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Abstract. This paper deals with the comparison of empirical computational models used to
achieve the geometrical parameters of pumps impellers with models based on
Computational Fluid Dynamics (CFD) simulations and optimization algorithms. Also, the
actuality of the empirical models application in modern pump manufacturing industry is
analyzed. Further, an empirical model for calculating the pump impeller geometrical
parameters was presented. Applying this model, the calculation of the centrifugal pump
impeller parameters for CH 6,3/20 1,1-2 canned motor pump was performed. The procedure
for parameterization and generation of the geometric model based on parameters obtained
from this model through ANSYS DesignModeler was also presented. CFD simulation based
on ANSYS CFX was used to obtain the operating characteristic of the obtained centrifugal
pump impeller. The authors carried out the comparison of the results of the designed
model with the original one and with the optimized impeller obtained using optimization
algorithms and CFD calculations.
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Rezumat. In aceastd lucrare este prezentatd compararea modelelor de calcul empirice
utilizate pentru realizarea parametrilor geometrici ai rotoarelor pompelor cu modele bazate
pe simulari CFD si algoritmi de optimizare. De asemenea, este analizata actualitatea
aplicarii modelelor empirice n industria moderna de fabricare a pompelor. Totodata, a fost
prezentat un model empiric pentru calcularea parametrilor geometrici ai rotorului pompei.
Aplicand acest model, s-a efectuat calculul parametrilor rotorului pompei centrifuge pentru
pompa centrifugd cu motor capsulat CH 6,3/20 1,1-2. A fost prezentata procedura de
parametrizare si generare a modelului geometric pe baza parametrilor obtinuti din acest
model prin intermediul ANSYS DesignModeler. Simularea CFD bazata pe ANSYS CFX a fost
utilizata pentru a obtine caracteristicele de functionare a rotorului pompei centrifuge.
Rezultatele modelului proiectat au fost comparate cu cel original si cu rotorul optimizat
obtinut folosind algoritmi de optimizare si calcule CFD.

Cuvinte cheie: rotorul pompei, pompe centrifuge, calcul analitic, simuldri CFD.
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1. Introduction

Obtaining the geometry of turbomachines impellers is a complex problem, which can
be solved in several ways: the application of empirical models [1], based on experimentally
obtained data; specialized software that automates previous models [2,3]; and
optimizations based on Computational Fluid Dynamics (CFD) simulations and optimization
algorithms [4-7].

The paper presents the application of an empirical model to obtain a rotor with enhanced
characteristics.

Since the beginning of the 20th century, due to more determination of the
parameters of fluid flow in the working parts of centrifugal pumps, empirical models for
calculating the working parts of centrifugal pumps have obtained their contemporary form.
To obtain the geometry of the pump parts, design engineers made use of the empirical
mathematical models presented in the works of Pfleiderer (Germany, 1924), Stepanoff (USA,
1948), Lomakin (USSR, 1950) etc.

Before the massive application of CFD simulations, the design of pump working parts
was reduced to a large number of experimental iterations [8], with the geometry of the
pump parts changing at each optimization stage. In this paper, the optimized impeller
received by applying CFD simulations together with optimization algorithms [9], was
compared with the impeller obtained using analytical methods (primarily based on the
model evolution presented in the work [10]).

2. Theoretical considerations about centrifugal pump efficiency

The authors selected the centrifugal pump efficiency as the investigated criterion.
The Pump efficiency n represents the ratio of useful power P, and delivered power P and
can be represented by the following relation [11]:

= @

where: P is the total power,

P, - used power,

Q - fluid flow rate measured at the discharge pump connection,

H - pump head.

The losses in the centrifugal pump, in case of a centrifugal pump with a canned
motor (Figure 1) in its pumping part, are divided into hydraulic, volumetric, and mechanical
losses. The efficiency of the pumping part is calculated by Eq. (2) [8, 12-15]:

Mpm. = Mm 1 vs (2)

where: my, is the hydraulic efficiency, n, is the volumetric efficiency, and nm. is the
mechanical efficiency.

Hydraulic efficiencyn,, of a centrifugal pump indicates the efficiency a pump
converts the mechanical energy supplied by the electric motor into the hydraulic energy of
the pumped fluid [8, 10-12,16-19]:

Hi—2h
M= = (3)

where: H; is the theoretical pump head, and Xh is the sum of the hydraulic losses.

The following logarithmic relation is given for the preventive determination of the
hydraulic efficiency 7, [5]:
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7= 0,7 +0,0835lgD,, 4)

where: parameter D, = 43\/g is the nominal diameter, n being the pump shaft speed.

. - _
Figure 1. Representation of the pump model CH 6,3/20 1,1-2.

Hydraulic losses. The first type of energy loss in a pump is the one caused by the
hydraulic resistance to flow movement in the working parts of the pump being exceeded
[17]. By the friction losses during fluid movement in the channels of the flowing part of the
pump and losses due to the formation of vortices associated with the separation of the fluid
when flowing around different elements of the working parts of the pump [11].

Hydraulic losses occur due to frictional forces within the fluid, formation of areas of
increased turbulence, variation of flow direction, variation of the area and cross-sectional
shape of the pump part channels and losses caused due to flow separation from the
impeller walls.

The volumetric efficiency n, of a centrifugal pump points out the efficiency of
conveying the fluid flow. It is equal to the ratio of the pump’s actual flow rate Q to the ideal
flow rate Q;[8,10-12, 16-19]:

_o_ o
Tv =07 ovep ©)

where: Q; is the total flow and Q,is the lost flow.
For achieving the preventive determination of volumetric efficiency n,, the following
relation was used [10,11,18]:

Ny =—""7. (6)
140,681 3
Volume losses occur in the gaps between rotating and stationary parts, where fluid
leaks occur, reducing pump flow. Volume losses in the pump are often related to the liquid
flow from the impeller’s discharge area to its suction area. In order to minimize the leakage
flow due to pressure differences, the fit between the impeller and the pump casing is
reduced to a maximum [11,18].
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Mechanical efficiency n. of the centrifugal pump is the ratio of the power delivered
by the motor to the useful mechanical power of the pump [8,10-12,16-19]:

Py—AP _ AP

= =1 )

Py Py’

The following relation is used in the preventive determination of the mechanical
efficiency n,, [11]:

Nm = T oz - (8)

Mechanical losses are due to friction of the bearings, shaft seals and friction of the
outer surface of the impellers with the liquid (friction of the hub and shroud disks) [16,17].
Mechanical losses are divided into internal and external losses [11].

The external mechanical losses depend on the shaft dimensions, the type of end
seals and the rotational speed of the impeller and are attested in seals, slide bearings and
journals. Internal mechanical losses represent the losses occurred through hydraulic friction
of the hub and shroud disks.

For centrifugal canned motor CH and CMP type pumps, where the pumping part and
the electric motor are joined by a shaft, the total efficiency of the pump represents the
result of multiplying of the efficiencies of the pumping part and the electric motor:

n= np,m,'nm,e_z NmMTuallv: TmmMem. (9)

where: 17 .. is the mechanical efficiency of the electric motor,
1 em. IS the electromagnetic efficiency of the pump's electric motor.

We can mention that during the study the pump's electric motor has not been
modified, its efficiency remained constant (77,,.m. = 7 e.m. = const). As the mechanical and
volumetric efficiency of the pump impeller did not change considerably, it can also be
considered constant (7,, = n, = const), therefore in the given case, the study of the
variation on the pump impeller hydraulic efficiency is of interest 7.

3. Modelling the geometry of the centrifugal pump impeller

The empirical model described in [10,11,16-19], was used to obtain the parameters
of the geometrical model of the pump impeller. We can mention the main relations of
calculation of the centrifugal pump impeller parameters:
First, we determine the type of pump according to the corresponding specific speed [11,18]:

n, = 3,65-;1\/5, (10)
H%
where: n is the impeller rotational frequency, Q is the pump flow rate at the pump outlet,
and H is the pumping head.
To determine the dimensions of the impeller hub, we need to determine the shaft
dimensions, taking into account the pump power [10,11,18]:

H
p — PgQH
n

The shaft diameter is calculated [10,11,18] with the following relation:

d = 1703/; , (11)
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where: P is pump power and 7., - permissible mechanical stress at twisting.
Diameter of the impeller bushing is determined by relation [10,11,18]:
d, =d(1,25 + 1,5). (12)

The inlet speed of the centrifugal pump is determined by the following relation:
vo = 0,063/ 0Qn?2.
The impeller’s inlet diameter Do is calculated from the relation presented below,
resulting from the fluid flow continuity equation [11]:

Dy = |[—& 4 g2, (13)

7i,Vo
where: v, = 0,065/Qn? is the speed value at the inlet to the centrifugal pump.
The diameter of the blade’'s leading edge is established as follows:

The transport speed at the impeller’s blade inlet is set:
u, = 7rD1n. (15)

60
The absolute velocity at the leading edge of the blade is calculated as below:

vy = ”;‘1 (16)

where: y;is the coefficient of contraction of the liquid stream by the blade.
The width of the blade at the impeller inlet is taken:

by=1-—2 (17)

The angle of the blade is set as follows:
B, = arctg =L, (18)
Uq

The angle obtained is increased by angle of attack 4f5; = 3 + 8°.
Constructive angle f;; is determined by the following relation:

ﬁll = ﬂl + Aﬁl)
where: AB; = 3 + 8° is the angle of attack.
The impeller diameter is determined by the following relation:

Dz — 60u2, (19)

m

where u, = K,,,/2gH;, velocity u;at impeller outlet.
According to Pfleiderer's relation the number of blades Z is determined as follows:

7 =65 D,+D; sin (ﬁ‘z;ﬁl), (20)

D;—Dq

where: in the first approximation [10,18]: 5y = f; =15+ 30°and ', = B, = 18 =+ 20°.
The number of blades received is rounded up to a whole number.
The analytical calculation of the geometrical parameters of the pump CH 6,3/20 1,1-
2 impeller (Figure 2) was performed in the MathCad environment. The results are shown in
Table 1.
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Table 1
Blade construction parameters
Inlet Impeller Impelle.r Impeller Number . Impeller
. . channel width . of Specific .
diameter channel width at diameter efficiency
. at outlet b, blades speed ng .
Do, mm inlet by, mm mm D;, mm 7 (indicative)
26 31.75 12.75 128 6 47.62 0.8
hi-
i
L
¥
o) )
o
o !
Q _ _ _ _ _
Figure 2. Modelling of the meridian section of pump impeller.
The differential equation of the blade profile in the plane is [10,11,18]:
dar
-df = —. 21
r =" (21)
From relation (21), we obtain the angle of deployment of the blade [10,11,18]:
_ 180 (7 dr_

e TS (22)

The blade angle at any point surveyed at radius r can be determined if the
distribution of relative velocity w and meridional velocity is known a',,, without considering
the compression along the radius and the thickness of the blade S along the length of the

radius:

B = S 4 dm
sinf = i
When integrating the relation (22) we obtain:

1
B(r) = -

(23)

(24)
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At the end of the blade profiling, calculate, for any radius ry, the wrap angle
[10,11,18]:

_@ZK Bl+Bl+1A (25)

The determination of the palette parameters was also carried out according to the
methodology performed in [10] and is shown in Table 2.

Table 2
Blade construction parameters
Radial Impeller . .
coordinate channel AXIa.l Relative Pitch t, I.?»lade Plate Deployment
Pos. . velocity speed thickness
Ik, width b, ) angle B° angle 6°
Vm, Mm/s W, m/s 6, mm
mm mm
1 26 31.75 2.58 11.95 27.21 2.50 17.92 0
2 35.5 27 2.99 11.68 37.16 3.00 19.70 27.51
3 45 22.25 3.13 1141  47.10 3.50 20.40 48.37
4 54.5 17.5 2.98 11.14 57.04 3.25 18.94 65.15
5 64 12.75 2.55 10.86 66.99 3.00 16.23 79.15

4. Determination of impeller parameters obtained in ANSYS Workbench

4.1. Forming the geometric model in ANSYS DesignModeler

The geometric module used in the study was obtained in ANSYS DesignModeler. The
ANSYS BladeEditor tool was applied to obtain the parameterized geometric model, Figure 3.

The blade geometry was parameterized by varying the angle S of the blade at 5
points, keeping the blade thickness distribution constant along the length of the blade. The
values of angle [ were recalculated considering the direction of the pump’s impeller
rotation and entered as input parameters in the DesignModeler environment, Figure 4.

10,3

%‘.?5 0 * . i
=T

100,0

125,0

1571

0.0 12,5 25,0 375 50,0 62,5 75,0 87.5 100,0
% M-Prime (LE to TE)

Figure 3. Distribution of geometrical parameters Figure 4. Geometry of the pump

angle ¢ (blue) and 6 (grey) in relation to the length  impeller blades obtained in ANSYS

[ of the blade. DM.

Comparing the geometry of the impeller obtained from analytical methods based on
empirical models (Figure 4) with the original (Figure 5a) and the optimized (Figure 5b), we
can see that the impeller has kept the same number of blades as the original one (Z = 6),
but the blade wrap angle 6 has been increased.
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a) b)
Figure 5. Geometric model of the impellers:
a) the original impeller; b) the impeller with optimized blades

4.2. Forming the geometric model in ANSYS DesignModeler

Discretization of the pump impeller model was performed in ANSYS TurboGrid. This
grid generator was chosen because it provides automated discretization [20] algorithms
that can generate discretization grids for complex turbomachinery impeller geometries [21].

Figure 6 shows a grid created in ANSYS TurboGrid. The desired y* parameter equals
to 1 and the Reynolds number of the fluid flow equals to 5-10° in the pump impeller. These
settings were used to set the boundary layer’s characteristics automatically. The application
of ANSYS TurboGrid with the given parameters allows to obtain a sufficiently dense
structured grid, including the boundary layer description, which is necessary for a proper
description of the fluid flow. The discretization grid of the pump impeller obtained with Ng1
= 3-10¢finite elements was obtained.

>

Figure 6. Structured discretization network obtained in ANSYS TurboGrid.
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The ANSYS Meshing, a universal discretization environment, which thanks to its ease
of representation is the most commonly applied grid generator used in ANSYS [21]. It was
used to obtain the discretization grid of the suction connection and the pump casing volute.

In conducting the studies, the optimal discretization grid parameters were obtained
in convergence studies from [21,22]. On the walls of the flow zone the finite element size
of AS = 2 mm was selected, the inflation method with 20 inflation layers and the inflation
layer thickness of 3 mm was applied. Also, in the case of the pump casing volute model on
the area where the inflation method was applied, the sizing procedure with the finite
element size of 1.25 mm was also applied. The discretization grid of the suction connection
with Ns; = 0.65-10° finite elements and the grid of the pump casing volute with Ns; =
2.03-10¢%finite elements was obtained.

4.3. Flow simulation settings used in the study

The Total Pressure (Pinet = 1MPa) is indicated at the pump Inlet, with a low turbulence
state (1%). At the pump inlet the flow is completely formed of water in liquid form. The flow
is considered isothermal (t = 25°C), with zero reference pressure (P.s= 0 atm).

At the Outlet of the pump casing discharge pipe, the Bulk Mass Flow Rate, (Q = 1.75
kg/s) is indicated. The flow characteristics related to turbulence and cavitation at the pump
outlet are calculated with the Zero Gradient condition.

The impeller domain is required to run at 2950 min?. The SST (Shear Stress
Transport) model [23] is used in the simulation to describe the turbulent flow, model being
universal [21,24], which requires limited computational resources compared to transient
models. Considering that the simulation is based on the two-phase continuous fluid model,
the fluid consists of: water in liquid form with a temperature of 25°C and water vapors. In the
initial state the fluid consists of water in liquid form.

As a mass transfer model, the Zwart - Gerber - Belamri model [25] is applied. The
following calculation characteristics were applied: vapor saturation pressure — 3170 Pa and
mean bubble diameter - 2-10°.

As a Timescale Control model, the Physical Timescale option was selected, with time
step equal to 1w = 0.003237s.

4.4. Setting processing
parameters bl

As a stop computation condition ]
the following was selected: either the
final number of 1000 computation
iterations or the condition when the
residual error tolerance of 10° was
reached during the simulations. In order
to monitor the convergence, the i
following indicators were selected: static 1
and absolute pressure at inlet and 1,005 -
outlet, as well as torque with respect to
the rotation axis applied to the pump R
impeller. From Figure 7 we can see that 9 " = on o i

Accumulated Time Step

the calculation is convergent. Figure 7. Root mean square errors.

1.0e-01 o
1.0e-02 o

1.0e:03 | |4

Variable Value
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4.5. Analysis of the obtained results
The simulation of the pump’s impeller flow zone was performed. The simulation
results are shown in Figure 8.

Figure 8. Flow simulation results in the flow zone of the pump with impeller obtained by
analytical calculation: a) pressure field distribution; b) y* parameter values distribution; c)
streamlines showing flow velocity.

The comparison of the characteristics of the pump with impeller geometrical
parameters obtained by analytical calculations, with original one and with optimized
impeller obtained by coupling CFD calculations and optimization algorithms are shown in
Table 3.

Table 3
Comparison of the pump’s impeller characteristics
Pumping load, Impeller .
Impeller geometry mH,0 Torque, Nm efficiency Pump efficiency
Original 20.8 2.03 0.56 0.363
With optimized 19.9 1776 0.619 0.396
blades

Analytically 21 191 0.6 0.384

calculated

The highest efficiency was obtained by the impeller with optimized blades M=
61.9%, but the impeller obtained by analytical calculations n.: = 60%, also shows superior
characteristics to the original one. We can also see that the analytically calculated impeller
presented the highest pumping head of all the presented impellers, but within the allowed
Llimits.
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5. Conclusions

The theoretical considerations on centrifugal pumps have been presented in the
paper. We can see that, although over the years we can notice a significant progress in
theory, the empirical computational models are losing to optimizations based on CFD
simulations and optimization algorithms, but can be used as a benchmark in an
optimization process.

The calculation based on the empirical model of the geometrical parameters of the
centrifugal pump impeller was carried out and compared with the optimized geometrical
model. We can see that the highest efficiency was obtained by the impeller with optimized
blades nwt = 61.9%, but the impeller obtained by analytical calculations nw.: = 60%, which is
higher compared to the original impeller Nt = 56%.

Conflicts of interest: The authors declare no conflict of interest.
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