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Abstract. The article presents the results of research devoted to the design
and numerical calculation of a low-flow high-head centrifugal pump with
Barske-type impeller using computer simulation methods. The main features
of fluid flow hydrodynamics, as well as the influence of a number of design
geometry on the energy and cavitation characteristics of the pump, are
found. The focus is on the analysis of the influence of the end gap between
the impeller blades and the casing, as well as the cavitation qualities of the
pump. The issue of cavitation qualities of a pump with different geometry
of the pump inlet area investigated. In addition, a comparison of different
outlet types and the selection of the best option provided. Analysis of the
importance of installing the ribs in the suction line, taking into account the
vortex structure of the flow in the impeller, was carried out. In addition, the
results of changes in energy characteristics when pumping a working fluid
with high kinematic viscosity are given.

1 Introduction
The technological processes of the oil and gas processing and petrochemistry require an
application of the low-flow centrifugal pumps (Q = 5…25 m3/h). Considering the specifics
of these industries, the pumps must comply with the requirements of API 610, which imposes
a number of restrictions both on a pump design in general, and on its energy characteristics.
The conventional low-speed closed impellers (nq = 5.5...8.0) have relatively narrow bladeto-blade channels, which can cause some technological problems in the production of such
impellers. These difficulties can be avoided by applying the semi-open impellers. In terms of
creating a new line of the low-flow high-head overhang centrifugal pumps of the 2NK series
by the JSC "HMS Group" (figure 1).
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Fig. 1. 3D model of the 2NK type pump.

The research work was carried out to identify the features of hydrodynamic processes in
the flow part of a pump with a semi-open impeller, which determine the energy and cavitation
characteristics of such pump.
The following general requirements must be taken into account when designing the flow
part:
 Head curve H = H(Q) in the flow range of Q = (0.3...1.25)Qrated (Qrated – rated flow)
should be of low steepness (almost horizontal);
 NPSH3 in the operating range shall be less than NPSH3 < 2.0 m;
 An easy assembly and disassembly by refinery station employees shall be ensured;
 Maximum design unification with 2NK series pumps shall be provided.
The Barske-type impellers are widely used under the low flow and high head conditions
(nq = 4...7) (figure 2).

Fig. 2. Semi-open Barske-type impeller [1].

At the same time, in the USSR’s practice, the semi-open Dobrokhotov-Ivanov type
impellers with an efficiency of up to η = 40…45 % are known. The blade profile of this
impeller is not strictly radial if compared with the Barske-type impeller (figure 3).

Fig. 3. Semi-open Dobrokhotov-Ivanov type impeller.
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The main feature of the hydrodynamic process occurring inside the impeller of this type
is the formation of a system of radial vortices in each blade-to-blade channel due to the
"opening" of an axial gap between the casing and the blade-to-blade channel on both sides
(figure 4).

Fig. 4. Radial vortex in the inter-blade channel of the Dobrokhotov-Ivanov type impeller.
The presence of this vortex structure results in as follows:
 The head is increased by up to 40% as compared to the closed impeller.
 The head doesn't depend on the gap value (within certain limits) between the impeller
blades and the casing (figure 5). The numerical experiment confirmed the independence of
the head parameter from the value of an axial gap (Gap = 0.05b2…0.25b2, where b2 is a width
of an impeller at the outlet) and maintaining a high level of efficiency (figure 6).

Fig. 5. Gap between the impeller blades and the discharge casing.
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Fig. 6. The results of a numerical experiment for a pump with the Dobrokhotov-Ivanov type
impeller.
Since the low-falling shape of the head curve is preferred according to the requirements
of API 610, the application of an impeller with radial blade (blade angle β2b = 90°) – a
Barske-type impeller [2] – is further considered.
This article presents a part of the results of the research work, the purpose of which was
to use the CFD tools at the design stage to answer practical questions related to the geometry,
flow hydrodynamics and future operation of the pump, including:
 Influence of the outlet casing on the energy characteristics and the overall dimensions.
 Stability and shape of the pump head curve when varying the size of the tip clearance
(Gap) between the impeller blades and the casing.
 Cavitation pump characteristics.
 Influence of the fluid viscosity on the energy characteristics.
 The influence of the pump inlet elements on the flow hydrodynamics in the suction
pipeline in the under-load modes.
The article presents the results of the design and numerical calculation of the 2NK 16125 pump (nq = 4.7) with the Barske-type impeller.

2 Research method
The analysis of the integral energy and cavitation parameters, as well as the hydrodynamics
of the flow inside the flow part of a pump, was carried out on the basis of a numerical
experiment using the PumpLinx software (Simerics) [3–5]. The design model is shown in
figure 7. It allows simulating the flow of liquid in the full flow part, taking into account the
supply and discharge pipelines (same as on the test bed).
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Fig. 7. The flow part model for the numerical experiment.

3 Selecting the outlet casing
Analysis of an outlet casing number showed that the single-channel diffuser (figure 8), which
is similar to the traditional spiral volute with flow output to the axis, is preferred in terms of
a combination of factors such as energy efficiency, manufacturability, weight and size
characteristics, and the possibility of a replaceable rotor application. As a comparison, figure
9 (a) shows the flow patterns for three-channel diffuser, the application of which results in a
13 % efficiency reduction as compared to a single-channel diffuser, as well as the 9-channel
diffuser (a drop in efficiency by 18 %) – figure 9 (b).
In further calculations, single-channel diffuser was used as an outlet casing.

Fig. 8. The velocity field in a longitudinal section of the flow part with a single-channel diffuser.
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(a)

(b)

Fig. 9. The velocity field in a longitudinal section of the flow part with various options of the outlet
devices:  = −13 % (a);  = −18 % (b).

4 Correlation between the energy characteristics and the tip
clearance (gap)
One of the most important questions when considering the operation of pumps with semiopen impellers is the effect of the tip clearance (gap) between the blades and the casing on
the change and stability of the head curve. This is also stated, for example, in [6].
According to the results of numerical calculations, in case of the investigated flow part
(figure 8) in the gap range of Gap = (0.03…0.25)b2, the steepness of a head curve decreases
as the gap decreases (figure 10).

Fig. 10. Dependence of the energy characteristics on a value of the gap according to the results of a
numerical experiment.
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In case of a small gap (Gap = 0.03b2), the gradual relative reduction of the head with
decreasing flow rate is a consequence of the fact that the smaller the gap, the smaller the
attached mass of liquid, which circulates between the impeller channels and gives an
additional circulation (figure 11).

(a)

(b)

Fig. 11. Dependence Streamlines at gap with Gap = 0.25b2 (a) and Gap = 0.03b2 (b), mode
Q = 0.006Qrated.

These results are in full agreement with the following theoretical assumptions. It is known
from the theory [7], that the theoretical pump head characteristic under the assumption of an
infinite number of blades with β2b = 90° does not depend on flow rate, that is the head
characteristic is horizontal (figure 12). If the gap decreases (tending to zero), we approach
the option of the closed impeller with blades that have an output angle β2b = 90°.

Fig. 12. Characteristics of a centrifugal pump for various blade shapes [7].
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Consideration of the flow hydrodynamics for the flow part with Gap = 0.25b2 in the
blade-to-blade channels of the impeller at different modes of operation (figure 13) shows that
the intensity of the vortex flow changes slightly. It increases slightly in the under-load modes.
These results are consistent with the fact, that the head curve has a declining shape with a
slight steepness. The value of the transient pulsation of gap vortex as an important factor for
flow instability and stall of centrifugal impeller was established also in [8].

(a)

(b)

Fig. 13. The distribution of streamlines at the end gap at different modes of operation: Q = 16 m3/h (a);
Q = 0.1 m3/h (b); Gap = 0.25b2.

Besides, it was found that it is possible to adjust the axial force Faxial, acting on the pump
rotor, by varying the number of balance holes in the hub disc. In our case, the control range
was from Faxial = 17 000 N (hub disc without balance holes) to Faxial = 350 N (three rows of
balance holes in the hub disc). Confirmation of the balance holes value on the axial thrust
was also set in [9].

5 Cavitation research
An analysis of the numerical experiment data showed that for a Barske-type impeller with a
vortex flow in the blade-to-blade channels the same picture is observed as for classic
centrifugal impellers: the wider the inlet throat area, the higher the anti-cavitation properties.
This is visually demonstrated by the cavern development pattern at the Q = 1.0Qrated mode
(table 1). At the same time, as the inlet area is extended, the energy performance loss is not
observed, whereas such loss usually occurs when the throat of a classical centrifugal impeller
is extended significantly. The cavern development pattern shows that caverns begin to appear
in the impeller inlet area at a cavitation velocity coefficient of nss = 64, which can be
explained by a 90-degree flow direction change and a sharp local increase in the velocity and,
consequently, a decrease in static pressure in this area.
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The effect of a pre-installed inducer on the change in cavitation properties is also an issue
of interest. Several inducer options with a different blade solidity and location in front of the
impeller were considered. A common conclusion for all considered options is that the
installation of the inducer leads to the fact that the structure of the flow at the impeller blades
entrance becomes worse, the local speed increases and, therefore, the appearance and
development of cavities becomes earlier in comparison with the options without a inducer.
Fig.15 shows a comparison of the caverns development patterns for the options with and
without the inducer at Q = 1.0Qrated. The positive effect of uniform flow upstream of the
impeller inlet on improving the cavitation performance was found in [10].
Table 1. The development of the caverns for the different options at Q = 1.0Qrated.
Narrow throat area

Wide throat area

Inlet
pressure
, Pinlet,
kPa

75
(nss = 46
)

50
(nss = 64
)

30
(nss = 10
0)

9

With inducer
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20
(nss = 15
3)

As a result, the NPSH3 curve for the flow range Q = (0.3...1.25)Qrated was obtained
(figure14) for pump option with an extended cylindrical inlet area and without inducer. As it
can be seen from the chart, the NPSH3 = NPSH3( Q ) parameter does not exceed
NPSH3 = 1.2 m, which satisfies the initial design requirements for this pump
(NPSH3 < 2.0 m).

Fig. 14. NPSH3 curve of the 2NK16-125 pump without an inducer.

6 Inlet rib
One of the requirements for this type of pump is a steady operation in a wide flow range:
Q = (0.3...1.25)Qrated. From this point of view, an important issue is the reliability of the
connected pipelines operation, including the permissible noise and vibration level in the
suction pipeline, associated with development of the reverse vortices at the impeller inlet in
the under-load flow modes and further spread of this vortex into a suction line. In addition,
in contrast to the conventional closed centrifugal impeller [11], the impeller with radial blades
has a vortex motion in the blade-to-blade channels in all operating modes. In this regard, the
effect of installing the inlet rib in front of the impeller was considered.
Table 2 represent a visual comparison of the numerical calculation results for two
options – with and without a rib. When comparing a flow in the suction pipe in the rated
mode Q = Qrated (table 1), it can be noted that the installation of a rib makes the flow structure
before the impeller more uniform, although even in the case of no rib the vortex does not go
into the suction line. A different picture is observed in the under-load mode Q = 0.3Qrated
(table 1): in the absence of a rib, a more intensive twisted vortex structure, formed at the
impeller inlet area, spreads to the suction pipe area at a much greater distance.
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Table 2. Flow structure in the suction pipe at different operating modes.
Q = 1.0Qrated

Q = 0.3Qrated

With
inlet
rib

Witho
ut
inlet
rib

In terms of influence on energy parameters, it was found that an inlet rib barely affects
the head curve in this case (figure 15).

Fig. 15. Influence of an inlet rib on the head curve.

Thus, one can conclude that the installation of a rib is essential for the pumps with Barsketype impellers.

7 The influence of a viscosity on the energy characteristics
Since the 2NKseries pumps are used in the refinery and petrochemical processes, the
kinematic viscosity of operating fluid may differ. Therefore, an issue of changing the head
and efficiency high viscosity is of practical interest [12]. As an example, figure 16 shows a
dimensionless compare of the head and efficiency curves for two viscosities, which shows
that when the kinematic viscosity is increased to ν = 85 cSt, the head decreases by 30 %,
while the efficiency decreases by 17 %.
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Fig. 16. The comparative results of a numerical simulation of the flow with different kinematic
viscosity.

In terms of hydrodynamics, as the viscosity increases, the intensity of circulation in the
gap decreases, the liquid flows along the casing in this area "without going" into the impeller
channels (figure 17).

(a)

(b)

Fig. 17. The flow in the impeller channels and gap at the kinematic viscosity of ν = 1 cSt (a) and
ν = 85 cSt (b) at Q = 1.0Qrated.

8 Conclusion
 The basic hydrodynamic features of a low-flow high-head pump with a Barske-type
impeller were revealed on the example of the 2NK 16-125 (ns = 17) pump by means of the
numerical simulation tools.
 The most preferable type of an outlet casing was determined in terms of energy
efficiency, as well as the requirements for manufacturability and the possibility to use the
interchangeable rotors.
 Analysis of the flow hydrodynamics in the flow part showed the possibility of regulating
the degree of steepness of the head curve Н = Н(Q) by changing the tip clearance (gap)
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between the impeller blades and the casing while maintaining the pump efficiency at the level
of η = 31.5 %.
 A number of numerical calculations for different pump inlet configurations, including
configuration with a pre-installed inducer, revealed the possibility of ensuring the NPSH3 of
less than 2.0 m throughout the entire working flow rate range without application of an
inducer.
 The correlation between changes in energy parameters and the liquid kinematic
viscosity was determined.
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