graph, there is a very low
noticeable change due to the concentration change.
When zooming on graph, pure water has the
maximum head descending with concentration of
0.005, 0.01 and 0.02. The reason is that an increase
in oil concentration leads to an increase in friction
losses.

Fig. 4 (a), (b), and (c) shows experimental relations
between head, efficiency and shaft power,
respectively, and flowrate for pure water and oil of
density of 878 kg/m?® of different concentrations at
1535 rpm. Experimentally wise, there is a
noticeable change due to the concentration change.
It is noteworthy that in both analytical and
experimental studies the same order was followed.
The results, given in Fig. 4 (a), indicate that under
such emulsion fluid (oil-in-water) flow condition,
the centrifugal pump becomes unable to generate
the same head as produced in case of pure water
flow. Therefore, the pump head degradation
depends on the type of fluid flows through the
pump impeller. Results in Fig. 4 (b) show that if oil
concentration is  increased the efficiency
consequently decreases. This is due to an increase
in the flow viscosity. Fig. 4 (c) indicates that the
pump input power, at constant pump speed,
increases by increasing the value of oil
concentration in the mixture. This is due to the
increasing value of the mixture viscosity.

Fig. 5 (a), (b), and (c) shows a comparison between
analytical and experimental relation between head,
efficiency and shaft power, respectively, and
flowrate for pure water and oil density of 878
kg/m?®with a concentration of 0.005 at 1535 rpm.
From results, it’s evident that emulsion flow
followed the same trend as pure water. In head-
flowrate and shaft power-flowrate curves, Fig. 5 (a)
and (c), the experimental values are lower than
analytical values may be due to the accuracy of
measuring devices and the theoretical assumptions.
The curves have the same trend as those obtained
for pure water.

4.3. Water and oil (emulsion) with two
different oil densities (878 and 901 kag/m?).
Fig. 6 (a), (b), and (c) shows experimental relations
between head, efficiency and shaft power,
respectively, and flowrate for pure water and oil of
two different densities (878 and 901 kg/m?) with a
concentration of 0.005 at 1535 rpm.

The emulsion density is calculated from equation
(31), [37]:

Pemutsion = (1 = €)pwater + € Pour (31)
Pure water has density of 1000 kg/m® and emulsion
densities are declared in table 1. From figure, it is
obvious that as density increases, head and
efficiency increase. A low density of surface
patterning leads to a decrease of static friction
force, while a higher density weakens this effect.
Fig. 7 (a), (b), and (c) shows experimental relations
between head, efficiency and shaft power,
respectively, and flowrate for pure water and oil of
two different densities (878 and 901 kg/m®) with a
concentration of 0.01 at 1535 rpm. Results indicate
that, at constant pump speed, the head established
by the pump decreases with the flow rate increases
for both oil densities. The results also indicate that




the pump shaft power and its efficiency are
affected by changing oil density.

Fig. 8 (a), (b), and (c) shows experimental relations
between head, efficiency and shaft power,
respectively, and flowrate for pure water and oil of
two different densities (878 and 901 kg/m3) with a
concentration of 0.02 at 1535 rpm. Regarding to
concentrations of 0.005 and 0.01, results show the
same trend.

4.4. Air-water flow results

Fig. 9 shows a real view of the transparent pipe in
test rig and the position of the three stages; 1%, 2™
and 3" stages that have L of 90, 75 and 60 cm,
respectively. As L is the stage opining distance
from the pump.

Fig. 10 (a), (b), and (c) shows experimental
relations between head, efficiency and shaft power,
respectively, and flowrate for pure water and air
inserted at 1%, 24 and 3" stages at 1535 rpm. From
figure, values of head and efficiency for pure water
are the highest over the other values. As the
distance of entrained air from pump increases, head
and efficiency decrease.

The entrained air affects greatly on the pump
performance. It decreases its head and efficiency
and increases its shaft power. Therefore, entrained
air has a harmful effect on the pump suction
performance. Air or gas will widen in the impeller
inlet, this blocks the flow of liquid through the
impeller. Similar to cavitation, it causes decay in
the pump discharge pressure.

4.5. Water and air from each 3"stage for
two air flowrates (0.5 (6x10* kg/min) and 1
Ipm (1.2x1073 ka/min)).

Fig. 11 show a real view of the ventilation through
the transparent pipe at 1400 rpm piping at the 3™
stage.

Fig. 12 (a), (b), and (c) shows the relations between
head, efficiency and shaft power, respectively, and
flowrate for different air flowrate values (0.5 Ipm
(6x10* kg/min) and 1 Ipm (1.2x10° kg/min)) at
1400 rpm and 3" stage. From figure, values of head
and efficiency for pure water are the highest over
the other values. As air flowrate values increases,
head decreases, efficiency decreases and shaft
power increases.

Fig. 13 (a), (b), and (c) shows the relations between
head, efficiency and shaft power, respectively, and
flowrate for different air flowrate values at 1535
rpm and 39 stage. From figure, values of head and
efficiency for pure water are the highest over the
other values. As the amount of entrained air
increases, head and efficiency decrease.

Fig. 14 (a), (b), and (c) shows the relations between
head, efficiency and shaft power, respectively, and
flowrate for different air flowrate values at 1650
rom and 3" stage. From figure, values of head and

efficiency for pure water are the highest over the
other values.

5 Conclusions

In this work, the performance of a variable speed

centrifugal pump is discussed analytically and

experimentally  for  water, emulsion and
experimentally for water-air flows. Pump works at

three different pump rotation speeds (1400, 1535

and 1650 rpm) and eight flow rates (from 0 to 50

L/s). For each case, performance pump curves are

drawn using analytical and experimental analyses.

Moreover, comparison between both analyses is

obtained. From results, it can be concluded that:

1. For pure water, as pump rotational speed raises,
head, efficiency and shaft power raise.

2. For emulsion, three oil concentrations (0.005,
0.01, 0.02) and two oil densities (878 and 901
kg/m®) are used. When the oil concentrations
increase, head and efficiency decrease. The
shaft power also affected by changing oil
concentrations. Moreover, as density increases,
head and efficiency increase. The centrifugal
pump operating with emulsion flow becomes
unable to generate the same head as that
obtained in the case of pure water. The amount
of oil in the mixture plays a role in head
degradation process.

3. For water-air, air is injected from three stages
with two flow rates (1.2x10% kg/min (1L) and
0.6x10° kg/min (0.5L)). As the distance of
entrained air from pump increases, head and
efficiency decrease. As the amount of entrained
air increases, head and efficiency decrease
regardless to pump rotational speed.

The experimental results largely followed the

analytical results almost in all cases with the same

trend and a reasonable agreement.
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