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ANDRZEJ BLASZCZYK*

Numerical and experimental flow investigations in
pump channel elements

Institute of Turbomachinery, Technical University of Lodz, 93-005 Lodz, Poland

Abstract

The results of numerical and experimental investigations of hydraulic system elements (an
impeller and a vaned diffuser) of the selected pump have been presented. The code [5, 8] that
solves the three-dimensional viscous flow of a compressible and incompressible fluid and that
has been developed at the Institute of Turbomachinery, Technical University of Lodz has been
employed in the numerical calculations. The experimental investigations of the selected pump
type have been carried out on the test stand that allows, among others, for measurement of
the working medium volume flow rate; measurement of power and frequency of rotations and
measurement of local pressures in selected control planes and points.

Keywords: Pump; Numerical analysis; Experimental analysis; Flow structure; CFD

Nomenclature

—  channel width

— absolute velocity

— diameter or the function of dissipation

total head

— Jakobian

—  blade length measured along the blade camber line arc, gap length
pressure

contravariant velocity components
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72 A. Blaszczyk

— blade thickness

— number of impeller blades, co-ordinate of the Cartesian co-ordinate system
— number of vanes in the vaned diffuser

discharge, volume flow rate

— relative velocity

— co-ordinates of the hydraulic system

— slope angle of the vane camber line of the vaned diffuser

— angle between u and w of the working medium stream

— slope angle of the blade camber line

— angle in the polar co-ordinate system (circumferential direction)
effective dynamic viscosity

— coefficient of the blocking area

total efficiency of the pump

— rise (occurs with the symbol of a given quantity)

density of the liquid pumped

— stress tensor
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Subscripts and superscripts

D —  vaneless diffuser

h —  hydraulic

K —  vaned diffuser

KT - discharge nozzle

m — meridional

max — ~maximum

N — nominal

PW - water jacket

r — radial

s —  losses

U — circumferential

up — front gap

w — impeller

t — pump outlet

0 — impeller inlet

il — impeller blade wheel inlet
2 — impeller outlet

3 — inlet to the guide vanes
4 — vaned diffuser outlet

5 —  water jacket outlet

All quantities are expressed in the fundamental units of the SI system.

1 Introduction

Impeller pumps belong to most commonly used machines. It is difficult to
name all the branches of the national economy they have been applied in.

According to [4], 20+30% of the electrical energy generated in individual
countries is used to drive pumps. Other types of pump driving motors should be
mentioned here as well, such as: steam turbines, internal combustion turbines,
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air turbines, combustion and hydraulic engines, whose share as the driving power
of pumps is lower, but still significant.

Modern impeller pumps, especially those of high power, should be charac-
terised by the maximum level of efficiency 1 = nmnqs that can be achieved under
present technological conditions, at the required performance parameters H (Q)
and P (Q). It is connected with a need to optimise all elements of the pump stage
during the designing process.

Such possibilities are offered by widely developed numerical methods for flow
structure investigations in machine elements. These methods are at present used
in analyses and qualitative evaluations of velocity and static pressure distributions
in hydraulic passages of machines.

The sufficiently accurate calculation of the actual flow that occurs in turbo-
machines requires a numerical solution of the complete system of Navier-Stokes
differential equations of motion. However, it is impossible now to design the op-
timal geometry of pump elements at the assumed parameters H, @, n by means
of this method.

At present, the process of designing and optimisation of pump hydraulic sys-
tems is carried out in two stages:

I. Determination of main dimensions of hydraulic passages with a method
based on the one-dimensional flow model.

II. Analysis of local parameters of the working medium in pump hydraulic pas-
sages conducted with three-dimensional (3D) flow computational methods,
with a possibility of correction of main dimensions.

The results of numerical calculations of the flow through the impeller and vaned
diffuser channels of the selected pump type are presented and compared with the
results of experimental investigations. This analysis results from the occurrence
of these quantities in both stages of the pump designing process.

2 Hydraulic system of the pump

The pump hydraulic system consists of an impeller, a vaneless diffuser, a
centrifugal vaned diffuser with a radial-axial flow, a water jacket being a cooler
of the engine at the same time, and a discharge nozzle. A scheme of the hydraulic
system is presented in Fig. 1.

The main dimensions of the impeller and the radial-axial vaned diffuser are
presented in Tabs. 1 and 2, respectively.

The main dimensions have been established by means of one of the design
methods based on the one-dimensional flow model. The values of hydraulic pa-
rameters of the impeller and the vaned diffuser determined with this method have
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Figure 1. Scheme of the hydraulic system and the arrangement of holes for measurement of static
pressures on pump channel walls. Notation: W — impeller, D — vaneless diffuser, K —
radial-axial vaned diffuser, PW — water jacket, KT — discharge nozzle, d — level of the
liquid in the tank, 0.1, 0.2, 0.3, 0.4 — ¢ 0.5 mm holes for static pressure measurements
in the pump suction nozzle, 2P, 2T — ¢ 0.5 mm holes for the receipt of the static
pressure signal in the impeller inlet cross-section, 3.1, 3.2, 3.3 — ¢ 0.5 mm holes for
the receipt of the static pressure signal at the vaned 3.1’, 3.2/, 3.3’ diffuser inlet, 4.1,
4.2, 4.3 — ¢ 0.5 mm holes for the receipt of the static pressure signal at the vaned
4.1, 4.2/, 4.3' diffuser outlet, 5.1, 5.2, 5.3, 5.4 — ¢ 0.5 mm holes for static pressure
measurements at the discharge nozzle inlet, t1, t2, ts, ta— ¢ 0.5 mm holes for static
pressure measurements at the discharge nozzle outlet.
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Table 1. Main dimensions of the impeller

IMPELLER
1 2 3 4 5| 6 T 8 9. ohl0 el e r 12D 13 14
DO D1 b] 81 f D2 b2 S2 ; Z l Dug bup lup
[m] [[m]) [m] | [m] [[°]][m]| [m] | [m] [[°]|-|[m]] [m] | [m] [ [m]
0.085(0.08|0.061|0.00735|17{0.28|0.015|0.0175|11.5| 3 {0.44|0.115|0.0003|0.017

Table 2. Main dimensions of the diffuser

VANED DIFFUSER

1 2 3 4 5 6 7 8 9
D3 b3 83 o3 | Dy, | Daw Sa o) | 2k
s 0 R 0 T L R R TR D

0.32 | 0.024 | 0.005 | 9 | 0.42 | 0.3555 | 0.06 | 90 | 6

been shown together with the results of numerical calculations on the subsequent
diagrams.

3  Determination of local parameters of the work-
ing medium flow through the pump with the three-
dimensional calculation method

3.1 Basic equations

For the calculations of 3D flows in hydraulic passages of the impeller and
the radial-axial vaned diffuser (Fig. 1), a code solving the 3D viscous flow of a
compressible and incompressible fluid that has been developed at the Institute
of Turbomachinery, Technical University of Lodz, has been employed. The the-
oretical basis and the calculation algorithm have been discussed in [5, 8]. The
primary equations (Eqgs. (1) and (2)) are formulated in the curvilinear system of
co-ordinates and have the following form:

o (pv?
55(§>=m &
) '<_pvjvn nd

) = 2 £
S +§)+§%FMW+WM~——
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where the centrifugal force and the Coriolis force in the curvilinear system equal:
f = |w ™ 4 26"k, - S (3)

and the stress tensor is equal to:

e i, Ov np OV Og™
T = <g”“aw,€ +g kaa:k G vk> : (4)

In the numerical calculations of flows through the selected hydraulic passages of
the pump, an algebraic program of the Baldwin-Lomax model of turbulence has
been applied [1]. In this program, the effective viscosity for the determination of
stresses has been presented as a sum of the following components:

fef = p+ pr (5)

where: pu — molecular viscosity, ur — turbulent viscosity.
A detailed description of the determination of the viscosity p and pr is pre-
sented in [1].

3.2 Boundary conditions

The system of Egs. (1) and (2) is an elliptic system of partial equations that
requires the following boundary conditions to be posed:

e Velocity profile at the inlet to the computational domain; in each node of
the computational grid, the respective velocity components are given on
the inlet surface.

e Distribution and values of the static pressure at the calculation channel
outlet (Fig. 2).

e Zero gradient of the static pressure at the calculation channel outlet.
e Velocity equal to zero on the calculation channel walls.
e Periodicity along the direction z? (the grid has been built in such a way as

to make the co-ordinate 22 correspond to the circumferential direction).

In the impeller and vaned diffuser passages under consideration, the following
conditions have been assumed:

e Homogenous velocity profile without the circumferential component at the
impeller inlet that results from the mass flow rate in the impeller.

e Identical value of the static pressure on the outlet surface, along the radius
longer by 15% than the outer radius of the impeller. The individual velocity
components at the impeller outlet have been averaged as follows:
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Figure 2. Assignment of the boundary values to the wall.

1. radial component has been averaged on the basis of the equation of
mass flow rate, according to the following relationship:

2m

EZT(Z) = 51% /CQng; (6)

0

2. circumferential and axial components have been averaged, while main-
taining the moment of momentum constant, according to the equa-

tions:
27
1
2u() = 5 [ (war + ) v (7
T
1 2
() = 5 / o oS (8)
T
0

o Obtained velocity field of the medium flowing from the impeller along the
radius equal to the inlet radius to the centrifugal vaned diffuser channel is
the boundary condition at the inlet to the stationary passage of this vaned
diffuser.

e Calculation inlet surface to the centrifugal vaned diffuser stationary channel
was situated along the radius shorter by approx. 15% than the real inlet
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surface; therefore, the averaged values have been recounted: the radial com-
ponent — in such a way as to obtain the mass flow rate in the centrifugal
vaned diffuser channel (including the respective leakage), whereas the cir-
cumferential and axial components have been determined employing the
principle of constant moment of momentum.

e Constant static pressure at the outlet of the channel of the centrifugal vaned
diffuser with the radial-axial flow.

3.3 Calculation algorithm

For the three-dimensional calculations, an NSE (Navier-Stokes Elliptic) soft-
ware package written in Fortran 77 (developed at the Institute of Turbomachinery,
Technical University of Lodz, by Rabiega) has been applied. The code of the cal-
culation procedure of the effective viscosity has been developed and used, among
others, in [3]. The procedures written by Rabiega and Papierski [7] in AutoLisp
and operating in the AutoCAD graphical environment have been employed as
the pre-processor.

These procedures allow one to generate a computational grid in an interactive
way on the basis of the geometry drawn in AutoCAD. As the post-processor, the
commercial TECPLOT software made by Amtec, which allows for the graph-
ical presentation of the distributions of velocity and pressure fields, has been
employed.

A block scheme of the calculations, quoted after [3], is presented below.

4 Results of numerical and experimental investiga-
tions

Below, the results of numerical and experimental investigations conducted
for the selected P1 pump type are discussed.

The comparison between calculation and experimental results of hydraulic
system elements (impeller, vaned diffuser) has been carried out in order to eval-
uate the posed boundary conditions in Egs. (1) and (2), the assumed model of
turbulence in the light of the two-stage designing process of the pump (Section 1).

The application of the results of numerical experimental investigations of only
impellers and vane diffusers follows from the fact that they play a decisive role
in the energy transfer to the flowing medium and in the exchange of the kinetic
energy into the potential one (Fig. 3). The calculations have been carried out
for three discharges, whose values are given on the diagram. The pump nominal
discharge is equal to Q = 0.04789 m3/s.
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15 Zm—m” < e, where: ZS,’;W — sum of non-balanced mass flow rates in all control volumes, i —

mass flow rate in the channel, e = le — 5 — arbitrarily assumed value;

max(AVi)
V‘L

nent during the iteration step, V* — contravariant velocity component, € = le — 4 — arbitrarily

assumed value;

< €, where: max (AV") — maximum change in the i*” contravariant velocity compo-

5 v EiESn) < ¢, where: max(Ap) — maximum change in the dynamic viscosity, 4 — dynamic

viscosity, € = le — 5 — arbitrarily assumed value.
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Figure 3. Comparison of the mean static pressure rise in hydraulic elements of the pump, de-
termined on the basis of measurements and 3D calculations (notations as in Fig. 1).

4.1 Results of the numerical 3D flow analysis
4.1.1 Results of flow calculations in the P1 pump impeller

The algorithm presented in Section 3.3 has been applied in the calculations of
local parameters (static pressures and velocities) of the medium flowing through
impellers and vaned diffusers. The geometrical parameters of the PS pump im-
peller are presented in Tab. 1, whereas the graphical illustration and the inlet
and outlet computational domains are shown in Fig. 4.

Figure 4. Geometry of the blades and the calculation channel of the P1 pump impeller.
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It has been assumed at the beginning of the inlet region that the velocity cq
is constant and equal to the value that results from the balance assumed in the
calculations of discharge. On the other hand, at the end of the outlet region, the
condition that the static pressure is constant has been posed.

Figure 5. Computatlonal grid of the P1 pump impeller channel. Grid size 2! = 140, z° = 41,
=31

Figure 6. Distribution of relative velocities and static pressures on the mean stream surface of
the P1 pump impeller. Nominal discharge.
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The computational grid assumed for the selected impeller, together with the
extended regions at the inlet and outlet, have been shown in Fig. 5. The outlet
and inlet computational domains have been generated with the grid lines z!
drawn along the radial direction, z2 — along the circumferential direction, and z3
— along the axial direction.

Figure 6 shows the distributions of velocity vectors in the selected control
planes and the distributions of static pressures along the channel length for the
mean stream surface.

In order to evaluate the obtained results, the fields of velocity and static
pressures have been averaged in control cross-sections 0, 1 and 2 (Fig. 1). Thus,
the averaged quantities, characteristic of the flow through the impeller, have been
obtained, namely:

e velocity at the impeller inlet ¢,

e meridional component of the absolute velocity cim,

e relative velocity wy,

e inlet angle 81 and the angle of incidence d1,

e relative velocity ws,

e meridional component of the absolute velocity com,

e circumferential component of the absolute velocity coy,

e outlet angle s,

e static pressure rise in the impeller Apg_a,

e hydraulic losses expressed in the form of the equivalent pressure Apgy .
The above-mentioned quantities have been compared in Figs. 3, 7, 8 and 9 with
the corresponding quantities, whose values have been determined on the basis of
the calculations employing the results of experimental investigations.

The formulae used in the calculations have been discussed in [3].

The velocity wy presented in Fig. 7 has a significantly higher value than the
values of the relative velocities wy for typical pump impellers. It should also
be stated that in the whole range of discharge variability, for all pumps under
analysis — wy/wy > 1, whereas for typical impellers — wq/w; < 1.

The above-mentioned divergences result from:

e high value of the velocity of transportation usg,

e small outlet angle and a large inlet angle in the impeller; in the case of
these pumps, always 8; > Os.
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Figure 7. Flow velocities through the pump impeller: co — velocity at the impeller inlet, cim
— meridional velocity at the blade wheel inlet, w1 — relative velocity at the blade
wheel inlet, ¢z, — meridional velocity at the blade wheel outlet, ¢z, — circumferential
component of the absolute velocity at the blade wheel outlet, wy — relative velocity at
the impeller outlet (quantities with the subscript 3D refer to the results of numerical

calculations).
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Figure 8. Angles related to the flow of the working medium through the impeller: 8; — blade inlet
angle, 61 — angle of incidence, 8 — blade outlet angle (quantities with the subscript
3D refer to the results of numerical calculations), 85— design angle of the blade at the

impeller outlet.
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Figure 9. Hydraulic losses in the impeller (Aps)w (Q), (Ahs)w (Q).

4.1.2 Results of flow calculations in the P1 pump vaned diffuser

The geometry of the vaned diffuser is presented in Tab. 2 and depicted in
Fig. 10.

Also, this figure shows a calculation extension of the inlet and outlet region of
one of passages in which the boundary conditions are posed for the calculations.
In this case, according to Section 3.2, it has been assumed that the parameters
at the computational domain inlet correspond to the impeller outlet parameters,
whereas a constant static pressure has been assumed in the outlet plane of the
computational domain of the vaned diffuser.

The computational grid of the P1 pump vaned diffuser that comprises the
blade-to-blade passage and the extended computational domains is shown in
Fig. 11. The way the inlet and outlet computational domains of the vaned diffuser
are generated is the same as in the case of the impeller.

The computational distributions of the working medium velocity in the P1
pump vaned diffuser for the nominal discharge @Qn on the mean stream surface
are presented in Fig. 12.

In order to evaluate the obtained results, the velocity fields and the pressure
fields have been averaged in control cross-sections 3 and 4 (Fig. 1). Thus, the
averaged quantities, characteristic of the flow through the vaned diffuser, have
been determined. These are:

e meridional component of the velocity at the vaned diffuser inlet ¢z,
e circumferential component of the velocity ca,,

e total velocity at the vaned diffuser outlet c4,
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Figure 11. Computational grid of the P1 pump vaned diffuser channel. Grid size z'
2 3
' =41, x5 = 21,

= 136,
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Figure 12. Velocity field in the P1 pump vaned diffuser on the mean stream surface. Nominal
discharge.

e static pressure py,
e static pressure rise in the vaned diffuser Aps_4,

e hydraulic losses expressed in the form of the equivalent pressure Apgk.

The above-mentioned quantities have been compared in Figs. 3, 13, 14 and 15
with the respective quantities, whose values have been determined on the basis
of the calculations employing the results of experimental investigations.

5 Conclusions

The divergences that can be seen in the figures presenting the averaged results
of experimental investigations and numerical calculations can be decreased when
another model of turbulence is used and when the boundary conditions posed in
the calculations are more precise.

The characteristic curves presenting:
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Figure 15. Hydraulic losses in the centrifugal vaned diffuser (Aps)x(Q), (Ahs)x(Q).

1. the mean static pressure rise in pump hydraulic elements, which has been
determined on the basis of measurements and 3D calculations (Fig. 3), and

2. the static pressure at the vaned diffuser outlet (control cross-section 4,
Fig. 1) determined on the basis of the results of measurement and 3D cal-
culations

confirm a good agreement of the static pressure characteristics obtained as a result
of measurements and calculations with the 3D method applied. This means the
assumed computational model can be used to verify the characteristic curves of
static pressure rises of pumps being designed.

The velocities, and especially the circumferential components of absolute ve-
locities cyy(3py (Fig. 7) and cgy3py (Fig. 13) determined with the 3D method
differ from the corresponding quantities obtained from the pump performance
measurements. As a consequence, there are differences between angles Biip)s B
and fy3py, B2 (Fig. 8) and divergences of flow losses determined on the basis of
measurements and 3D calculations (Fig. 19). This means the assumed calculation
model requires further improvements to be applied in performance calculations.
At the present moment, it can be helpful in a qualitative analysis of the flow
through pump hydraulic passages.
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