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Investigation of the parameters of a centrifugal pumpworking
with a surfactant drag-reducing solution

Nguyen NgocMinh*

ABSTRACT
Flow resistance can be significantly reduced by adding a surfactant to the flow. As the flow resis-
tance decreases, the pump performance also changes. In this study, the characteristic curve of the
centrifugal pump was determined experimentally. The test was performed on solutions with dif-
ferent surfactant concentrations of 200 ppm and 400 ppm. The experimental results show that the
total head of the pump for the case of a surfactant solution is greater than that when working with
tap water. The efficiency of the pump for surfactant solutions also increases, but the shaft power
for the case of surfactant solutions decreases compared to that for tap water.
Key words: centrifugal pump, surfactant solutions, drag reduction, SIS

INTRODUCTION
Theflow resistance can be greatly decreased by adding
small amounts of polymer or surfactant1. Turbulent
drag reduction can be used to increase the flow rate
or reduce the pipe size and pump power consump-
tion. Virk reported that using polymer drag reduc-
ers can reduce drag by up to 70% 2. However, the
polymer solution is degraded under shear conditions
when the liquid is transported through the impeller
of the centrifugal pump3. Mysel also observed a de-
crease in turbulent drag, reducing flow with surfac-
tant additives4. Mysels reported that surfactants can
reduce drag by up to 80%. The advantage of surfac-
tant drag reducers is their ability to self-assemble af-
ter being broken by high shear stress. Therefore, sur-
factants can be applied in closed circulation systems,
such as district heating and cooling (DHC) systems
of buildings and factories. In such systems, the liq-
uid is circulated by centrifugal pumps in a closed cy-
cle. Therefore, the use of surfactant-reducing addi-
tives can significantly reduce the power consumption
of pumps in cooling and heating systems. The effect
of surfactant solutions on pump performance has also
been investigated by several researchers. Gasljevic
and Matthys used two centrifugal pumps with differ-
ent impeller diameters operating at 3450 rpm with a
solution of positive ionic surfactant resistance (Etho-
quadT13-50 ofAkzoChemical) withNaSal as a coun-
terion5. The results show that the head-flow rate re-
lationship is not affected by either pump with differ-
ent impellers, but the required pumppower is reduced
by up to 10%. However, these studies did not mea-
sure pump shaft power or study the effect of surfactant

solutions on pump performance. Ogata and Watan-
abe6,7 proposed amethod of drag reductionmeasure-
ment for pumps bymeasuring the torque acting on the
impeller with surfactant solutions (Ethoquad O/12 by
Lion) with NaSal as the counterion. The percent-
age ofmaximumdrag reduction is approximately 30%
when the Reynolds number is greater than 3×105.
This suggests that the surfactant additive can improve
the pump characteristics. However, in this study, the
effect of surfactant concentration on pump perfor-
mance was not mentioned. Ogata et al.6 performed
another experiment to investigate the effect of surfac-
tant concentration on pump performance. The results
show that the pump efficiency increases with increas-
ing surfactant concentration. However, the influence
of the rotational speed of the pump impeller on the
performance of the pump when pumping water with
surfactant additives is not clear.
In this study, the phenomenon of reducing resistance
in pipes with different concentrations (200 ppm and
400 ppm) was investigated. Moreover, the character-
istics of the pump, such as the head, efficiency, and
power consumption, were also investigated to evalu-
ate the influence of surfactants on the ability to save
energy.

MATERIALS ANDMETHODS
Materials
The cetyltrimethyl-amonium bromide (CTAB) sur-
factant solution (Glentham Life Sciences (England))
wasmixedwith a counterion (NaSal, Sigma−Aldrich).
The surfactants used for testing had concentrations of
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200 ppm and 400 ppm. The combination of surfac-
tant and counterion is described as follows: surfac-
tant concentration× number of moles (e.g., 200 ppm
× 10; 400 ppm × 10). In this study, the molar ra-
tio between the surfactant and the counterion NaSal
was chosen to be 10. We chose this ratio because, ac-
cording to some studies5,6, with this ratio, the solu-
tion has low viscoelasticity but still has a good ability
to reduce drag. Themixturewas dissolved in tapwater
and stored in a tank for 24 hours to obtain a physico-
chemical balance.

Shear viscosity measurement
A rotational rheometer with cone-plate geometry
(Discovery Hybrid HR-3, TA Instruments, USA, Fig-
ure 1) was used to measure the shear viscosity of the
surfactant solutions. The sensor had a diameter of 40
mm and a cone angle of 1 degree. All measurements
were performed in triplicate in steady shear mode
within 0.01–1000 s−1 at 20 ± 0.1◦C. The rheome-
ter was calibrated before measuring the viscosity of
the test solutions by measuring the shear viscosity of
deionized water.

Figure 1: The parameters of the cone-plate ge-
ometry.

Head and shaft power of the centrifugal
pump
The parameters of the centrifugal pump (1) were ex-
perimentally measured while running with tap wa-
ter and the CTAB surfactant. The experimental cir-
cuit is set up as shown in Figure 2. A tank (8) with
a volume of 150 liters was used to store the surfac-
tant solutions. Test pump (1) is a single-stage cen-
trifugal pump with a flow rate, head, and speed of
13 L/min, 14.5 m, and 3600 rpm, respectively (Obara
Pump, Japan). Thehead of the pumpwasmeasured by
a pressure gauge (5) (M5200, Sensys Korea), the flow
rate was measured with a flow meter (6) (FD-M 100,

Figure 2: Schematic for measuring the drag re-
duction and centrifugal pump parameters (1.
Centrifugal pump, 2. Electrical motor, 3. Couple, 4.
Torque transducer, 5. Absolute pressure sensor, 6.
Flowmeter, 7. Differential pressure sensor, 8. Tank)

Keyence America), and the torque was measured by a
torque transducer (4) (ATO-TQS-D01, ATO China).
In this study, we investigated the phenomenon of drag
reduction in a surfactant solution flowing through
an acrylic pipe with an internal diameter of 17 mm.
On the pipeline, a pressure transducer is designed to
measure the differential pressure (7) (DP15-Valydine,
USA). In addition, the speed of the pump is controlled
by an inverter (Mitsubishi FR-E520-0.75K, Japan). A
speed of 2350 rpm was also selected to investigate the
effect of the impeller rotation speed on the centrifugal
pump performance. The shaft power is estimated by a
torque transducer.

RESULTS ANDDISCUSSION
Shear viscosity

Figure 3: The shear viscosity as a function of the
shear rate.

Figure 3 shows the relationships between the shear
viscosity of the 200 ppm ×10 and 400 ppm ×10 sur-
factant solutions and the shear rate. For the 400 ppm
× 10 surfactant solution, as the shear rate increases,
the shear viscosity increases and reaches itsmaximum
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value at a shear rate of approximately 100 s−1. A sud-
den increase in the viscosity of this solution occurs
at sliding speeds ranging from 60 ¸ 100 s−1. After
reaching its maximum value, the viscosity decreases
gradually. For a solution of 200 ppm × 10, the shear
viscosity reached its maximum value when the shear
rate was approximately 800 s−1. The viscosity of the
200 ppm×10 solution spikes sharply in the shear rate
range (200 ¸ 800 s−1). Then, the viscosity decreases as
the shear rate increases. At very high shear rates, the
viscosity of the solutions is close to that of water.
For both the 200 ppm×10 and 400 ppm×10 solution
concentrations, as the shear rate increases from the
initial value to the critical value, the solution with the
higher concentration has a higher viscosity. The crit-
ical value of the shear rate is smaller than that of the
solution with a lower surfactant concentration. When
the shear rate reaches the critical value, both surfac-
tant concentrations above exhibit a sudden increase
in viscosity (shear thickening behavior). Many stud-
ies have shown that shear thickening solutions can
strongly reduce drag7–9. This phenomenon can be at-
tributed to the formation of gel-like structures under
the effect of shear-induced structures (SIS). Due to the
appearance of these SIS structures, which suppress ed-
dies and stratify flows, the flow resistance is reduced,
leading to an increased flow rate. After shear thicken-
ing occurs at the critical shear rate, the viscosity of the
solution shows shear thinning behavior.

Surfactant drag reduction in pipe flow

Savins10 was the first to use the phrase “Drag Reduc-
tion”. The drag reduction coefficient DR is the ra-
tio of the pressure gradient of the drag-reducing so-
lution (solvent with added drag-reducing additive) to
the pressure gradient of the soluble solvent (solvent)
at the same flow rate in the same pipe.

DR =
△p
△ps

(1)

where △p and △ps are the pressure gradients of the
drag-reducing solution and the soluble solvent, re-
spectively.
For turbulent flow in a circular cross-section pipe,
drag reduction is usually expressed as a percentage
(%) as follows:

DR% =
fS − f

fS
.100 (2)

where fS and f are the coefficients of friction of the sol-
vent and of the drag-reducing solution, respectively.

The coefficient of friction is determined according to
the following formula:

f =
D.△p

2.L.ρ.V 2 (3)

where D is the diameter of the tube, ρ is the density
of the solution, V is the velocity of the fluid in the
tube, and L is the length of the pipe that determines
the pressure gradient.
Virk et al.11 proposed the maximum drag reduction
asymptote (MDRA) by correlating the flow data for
different polymer solutions. The MDRA concept has
been used by drag reduction researchers and is called
the Virk maximum drag reduction asymptote. Differ-
ent soluble polymer solutions require different poly-
mer concentrations to reach the asymptote. That
equation is:

1/ f 1/2 = 19log10

(
Re f 1/2

)
−32.4 (4)

Or

f ≈ 0.58Re−0.58 (4000 ≤ Re ≤ 40000) (5)

For surfactant additives, the coefficient of frictionmay
be lower than the Virk asymptote. Based on data for
surfactant drag reducers in water and aluminum salts
in hydrocarbonmedia, Zakin proposed a new asymp-
tote for surfactant drag reducing additives12:

f = 0.32Re−0.55 (6)

Figure 4: Friction coefficients f as a function of
the Reynolds number for various surfactant so-
lution concentrations using a 17mm internal di-
ameter pipe.

Solutions of surfactants in water can form worm-like
micelles13. Compared with the reduced drag with
Newtonian fluids in turbulent flow at the same flow
rate, the presence of these micelles significantly re-
duces the flow resistance. Figure 4 depicts the friction
coefficients f as a function of the Reynolds number for
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Figure 5: The rate of drag reduction for different
surfactant concentrations.

water and different concentrations of surfactant solu-
tions. The results showed that the friction coefficient
is significantly influenced by the surfactant concen-
tration. The effect of the micellar solution on the co-
efficient of friction can be described as follows: The
first is the laminar flow (Re < 2300). As the surfactant
concentration increases, the coefficient of friction of
the surfactant solution increases. At this point, we can
see that the coefficient of friction of the surfactant so-
lution is greater than that of water. The second region
is the extended region (2300 < Re < 10000). The fric-
tion curves are parallel to Zakin’s maximum drag re-
duction asymptote12. In this region, the decrease in
the coefficient of friction from the Blasius formula in-
creases with the Reynolds number. At the end of the
extended region, drag reduction still occurs in our test
range (the maximum Reynolds number in our test is
60000).
The drag reduction rates of the 200 ppm× 10 and 400
ppm× 10 solutions were also calculated according to
formula 3 to clarify the effect of surfactant concentra-
tion on the coefficient of friction f. In our experiment,
the maximum value that can be achieved is approxi-
mately 52% (Figure 5). The increased binding of ad-
ditive molecules during drag reduction, which occurs
with increasing surfactant concentration, is thought
to be the cause of the increase in the drag reduction
rate. When the flow loss in the pipeline decreases,
the flow rate also increases, and the pump power con-
sumption decreases. In the following sections, the
influence of surfactant concentration on the perfor-
mance parameters and theworkingmode of the pump
will be discussed.

Effect of surfactant additive on the head
and shaft power of the pump
The surfactant solutions with different concentrations
of 200 ppm and 400 ppm were circulated in the sys-
tem at a pump impeller rotational speed of 2350 rpm.

Experiments were carried out at 25 ± 2◦C to investi-
gate the effect of surfactant concentration on the head
H, power P and efficiency ηP parameters of the pump
(Figure 4 and Figure 5).

Figure 6: Influence of surfactant concentration
on the head of the pump.

Figure 7: Influence of surfactant concentration
on the power of the pump.

Figure 6 shows that the total pump head for the case
of surfactant solution is greater than that for tap water
at the same flow rate, and as the surfactant concentra-
tion increases, the head also increases. For pumps,
the shaft power is also an important parameter. The
above experimental results show that the shaft power
for the 200 ppm and 400 ppm solutions is significantly
reduced at the same flow rate over the entire working
flow range (Figure 7).
To evaluate the effect of surfactant concentration on
the total head of the pump, we investigated the dimen-
sionless coefficient of the head ηP:

ηP =
HS −HN

HN
100% (7)

whereHN andHS are the total head for tap water and
the surfactant solution, respectively.
Figure 8 shows an increase in ηP as the surfactant
solution concentration increases. This provides suf-
ficient evidence that the total head of the pump in-
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Figure 8: The influence of surfactant concentra-
tion on the head coefficient.

creases as the surfactant solution concentration in-
creases at the same flow rate.

Change in the pump operating point
Based on the relationship between the pump head
and the system head curve, it is possible to deter-
mine the operating point of the pump. Figure 9 shows
the relationships between the pump head and system
head for tap water and 400 ppm surfactant solution at
25±2◦C. Due to the reduced pressure loss, the system
head curve of the pump for the 400 ppm surfactant
solution is greater than that for tap water. This in-
crease in the head density was previously mentioned
by Zakin 14. The experimental results of this research
group indicate that the pressure loss is reduced when
Rew > 2300. In addition, the ability to reduce drag in-
creased as the concentration of the surfactant solution
increased.

Figure 9: Influence of surfactant concentration
on the operating point of the pump.

It is clearly observed that the total pump head in-
creases for the 400 ppm surfactant solution, as shown
in Figure 9. The operating point (A) for the case of
tap water changes to the new operating point (A’) for
the case of surfactants. The pressure loss reduction ra-
tio△H and flow rate increase rate△Qwere 6.9% and

9.3%, respectively.

CONCLUSION
The performance characteristics of centrifugal pumps
are measured experimentally when running with tap
water and surfactant solutions. By analyzing the ef-
fects of surfactant solution on pump performance,
pump running state change, and concentration, we
can draw the following conclusions. The total pump
head increases as the surfactant solution concentra-
tion increases, but the shaft power decreases. In ad-
dition, the head efficiency of the pump when oper-
ating with the surfactant solution is also higher than
that when operating with tap water, and the head effi-
ciency increases with increasing rotation speed of the
impeller. Thus, by using surfactants, we can reduce
the power needed to drive the pump, reducing the ini-
tial investment cost of the system.
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