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Abstract

Suction recirculation in centrifugal pumps operating at off-design conditions is an eventual reality
for all centrifugal pumps. Various types of modifications to both the pump impeller and /or volute
have been implemented in the past, with variable success. The successful implementation of the
modifications is often counteracted by either an increase of Net Positive Suction Head Required
(NPSHR), anarrowing of the band of recirculation-free operation and/or the need for intrusive
casing modifications. This study aims to determine if a suitable suction recirculation mitigation
method, that restricts the suction recirculation phenomenon while not exhibiting a noticeable
increase in NPSHR, is possible by means of the implementation of a profiled bulkhead-ring.
Suction recirculation can be described as the separation of the flow field and the presence of a
separation cell in the suction half of the impeller between-vane cavity with a back-flow of fluid
from impeller to suction volute.

Two scenarios were investigated: the unmodified pump, and the modified pump geometry includ-
ing the modified bulkhead-ring - simulated across the entire operating range. The flow charac-
teristics of both cases were investigated after adequately verifying the numerical simulations and
validating these results with analytical and certified experimental methods. The results of the
study indicated that the modified bulkhead ring concept was partially effective by successfully
restricting the bulk back-flow of fluid from impeller to suction volute, however the separation
point and recirculation cells remained largely unaffected. In this particular instance, both the
measured and simulated N PSH R showed a noticeable increase after the implementation of the
modification. Although the results of this particular study do suggest that the installation of the
particular rotating modification used in the current setup is not generally more practical when
compared to more conventional methods, further development is needed in order to determine
a more optimal ring geometry that would produce more favourable results.

Keywords: Suction Recirculation; Double Suction; Centrifugal Pumps, Off-Design, Cavitation,
Computational Fluid Dynamics
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Nomenclature

Abbreviations

ANSI American National Standards Institute

API American Petroleum Institute

ASME  The American Society of Mechanical Engineers

BEP Best Efficiency Point

CEL CFX® Expression Language

CEN Comité Européen de Normalisation / European Committee for Standardization
CFD Computational Fluid Dynamics

DCTG  Dimensional Casting Tolerance Grade

EN Européische Norm / European Standard

GCTG  Geometrical Casting Tolerance Grade

GGI General Grid Interface

HI Hydraulic Institute

ISO International Organization for Standardization

NASA  National Aeronautics and Space Administration

NPSHA Net Positive Suction Head Available [m]
NPSHR Net Positive Suction Head Required [m]
oD Outside Diameter

OEM Original Equipment Manufacturer

OHSAS Occupational Health and Safety Assessment Series

PCD Pitch Circle Diameter

ROM Reduced Order Model

SANAS South African National Accreditation System

TIR Total Indicator Reading

Physics Constants

T Circumference/diameter of circle 3.14159...
g Gravitational acceleration 9.81m/s?
Variables
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Outlet Velocity Triangle
Metal incidence (Ideal)
Ideal + Slip Ideal

———— Ideal+-Slip+Blade Blockage

Inlet Velocity Triangle
——————— Metal Incidence

————— Ideal+Blade Blockage

Figure 0-1. Important geometry definitions of centrifugal impellers

A ¥/No slip

/
il

Q@ Individual phase in multi-phase flow [—]
a1y Inlet swirl flow angle, ring [°]
a1 Angle between direction of circumferential and absolute velocity °]
2 Angle between the streamline slope and the axial direction at outlet °]
T Arithmetic average of measurements/points taken

B1rB Inlet drill angle, ring °]
Bir Inlet flow angle, shockless flow, ring °]
B2p Outlet blade (metal) angle [°]
B2 Outlet flow angle °]
U, Velocity vector of phase « [m/s]
Acyy Slip velocity [m/s]
AH Static head difference across annular seal [m]
AHgq:  Static differential head produced by pump [m]
AH;,;  Total differential head produced by pump [m)]
Suction recirculation mitigation in a double-suction centrifugal pump xvi



LrlIJ NwWU " School of Mechanical Engineering

) Deviation- or slip angle

Op boundary layer thickness

m Mass flow rate measured at pump suction/discharge
Mg Total inter-phase mass transfer rate per unit volume
n Pump efficiency

Nm Efficiency of electric motor

v Slip factor (discharge coefficient of impeller)

T, Diffusivity of phase «

Annular seal friction coefficient

ALa Blade lean angle at shroud

At Thermal conductivity

7 Dynamic viscosity of fluid

1t Turbulent /Eddy viscosity

v Kinematic viscosity of fluid

w Rotational velocity of the impeller

Placeholder in GCT calculation for measured variable per grid

p Density of fluid

Pa Material density of phase «

Py Density of gas in bubble

o Standard deviation of a data set

Ost Surface tension coefficient between the liquid and vapor

€ Equivalent sand surface roughness

Esch Blade wrap angle

% Arbitrary scalar value in transport equation

»1 Flow coefficient

Ca Exit pressure loss coefficient

CEA Total hydraulic pressure loss coefficients

&5 Entrance pressure loss coefficient

A Roughness compensation factor

Aqg Passage inlet throat area

a1 Passage inlet minimum throat circle diameter - radial

as Passage outlet minimum circle diameter - radial

asq Minimum distance between cutwater and outer volute in radial plane
asi Minimum distance between cutwater and inner volute in radial plane

3

o
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A, Empirical factor - Antoine’s Equation [—]
A flow (Total eye flow area) - (Ring flow restriction area) [m?]
Ap,, Total perforation flow area [m?]
Ain Remaining eye flow area without perforations [m?]
Aor Eye flow area, no modification [m?]
Aratio Area ratio, Afiow/Aor [m?]
AR Asymptotic range, as per Roache (1998a, 2009): GCIZL, .. = rPeGCI3l [—]
B Empirical factor - Antoine’s Equation [—]
b1 Inlet minimum throat circle diameter - meridional [m]
b Passage outlet minimum circle diameter - meridional [m)]
baq Outer volute channel width at as, [m]
b3 Inner volute channel width at as; [m]
c Empirical factor - Antoine’s Equation [—]
Clm Meridional component of the absolute fluid flow velocity at the inlet [m/s]
Cir Absolute velocity at ring inlet [m/s]
Clur Circumferential component of absolute velocity, ring [m/s]
Clu Circumferential component of the absolute fluid flow velocity at the inlet [m/s]
1 Absolute fluid flow velocity at the inlet [m/s]
Com Meridional component of the absolute fluid flow velocity at the outlet [m/s]

C2uco Circumferential absolute blade congruent fluid flow velocity component at the outlet[m/s]

Cou Circumferential component of the absolute fluid flow velocity at the outlet [m/s]
o Absolute fluid flow velocity at the outlet [m/s]
Cax Axial velocity in annular seal [m/s]
Ca Average axial flow velocity in impeller eye [m/s]
Csa Average axial flow velocity at ring perforation inlet [m/s]
dp, Perforation diameter [m)]
dyn Internal diameter (shaft side) of impeller eye flow area [m]
d.pcp  PCD of perforations [m]
d, Internal diameter of the insert ring [m)]
dsp OD of rotating inner cylinder of annular seal [m]
e(x) Blade thickness as a function of z in [z, y] plane [m]
ey Overall pump efficiency uncertainty if computed from pump power input [%]
en Overall uncertainty of overall efficiency (%]
€a Approximate relative error [£%)]
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€c The calculation uncertainty of the analytic solution [£%]
Cext Extrapolated relative error [£%]
ex Overall total pump head uncertainty [%]
en Overall speed of rotation uncertainty (%]
epgr Overall driver power input uncertainty [%]
ep Overall pump power input uncertainty [%]
eQ Overall flow rate uncertainty (%]
eRr Random uncertainty [%]
es Instrumental uncertainty [%]
er Overall torque uncertainty (%]
F.ond Empirical factor - condensation [—]
fq Number of impeller suction eyes [—]
F Safety factor for GCI study [—]
Foap Empirical factor - vaporisation [—]
GCl parse Grid Convergence Index for the coarse grid solution [£%)]
GClfine Grid Convergence Index for the fine grid solution [£%]
H The Head per stage - measured in test [m]
h Representative grid size []
Hyp Total head produced by impeller - with calculated losses [m)]
Hyp, Theoretical total head produced by impeller - no losses [m]
Riot Total enthalpy [J/kg]
i, Inlet flow incidence angle, ring [°]
i} Inlet flow incidence angle - unaffected by ring outlet, impeller [°]
i Inlet flow incidence angle - affected by ring outlet, impeller °]
kn, Blockage caused by hub

Lgcn Blade 3D arc length [m)]
L, Annular seal axial length [m]
mp Mass of gas bubble [kg]
N Number of elements in a specific grid [—]
n Rotational velocity of the impeller [RPM]
ng Specific speed [RPM,m3/s,m)]
Np Volume of bubbles per unit volume [1/m3]
np Number of perforations [—]
Nm Number of measurements/points taken
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N, Total number of phases [—]
Ngs Suction specific speed

Ny Normalized suction specific speed

O(z,y) The axis of impeller rotation in the Cartesian plane, located at any [z, y] [m)]
P Pump shaft power (W]
D Absolute pressure of fluid [Paq)]
Pres Measured motor input power (W]
Pooss ~ Pump mechanical losses (W]
Do Apparent order of convergence [—]
PTs Total (stagnation) pressure in the stationary reference frame [kPal)
Do Vapor pressure of liquid [Paq)]
Q Volume flow rate measured at pump suction/discharge [m3/s]
Qar Flow rate at discharge recirculation [m3/s]
Qra Total volume flow through impeller [m3/s]
Qsp Annular seal leakage volumetric flow rate [m3/s]
Qsr Flow rate at suction recirculation [m3/s]
R Radius from O(x,y) to evaluated point on curve [m]
r Grid refinement factor [—]
Ta Volume fraction of phase a [—]
R, Arbitrary radius of curvature [m]
g Volume fraction of bubbles [—]
Rue Nucleation site radius [m)]
Tnuc Volume fraction of nucleation sites [—]
Rgip Radius from O(z,y) to point on blade curve where slip will initiate [m]
Re Axial Reynolds number in annular seal [—]
Re,, Reynolds number for circumferential flow [—]
S Arbitrary source term transport equation [—]
s Radial annular seal clearance [m]
SE Energy source term transport equation [J/kg]
S Momentum source term transport equation [kg - m/s]
T Temperature of fluid [°K]
Uy Circumferential velocity at the impeller inlet [m/s]
us Circumferential velocity at the inpeller outlet [m/s]
Uy, EN-ISO-9906 (2012) efficiency tolerance [—%)]
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Un EN-ISO-9906 (2012) head tolerance [£%]
Up EN-ISO-9906 (2012) power tolerance [+%)]
Ug EN-ISO-9906 (2012) flow rate tolerance [£%]
urpcp  Radial velocity at perforation PCD [m/s]
Usp Wear ring tip velocity [m/s]
Vo Volume occupied by phase a [m?]
VB Volume of gas bubble [m?]
Wig Outer streamline relative flow velocity at the inlet [m/s]
wi; Inner streamline relative velocity at the inlet [m/s]
Wig Average flow velocity in the throat of the impeller [m/s]
Wy Relative velocity at inlet, ring [m/s]
Wiy Circumferential component of relative velocity, ring [m/s]
Wiy Circumferential component of the relative fluid flow velocity at the inlet [m/s]
w1 Relative fluid flow velocity at the inlet [m/s]
W00 Circumferential relative blade congruent fluid flow velocity component at the outlet[m/s]
Wy, Circumferential component of the relative fluid flow velocity at the outlet [m/s]
w2 Relative fluid flow velocity at the outlet [m/s]
yBp(x) Blade radial y values at hub as a function of z in [z, y] plane [m]
yBn(x) Blade radial y values at mean line as a function of z in [z, y] plane [m)]
yBs(x) Blade radial y values at shroud as a function of z in [z, y] plane [m]
ZLa Number of impeller blades per eye [—]
zMp(R) Hub meridional z values as a function of R in [z, R] plane [m]
zM,,(R) Mean line meridional z values as a function of R in [z, R] plane [m]
zMs(R) Shroud meridional z values as a function of R in [z, R] plane [m]
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1. Introduction

1.1. Background

(a) Typical API610 BB2 single (b) Sectional view of an API610 BB2  (c) An example of

stage, double suction, between pump. The shaft assembly, bear- a closed double
bearings, radially split, cen- ings, pump casing and mechan- suction impeller
trifugal process pump. (Image ical seals are visible. (Im- commonly used
courtesy of Flowserve®Corp, age courtesy of Flowserve®Corp, in API610 BB2
https://www.flowserve.com/) https://www.flowserve.com/) type pumps.

Figure 1-1. An example of a typical API-610 (2011) BB2 centrifugal process pump

Centrifugal pumps are generally classified as process critical equipment in most fluid handling
industries world-wide. The efficient and reliable operation of centrifugal pumps is desired in
order to ensure safe, predicable, cost efficient and stable operations. In the event that process
pumps experience functional failure; the pump driven process, in turn, cannot function and
financial implications to the net capital gain of the institution becomes an obvious reality. An
example of a typical double suction centrifugal process pump is shown in Figure 1-1.

The successful selection, procurement, installation and satisfactory operation of process pumps
are dependent on the consideration and integration of a host of complex factors. These factors
are critically evaluated during the basic engineering phase of capital-, green- and brownfields
projects. The basic engineering study is then further scrutinized during the detail engineer-
ing phase in order to ensure optimal machine-system matching prior to the procurement of
equipment.

The optimal (business orientated /financial) solution for a process critical, high risk, single point
of failure machine would have significantly more stringent requirements when compared to a
lower criticality, lower risk machine with built in system redundancy (i.e. is installed along with
a standby machine). Unfortunately, this approach to equipment and auxiliary system selection
is not always sufficient with regards to ultimate equipment performance after commissioning;
especially when taking older installations (i.e. circa pre 1980) into account where absolute clarity
regarding the process parameters were often not enjoyed prior to initial plant commissioning and
subsequent beneficial operation date.

Due to changing process conditions, fluid composition over time, production requirements and/or
deviation from the expected process/equipment design limits; a host of operational difficulties

Suction recirculation mitigation in a double-suction centrifugal pump 1
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can arise during the functional life of process pumps. Among a host of other possible process
deviations a very common pumping system constraint is the low flow condition, also commonly
referred to as: part-load operation conditions. Low flow conditions in a process system containing
a centrifugal pump as process driver will impose potentially strenuous effects on the operation
and reliability of the turbomachine in question if the machine is sensitive to the potentially
negative effects of suction recirculation.

1.2. Rationale

The current installed asset base of many older industrial sites still comprise of original process
pump installations that utilized design practices that date back to the late 1980’s and earlier.
Many pumps still currently operate with suction recirculation that can be effectively managed
using proven methods as mentioned in section 2.4 (apart from costly and time consuming im-
peller redesign - the use of numerical methods has enabled modern impeller designs to operate
satisfactorily at high suction specific speeds without generating excessive suction recirculation
at the outer streamlines), however; the application of many of the accepted mitigation methods
are impossible to implement due to various geometric reasons relating to the pump.

The implementation of a suction diffuser, as per section 2.4.1, at the suction of the pump has
to be built into the suction nozzle of the casing to be effective; if such modifications are not
incorporated in the initial design of the casing it will be extremely problematic to implement
after initial pump installation. The installation of a recirculation break mechanism, as per
2.4.2, is considered to be extremely effective but this option requires a straight inlet section at
the inlet of the impeller - this restricts the application to end suction designs only, with the
addition of potentially costly piping and casing modifications. The installation of Sabini rings
(preferred over the more common bull-ring variant) as per 2.4.6 is considered effective, but the
permanent modification of the pump casing will have to be undertaken, additionally; extended
plant downtime will be required in order to finish the casing modification along with potential
vendor involvement due to the reduction of the casing thickness. The installation of curved discs
as per 2.4.5 is promising, apart from the potential installation difficulties relating to specialized
welding during installation that will escalate the cost of this modification.

The least intrusive method to modify the suction capability of centrifugal pumps is bulkhead-
rings, as described in 2.4.4. Bulkhead-rings can be cheaply manufactured and easily installed
and removed during pump maintenance activities. The drawback relating to this solution is the
modification of the pump characteristics when operating over a range of flow rates.

A cost effective solution that allows for significant mitigation of suction recirculation intensity
while ensuring minimal influence on operating characteristics, will benefit users that operate
centrifugal pumps at off design conditions in the following ways:

1. Ensure continued safe operation of centrifugal pumps across a wide operating range by
reducing vibration magnitude (and material erosion damage) caused cavitation due to
excessive suction recirculation at the impeller eye

2. Enable extended mean time between failure/repair rates without costly system and/or
equipment modification

Suction recirculation mitigation in a double-suction centrifugal pump 2
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1.3. Research problem, research purpose and objectives

1.3.1. Research Problem

Currently there is no cost effective method for the mitigation of destructive suction recirculation
in centrifugal pumps that concurrently ensures minimal increase of NPSHR (Net Positive Suc-
tion Head Required) across a wide operating range, without extensive system and/or equipment
modifications/redesign.

1.3.2. Research Purpose

The research will be executed in order to determine the effect on centrifugal pump performance
due to impeller suction eye geometry modification by means of a profiled bulkhead-ring, as well
as determining the feasibility of applying the technology in an industrial environment.

1.3.3. Research Objectives

The objective of the research is to prove the following hypothesis:

A profiled bulkhead-ring aids in suppressing excessive suction recirculation, and thus aids in
relieving the intensity of damaging suction recirculation cavitation.

1.4. Summary of contents

The summary of the contents of this dissertation is discussed below:

1 Introduction: The introduction describe the background, rationale research prob-
lem and the hypothesis that are relevant to this work.

2 Literature study: Various sources of literature that relates to the subject of suction
recirculation have been consulted and the results of this study are presented here.

I Methodology: This part discusses the general methodology followed during the course
of the research. It is applicable to all parts where the relevant topics are discussed.

3 Method: The research design and methodology is discussed and outlined with a flow
chart.

4 Solver theory and description: A description of the numeric solver and its capa-
bilities are discussed.

5 Verification methodology: The general verification methodology is discussed. The
method and process is used in later verification sections.

6 Validation methodology: The general validation methodology is discussed. The
method and process is used in later verification sections.

11 Baseline evaluation of pump: The unmodified baseline case is considered and explained
in this part.

7 Baseline evaluation: The construction of the 3D model, solver setup and con-
straint, mesh generation and quality assessment and other model related matters are
discussed.
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8 Verification of baseline case: The CFD (Computational Fluid Dynamics) results
are scrutinized and a structured mesh refinement study is completed.

9 Validation of the baseline geometry: The CFD model results are validated
against a rigorous analytical method and a certified pump performance test.

IIT Evaluation of modified pump: The unmodified baseline case is considered and ex-
plained in this part.

10 Modification: The description, design and implementation of the proposed modifi-
cation is discussed and illustrated.

11 Setup of modified pump: The implementation of the modification into the original
3D setup is discussed and executed.

12 Verification of the modified pump case: The CFD results of the modified ge-
ometry are scrutinized and a structured mesh refinement study is completed.

13 Validation of the modified geometry: The CFD model results of the modified
geometry are validated against a certified pump performance test.

IV Analysis of results: The CFD results are analysed in this part.

14 Analysis of data: The CFD cases are compared with each other and the results
are analysed. Other data such as cavitation and recirculation in the suction eye is
discussed as a result of the numerical analysis.

15 Conclusion and recommendations: The conclusions are made that frame the
outcome of the study. Recommendations of further study are also made.

Annexures: Various annexures are included that contain important data that is required
to understand the contents of the dissertation better.
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2. Literature study

2.1. Suction recirculation in centrifugal pumps

H
o) oo A D TE emp. HIGH
’ ~RECIRCULATING VORTEX }.’3"2’ ROTOR o oion
~INLET TIP :

RECIRCULATION
| DISCHARGE
TOTAL|  RECIRCULATION
HEAD NPSHR
STEEPENS
| KINLET
CHOKED

,;'///7, NPSH, /
e
V’ >

( _ )
O O BEP FLOW
Figure 2-1. Depiction of suction recircula- Figure 2-2. Illustration of expected events
tion, (Budris, 1993) at off-design operation, (Karas-

sik and McGuire, 1997)

Suction recirculation (Figure 2-1) in centrifugal pumps can be described as the flow reversal of
the outer streamline in the impeller suction eye during operation at a reduced flow rate with
regards to the BEP (see Figure 2-2).

W), Wig
Onset of r‘ecirculatiorW@ T Wi Ay
} .\“W1a
Uqg } —"’/’ Wii
s
',‘t"
Uy I } @
! Q
Q 5y
A, ~ A =
wy %11‘1
Figure 2-3. Illustration of flow deceleration Figure 2-4. Inlet velocity triangles, (Sayers,
at the impeller suction, (Giilich, 1990)

2014)

The phenomenon of suction recirculation is described very well by Giilich (2014) (see Figure
2-3 and Figure 2-4): The flow along a curved streamline is dependent on the centrifugal force
generated by the rotation of the impeller geometry in conjunction with the centripetal force
enabling the fluid particle to move along a curved streamline. At lower flow rates the relative
fluid flow velocity into the eye, wy (with wy; = inner- wi, = outer streamline relative velocity)
as described by Sayers (1990), tends to grow (radially) with respect to the average flow velocity
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in the throat of the impeller, wi4,. The ratio between the average throat flow velocity and the
resultant relative flow velocity at outer inlet radii, (w14/w14), will tend to decrease at lower flow
rates, subsequently indicating a deceleration of the outer streamline as it passes through the
throat. As the relative inlet velocity grows in relation with the average throat velocity; large
pressures are developed at the outer streamlines due to streamline curvature and Coriolis forces.
At some point during operation at reduced capacity; separation of the flow will take place on
the pressure side of the vane, at the outer streamline. This describes a partial stall situation.
The streamlines that experience separation decelerate rapidly, thus Coriolis force development is
restricted and the centrifugal force dominates the flow. The stalled fluid is transported towards
the outer streamline due to centrifugal force in the meridional section. The streamlines located
in the upper part of the inlet leading edge is decelerated earlier and more intensely than the
streamlines on the inner part of the leading edge due to the fact that the relative speed is greater
at the outer radius relative to the mean velocity (and subsequently the inner radius). A back-flow
of liquid is induced at the outer streamline. The blade-fluid interaction at the outer streamline
also imparts a radial velocity to the incoming fluid and subsequently alters the incoming fluid
velocity profile.

It is very likely that ventrifugal impellers will experience some form of recirculatory flow as the
operating point of the pump changes in order to adapt to the process requirements in such a
manner as to operate way from BEP (Karassik, 1987). In order for suction recirculation to
initialize; flow separation at the pressure surface of the vane must occur concurrently with the
development of significant pressure gradients in a direction that is normal to the streamline
curvature in the vicinity of flow separation (Giilich, 2014).

The initialization and intensity of recirculation is influenced primarily by the following fac-
tors:

1. The difference between the inner and outer suction eye flow area diameter, cited by among
others Karassik (1987), Fraser (19815), Giilich (2014) and Hirschberger and James (2009).
As the ratio between the outer and inner eye diameters increases, the relative velocities
(and pressure gradients normal to streamline curvature) at the inlet between the extreme
streamlines also increase. The phenomenon of suction recirculation will occur earlier and
with greater intensity as the impeller eye diameter increases. The specific speed (ng)
coincidently increases as the eye diameter increases. The inlet flow velocity is critical to
the performance of impellers with larger inlet eye diameters; generally a flow rate close to
BEP is required to minimize the risk of suction recirculation. Additionally, at lower flow
rates the blade-fluid interaction at the outer streamline imparts a tangential velocity to
the fluid; this tangential velocity induces a pre-rotation in the incoming fluid that extends
many diameters into the suction piping. This pre-rotation alters the incoming fluid’s
velocity profile and affects the pump performance (Breugelmans and Sen, 1982).

2. The geometry of the throat in the meridional section of the impeller (Giilich, 1999). The
deceleration of the outer streamline increases as the meridional throat section enlarges.
Thus, the tendency to recirculate is decreased with a smaller meridional flow area. The
outer streamline velocity is decelerated to a lesser extent relative to the average velocity
in the throat. The geometry of the shroud in the meridional section is also important; a
larger curvature radius decreases the pressure gradient generated due to body forces and
thus aids in suppressing tendency to recirculate.

3. The geometry of the vane layout and the number of vanes. The vane layout in the blade-to-
blade view (back-swept, radial or forward-swept) will have an influence on the flow through
the impeller channels with regards to the flow streamlines and the deflection thereof by
secondary flow effects. Back-swept vanes are generally preferred. The number of vanes
per impeller should be optimized in order to ensure proper fluid acceleration and blade
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loading while ensuring relatively even flow streamlines and velocity profiles that are not
prone to excessive flow separation and secondary flows at part load (Giilich, 1999).

4. Other geometric aspects of the impeller that contribute, but are mostly of secondary
importance, include: the leading edge incidence angle, the radial wear ring clearance,
impeller roughness and the leading edge profile (Balasubramanian et al., 2011).

It can be stated that the evaluation of the initialization point of suction recirculation is a complex
problem and is completely dependent on the geometry of the impeller.

2.2. Damaging effects of suction recirculation

As described by Yedidiah (1986) and in paragraph 2.1, at flow rates less than BEP; the inlet
vane tips transfer a peripheral velocity to the incoming streamlines. In conjunction with this
periphery velocity; the effects of suction recirculation tends to expel fluid at the outer streamline
back out of the eye of the impeller. The peripheral velocity in conjunction with the change in
flow direction creates a pressure differential between the outer and inner streamlines, at a certain
point the outer streamline will change direction once more and will flow back to the inlet of the
impeller in a newly created flow path located closer to the hub of the impeller. This motion
creates a vortex flow at the eye of the impeller, originating from reverse flow at the outer
streamline, which acts on the pressure side of the suction vane. The intensity and size of the
vortex depends on factors already discussed in paragraph 2.1. With increasing intensity of the
vortex, the outer vortex streamlines continuously accelerate; with acceleration of the outer vortex
streamlines a large pressure gradient is generated from the outer to inner vortex streamlines.
The pressure inside the eye of the vortex can drop below the vapour pressure of the process
fluid. When the pressure drops below the vapour pressure of the process fluid; evaporation
occurs. The evaporation of process fluid manifests itself in the form of vapour bubbles inside the
process fluid, as the bubbles move to a zone of higher pressure inside the pump the vapour inside
the bubble abruptly condenses and the bubble collapses on itself. When the bubble collapses;
the flow of liquid caused by the sudden volume change creates a focused micro jet of liquid
directed at the surface of the impeller. The force of impingement of this micro jet can amount
to immense magnitudes; as a result the material that is impinged will over time be eroded by
this phenomenon (Brennen, 1995). Cavitation can be mitigated by raising the NPSHA (Net
Positive Suction Head Available) to a value sufficiently higher than the fluid vapour pressure at
the point of vaporization but in order to achieve satisfactory results in this case will be very
difficult as the local pressure at the core of the vortex changes with the severity of recirculation
(Budris, 2010).

The potential damage ranges from mild to catastrophic, depending on the fluid and operating
conditions. Damage originating from this phenomenon can be observed on the pressure side
of the impeller in the form of cavitation erosion and pitting. In extreme cases the pump can
experience cavitation surge events relating to this flow phenomenon according to Giilich (2001),
Karassik and McGuire (1997) and Fraser (1981b). Other inevitable effects include shaft vibration
caused by unsymmetrical erosion of impeller material causing an unbalance force in conjunction
with the associated vibration caused by the cavitation itself. Mean time between maintenance
and failure will become shorter and the total cost of ownership will escalate if not treated. Possi-
ble mitigation of vaporization damage include; effective material selection and/or the alteration
of NPSH A by means of the installation of a booster pump or system modifications (Schiavello
and Visser, 2007).
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2.3. Prediction of recirculation inception

The prediction of the suction recirculation inception point has been the subject of numerous
studies in the past. The landmark papers by Fraser (1981a) and Fraser (1981b) sensitized
the pump industry to the effects of suction recirculation which was previously only treated as
an anomaly of off design performance. Fraser presented a simplified graphical method that
enabled pump users and designers to estimate the point of recirculation inception — known
as the critical flow rate. Fraser related a combination of the suction specific speed, specific
speed and the impeller hub to eye outside diameter ratio values as a function of the BEP in
order to determine the point of suction recirculation inception using a set of quick reference
tables — while neglecting most of the impeller geometry. He also published a more detailed
method requiring more specific knowledge of the impeller inlet and outlet diameters, inlet and
outlet flow areas, throat flow areas and a built in empirical assumption relating to the average
geometric proportions and the related average flow rates of ‘normal” impellers of the time in
order to predict the onset of suction recirculation — while neglecting the rated flow rate and
head generation at BEP. The methods proposed by Fraser, after extensive observation of a large
number of pumps, was catered to account for standard impeller design methods used between
the 1950’s and 1970’s, the method was proven to be accurate for machines of that era. The point
of suction recirculation initialization was thus linked to the suction specific speed and thus to the
impeller eye outer streamline diameter. The findings of Fraser and various industry reliability
studies relating pump reliability to the suction specific speed value had a profound effect on the
pump industry, various authors embraced his proposal Karassik (1987) and Lobanoff and Ross
(1992); Standards Organizations such as the Hydraulic Institute and the American Petroleum
Institute (API) issued the option to users to enforce set limits for new machines bought after
the latest edition of their standards after 1981 API-610 (1981), API-610 (2011) and American
National Standards Institute ANSI-HI-14 (1982).

Gopalakrishnan (1988) proposed a modification to the method proposed by Fraser (1981b).
Gopalakrishnan modified the empirical assumption built into the Fraser method in order to
better represent blade angles smaller than 15° as the original method predicted the onset of
recirculation at lower than experienced flow values.

Budris (1993) proposed another modification to the method introduced by Fraser; Budris argued
that the overly simplified approach outlined by Fraser did not sufficiently take all factors into
account that affects suction recirculation inception. Budris proposed that inlet tip speed, specific
gravity of the fluid, basic pump types and vane overlap be taken into account. He introduced
a series of graphs that (incorporates the mentioned factors) that assists the user in determining
the estimated safe operation zone with regards to suction recirculation.

Many authors — including Giilich (2014), Stoffel and Jaeger (1996) and Schiavello (1993) —
motivated that the method proposed by Fraser (19810) is too simplified in order to accurately
predict the recirculation point of modern pump impellers from a general design perspective.
Relating the suction specific speed to a recirculation point without taking critical dimensions into
account might be effective for a family of similar machines (or older impellers designed more than
30 years ago) but will ultimately not yield accurate general results. Modern design techniques
and computational power enable designers to develop impellers with high suction specific speeds
that function without suction recirculation well below the Fraser (1981b) predicted critical flow
rate. Despite the recent paper (Bradshaw et al., 2013) claiming that the Fraser (19815) document
yields accurate results; due consideration should be given when applying the Fraser method in
its original form.
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2.4. Mitigation of suction recirculation in centrifugal pumps

Various methods to mitigate the effect of suction recirculation can be practically implemented
in industry. Some effective methods are discussed here.

2.4.1. Diffuser upstream of impeller inlet

A diffuser upstream of the impeller inlet (see Figure 2-6¢) decelerates the recirculation flow at the
outer streamline Hergt et al. (1996) and Giilich (2014), this deceleration minimizes the effect
of the vortex outer streamline acceleration and subsequently minimizes the pressure gradient
toward the vortex core. A smaller pressure gradient will assist in mitigating vaporization and
subsequently cavitation in the core of the vortex.

2.4.2. Recirculation break upstream of the impeller inlet

Figure 2-5. Recirculation Break, courtesy of Sloteman et al. (1984)

Sloteman et al. (1984) introduced the concept of a backflow recirculator (see Figure 2-5). This
device is fitted at the suction flange of the impeller; when the liquid streamline flow direction at
the outer radius is reversed, the backflow recirculator extracts the swirling backflow out of the
suction line and removes the induced swirl and re-introduces the extracted liquid back into the
suction line. Vortex formation is arrested. This device effectively eliminates pump surge and
stabilizes the pump operation at reduced flow rates. Due to its size it is sometimes difficult to
retrofit to existing machines.

dr

(a) Bulkhead ring (b) Bull ring (c) Diffuser

Figure 2-6. Standard inlet modifications, courtesy of Hergt et al. (1996) and Giilich (2014)
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2.4.3. Stationary orifice (bull-ring) upstream of the impeller inlet

The stationary orifice (see Figure 2-6b) mentioned by Hergt et al. (1996) and Giilich (2014)
suppresses the propagation of the backflow of the liquid in the outer flow streamline. The
backflow length is kept short and subsequently the intensity of the recirculation and power
consumption is kept low. The BEP of the pump is affected. Similar effects to the NPSHR are
experienced as per paragraph 2.4.4

2.4.4. Rotating bulkhead-ring inside the impeller eye

The installation of a bulkhead-ring (see Figure 2-6a) that extends into the flow passage of the
impeller eye effectively reduces the impeller eye diameter. The point of recirculation is shifted
to lower flow rates (see 2.1.(1)) while the eye diameter has a negative effect on the NPSHR
for higher flow rates (as per normal pump design guidelines), increasing the risk of cavitation in
low NPSH A installations. The use of a bulkhead-ring is mentioned and has been successfully
implemented by numerous authors including Budris (2010), Hergt et al. (1996), Giilich (2014)
and Pembroke et al. (1998). The installation of bulkhead-rings is easy and offers effective suction
recirculation mitigation if sized for operation within a specified flow margin.

Existing bull ring
slotted to achieve
approximately
47% open area

Leading edge
chamfered to
reduce losses

Figure 2-7. Curved inlet disk Figure 2-8. Sabini ring, as per
arrangement (Hermez Bradshaw (2012)
et al., 2017)

2.4.5. Curved inlet disk installation into the suction eye of the impeller

Hermez et al. (2016) proposed the installation of a curved disc arrangement into the flow region
of an impeller eye (see Figure 2-7). This geometry essentially creates a second flow passage
(or additional throat area in the meridional section of the impeller). The difference between
the inner and outer flow radii of the individual flow passages now emulate various flow regions
in the meridional section that does not have a large pressure and velocity profile gradient. As
per 2.1.(2); this is beneficial to the suction recirculation tendency of the impeller eye and shifts
the critical flow where recirculation takes place to a lower percentage of BEP. The numerical
simulation of the design also predicts improvements in head production and power consumption.
This design still requires a field test to verify the findings.

2.4.6. Application of a modified bull-ring (Sabini ring)

Bradshaw (2012) tested the application of a modified bull ring concept (a.k.a. Sabini ring,
see Figure 2-8), to an API610 BB1 arrangement pump that was experiencing severe suction
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recirculation during operation. The author sanctioned the profiling of the stationary ring by
removing approximately 47% of the restricted annular area of the bull ring by means of slotting.
The ring design proved to be extremely effective: suction recirculation was suppressed adequately
(proven by the reduction in vibration readings) and adverse effects on the NPSHR were not
observed during testing. The performance enhancement of the Sabini ring can be attributed to
the fact that the flow area of the impeller eye was impacted in a less extreme way than with a
bull-ring configuration while still restricting the axial propagation of the recirculating fluid at
the outer streamline whereby minimizing the intensity of the recirculation vortex.

2.5. Chapter summary

A literature survey was completed that focused on the phenomenon of suction recirculation in
centrifugal pumps and ways to mitigate the occurrence thereof in practical industrial applica-
tions. Various options were noted, all of which in various grades of applicability. All of the
noted solutions have their own particular strengths and weaknesses, however; the most effective
of these was, in the author’s opinion, the Sabini ring as described in par. 2.4.6. The weakness
of this design is the requirement for casing modification. The following chapters are dedicated
to research and develop a potential modification with similar properties to the Sabini ring,
but will have the added benefit of being installed in the eye of the impeller, thus being less
intrusive.
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3. Method

3.1. Design of the method of research

Design inlet \4 Literature study [ Perform baseline CFD |
L modification ) and thesis statement L (simulation) )
( # R N A 4 e R ‘ 7
Perform CFD with ; ; Verify CFD:
Baseline evaluation .
updated geometry of pump - Part 11 Grid refinement
(simulation) R and Richardson
v v L extrapolation
Verify CFD: ) || Evaluation of modified ¢
Grid refinement and pump - Part 11T ( Validate CFD: )
Richardson ex- Analytic model (simu-
trapolation ) Y lation), and Compari-
Evaluation of son with performance
i v . other external fac- test (experiment)
Construct tors - Annex. C - :
new part and !
modify the vy !
baseli Data processing and |
aseline pump - ) O REpE
‘ s comparison - Part IV
Validate CFD: | v
Comparison with ! Conclusion and
performance test recommendations

(experiment)

Figure 3-1. Research methodology

The execution of the current research will be completed as per the highlighted methodology in
Figure 3-1. The grey blocks highlight the main path of the methodology. The white blocks
indicate a sub-function of the attached upstream grey block. Dashed lines indicate that the
outcome of the related task/method is transferred to the downstream block for further analysis.
The different main blocks relate to parts of this text and should be read in the shown order in
order to maintain a coherent flow of information.

3.2. Research design

The different research designs intended for use in this work is briefly mentioned and discussed
below.
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3.2.1. Subject of investigation - double suction centrifugal pump

DOUBLE ENTRY IMPELLER-
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(a) Double suction impeller. (b) Double volute casing.
Figure 3-3. Drawings depicting the subject pump’s impeller and volute layout.
Table 3-1. Information relating to the subject pump
Materials!!] ‘ Data at BEP? Additionall?!
Component Material ‘ Var. Value Unit | Var. Value Unit
Impeller GX6CrNiN26-7 NPSHR3y, 9 [m] ZLa 5 -]
Casing GX6CrNiN26-7 Q 1150 [m3/h] | f, 2 (-]
Shaft X4-CrNiMoNb-25-7 H 286.55 [m] n 2085 [RPM]
Wear Rings GX40-CrNi27-4 n 82.77 (%] ng 17.14 -]
Test fluid Water P 1084.8  [kW] | ngs 228.97 -]

[ Original materials as per OEM supplied pump drawings.
[2 These values were derived from the original pump data book.
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Table 3-2. Geometric features of the model pump as used in the study

Var. Value Unit ‘Var. Value Unit ‘Var. Value Unit ‘Var. Value  Unit

dq 211 [mm] | a1 41.62 [mm] | e; 4 [mm] | Lsep, 450.38 [mm)]
da 473 [mm] | a2 6895 [mm] | e2 7 [mm] | dyp, 189.24 [mm]
b 389 [mm]| fip 1418 [Pl | dn 111 [mm] | Are 3963 []

by  20.25 [mm] | fop 1418  [] s 0275 [mm]| € 4 [um]

[ The values listed in this table are as per the 3D model of the impeller, as used in the CFD
analysis.

3.2.2. Simulation

The primary research methodology that will be used to evaluate the thesis statement during
this study is computer-based numerical simulation. Simulation by means of Computational
Fluid Dynamics (CFD) will be used to calculate the complex flow fields inside a double suction
centrifugal pump across a range of operation points, with a particular focus on the low flow
operating condition.

A high density spacial grid is constructed of the flow field (including the suction- and discharge
volute, the impeller and any secondary flow volumes), and the Navier-Stokes equations are nu-
merically approximated at each node. The output of this numerical method provides detailed
information regarding the flow field at any discrete node element, thus providing a good repre-
sentation of the observed physics regarding the considered problem.

The success of a CFD simulation is highly dependent on accurate geometry, the generation
of a high quality mesh/grid, the application of the most representative boundary conditions
for the problem and the selection of an appropriate turbulence model. The simulation is also
critically dependent on the fluid characteristics, the chosen thermodynamic model and any
simplification assumptions either imposed by the analyst or inherent simplifications present in
the code itself.

Due to the large amount of simulation runs and cases that needed to be evaluated in this study,
and considering the limited time and the available computational resources available to the
author to complete this study; the preferred numerical solving methodology was chosen. The
solving methodology will be assumed to be steady state, frozen rotor type analysis. The study
will consider half of the pump geometry, the split plane will be represented with a symmetry
boundary condition (in order to ease the computational strain). The assumption was considered
valid due to the setup of the impeller (completely split passages) and due to the area of interest
not residing in the volutes themselves. Additionally; no account is taken of the relative movement
between the impeller mesh and the stationary volute and thus the interaction between these
components are not modeled (ANSYS®), 2019d). The flow is incompressible and generally well
mixed out in the particular application under consideration and thus it can be considered feasible
to apply the frozen rotor method if the convergence is stable and the residuals are shown to have
reduced to within the desired order of magnitude. The methodology can also be considered an
approximation of the unsteady flow solution (transient) at the exact position of the impeller at
a specific time period.
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3.2.3. Experiments

Experimental work was also conducted in order to generate reliable physical data that will be
used to compare the simulation work with experimental results. Successful experimental work
depends largely on the accuracy of the instrumentation used therein. It is very important to
use calibrated instrumentation and execute the testing to a recognised standard (if applica-
ble/possible) in order to ensure that the testing is considered reliable and repeatable. The test
setup is also somewhat sensitive to external influences such as ambient temperature and working
fluid properties.

The execution of experiments by utilising internationally standardised test methods are conve-
nient as performance test methodology and test setup are well documented and their accuracy is
well accepted in the turbomachinery community. The pump testing was executed in accordance
with EN-ISO-9906 (2012) and ANSI-HI-1.6 (2000), as is recommended by various industrial
pump standards and Codes of Practice, including API-610 (2011).

One potentially prohibitive factor when considering industry standard tests as certified experi-
ments is the cost involved; the execution of these tests are potentially expensive and the successful
execution thereof also greatly relies on the capacity of the test bench itself with regards to the
size of the electrical motor used to drive the pump in question, and also of the pump design (the
bearing and seal arrangements).

Alternatives to the mentioned standard testing methodologies, is the use of much more involved
testing methodologies such as measurement of flow internal velocities (e.g. at the outlet of the
impeller) by means of laser velocimetry (widely used in laboratory testing and also mentioned by
Giilich (2014)) and the measurement of internal pressures by means of custom installed probes
through the pump casing at the outlet of the impeller as done by Memardezfouli and Nourbakhsh
(2009). Experiments using transparent casings and impeller arrangements have also been used
in literature in order to investigate the flow fields in centrifugal pumps. Although these methods
are well justified, it will be impossible to implement in the current study as the pump under
investigation is currently used in industry and no modifications to the pressure envelope and
parts (in order to apply the intrusive methods described above) have been approved by the
equipment owner. No experimental pump units are available for modifications and the cost of
constructing such a test pump is not considered feasible from an economic perspective.

3.3. Data acquisition

The data relating to the geometry of the pump impeller and casing were acquired historically
by owner funded reverse engineering initiatives (3D modelling of actual parts). The geometry
was re-constructed by utilising the previously acquired geometric data into usable 3D CAD part
files and further refined into acceptable flow field solid models.

Later comparative measurements of the impeller was completed (by the author) via 3D scanning
of similar impellers that were destructively modified in order to render the internal features of
the impeller accessible for measurement. The scanned data and the reverse engineered geometry
is compared later in this text.

The operating regimes and machine specific construction/clearance data were extracted from
both the operating and maintenance manual, maintenance quality control protocols (QCP) and
actual on-site operating data.

Suction recirculation mitigation in a double-suction centrifugal pump 16



LrlIJ NwWU " School of Mechanical Engineering

3.4. Chapter summary

The proposed research methodology and techniques were discussed and outlined in this chapter.
The research will be conducted with a focus on the numeric simulation of the flow field of a
physical pump. The validation of the simulated models will be accomplished by experimental
work coupled with an analytical approach. The next chapter will discuss the numerical solver
and turbulence modeling in greater detail.

Suction recirculation mitigation in a double-suction centrifugal pump 17



LrlIJ NwWU " School of Mechanical Engineering

4. Solver theory and description

4.1. Numerical solver

Analytical solutions to the Navier-Stokes equations does not currently exist for the overwhelming
majority of complex fluid flow problems, however; a method of approximating the the solution
by means of numeric methods can be achieved. The Navier-Stokes equations can be replaced
by algebraic approximations (in each dimension) for a specific measured variable, and solved
numerically by using the appropriate solving algorithm.

In order to solve the current flow field, the commercial software package ANSYS® CFX®
Release 2019 R2 (ANSYS®), 20194a) had been selected as the numerical solver of choice for the
current research.

Upon consultation with the Journal of Fluids Engineering’s Editorial Policy Statement on the
Control of Numerical Accuracy (Freitas, 1993) and its later addendum (Andrews, 2011), it is
important for the commercial code user to adequately describe the solver that is utilised in the
simulation. An acceptable explanation of the underlying methods, mathematical models and
code accuracy is required. A swift explanation is thus presented below.

4.1.1. Transport equations

The governing equations that are solved for — to determine the flow field at each point in the
discretized 3D spacial grid — are obtained from the incompressible form of the Reynolds Averaged
Navier-Stokes (RANS) equations. The conservation equations for mass, momentum and energy
is presented in derived form, for full derivation the reader is referred to the works of Versteeg
and Malalasekera (2007) and Pletcher et al. (2016). The annotated equations are shown in
Einstein’s notation for clarity and for continuity with the ANSYS® CFX® Release 2019 R2
solver theory guide (ANSYS®), 2019d). All overbars for averaged terms are removed, except for
the fluctuating terms. The continuity equation (conservation of mass) has the following form,
as shown in Equation 4.1:

ap 0

— —(pU;) =0 4.1
~~ NS
Density Net mass
rate of flow out of
change element
wrt (Convective
time term)

After inserting the Reynolds decomposition into the Navier-Stokes equations, the Reynolds
Averaged form of the Navier-Stokes equations are obtained (for the conservation of momentum,
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derived from Newton’s second law of motion) as per Equation 4.2:

opU; 0 Jdp 0
J —i-i(pUin) = - +7( Tij — puz‘uj)+ Sy (4'2>
ot Ox 7 Ox 7 ox PN~ N—— ~—
M v R ~—~ Viscous Reynolds Momentum
omentur Convective Rate of stress stress source
rate of term pressure tensor tensor term
change change
term wrt Viscosity term
time

Material derivative: Diffusive term

describes acceleration

Sum of all forces

The Reynolds Averaged Energy Equation (based and derived from the first law of thermody-
namics) is described by Equation 4.3:

Ophiot 0 op 0 oT — 0
+7(pUjhtot) = — _|_7</\t7 — pUjh ) + 7[Uj(nj —puiuj)] =+ SE (4.3)
ot 833j ot ox j ox j —~— 8xj ~~
Enthal Pres ~—~~—" Turbu- ~~ Energy
nthalpy Convective ressure Rate of lence Viscous work source
rate of term rate of heat (Rey- term term
change change addition nolds)
wrt wrt due to fux
time time conduc- term

Rate of energy tion

change

Sum of the rate of change of applied energy and work

The randomly fluctuating tensors in the above formulations, namely the Reynolds flux and -
stress tensors, do not have a known formulation for their normal and shear components. The
closure of the Navier-Stokes equations require that these terms be solved - this is widely known
as the closure problem. The approximation of the normal and shear elements of the fluctuating
viscous tensor can be achieved by the use of an adequate turbulence model.

4.1.2. Solver numeric function

As the simulation of a cavitating centrifugal pump in clean cold water service can be performed
with the assumption that all fluids (liquid and gas phases) can be accurately described as being
homogeneous (ANSYS®), 2019d), the mathematical formulation can be derived.

The bulk transport equations for homogeneous multi-phase fluids are derived in ANSYS®)
CFX® Release 2019 R2 by evaluating the sum of the individual transport equations of each of
the fluid phases that are present in the evaluated flow field for a general scalar variable, ¢, as
per Equation 4.5.

(09 + V- (pUg) = V- (IV) + § (14)

where the following variables are defined by Equation 4.5:
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Np
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In accordance with the ANSYS® CFX® Release 2019 R2 solver theory guide (ANSYS®),
2019d), ANSYS® CFX® Release 2019 R2 (ANSYS®), 2019a) utilises an element-based finite
volume numeric method, see Figure 4-1a. The governing equations are discretized (in accordance
with a spacial 3D grid of the flow field) and solved by a fully implicit, pressure-based numeric
methodology.

The solver utilises a pseudo transient algorithm in which a physical time step is utilised in order
to advance the problem to the converged steady-state and time independent solution. The time
step can be seen as a means to "under-relax" the solution during the solver run, where a smaller
time step is similar to a large under-relaxation factor in other (e.g. SIMPLE based) solver
algorithms. A fully time dependent, fully transient solver mode is also available.

The coupled (mass and momentum), fully implicit linear solver has been programmed to incor-
porate the accelerated Incomplete Lower-Upper factorization technique. The coupled solving
methodology enables the hydrodynamic equations in all dimensions to be solved as a single
system, this results in a more rapid convergence rate.

Original mesh of
*._control volumes

Control volume / 2nd coarse mesh of

. . control volumes
Integration point

Element center

Node -~ 1st coarse mesh of
de— | -
control volumes

(a) Schematic (convenient) 2D illustration of
the vertex based discretization that is im-
plemented in the ANSYS® CFX® Re-

(b) Hlustration of the algebraic multi grid
methodology, as implemented in the
ANSYS® CFX® Release 2019 R2 solver.

lease 2019 R2 solver.

Figure 4-1. Illustration of the ANSYS® CFX® Release 2019 R2 discretization methodology.

The geometric discretization of the flow field yields a finite amount of elements with a finite
volume. The element types accepted by the solver include: tetrahedral, hexahedral, wedge
and pyramid shapes (ANSYS®), 2019d). Due to the fact that all calculated properties of the
solution are stored at the grid node points, control volumes are constructed around each node by
employing a strategy as depicted in Figure 4-1a. Polyhedral control volumes are mathematically
constructed around each node (grey shaded areas in Figure 4-1a), which enables the efficient
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calculation of the flow field hydraulic characteristics by means of a conservative 3D finite volume
approach. Surface fluxes are evaluated at each integration point, as shown in Figure 4-1a. This
methodology ensures that mass, momentum and energy are adequately conserved.

In addition to the mentioned numeric solver features, the Additive Correction Multigrid method
(as rigorously explained by Raw (1996) and Hutchinson and Raithby (1986)) is implemented in
the solver algorithm. The Additive Correction Multigrid method, see Figure 4-1b, is an algebraic
multigrid method and enables the rapid reduction of long wavelength errors (typically errors that
manifest along the entire flow volume) on fine meshes where short wavelength errors are typically
reduced easily (Roache, 1998a). This is achieved by the algebraic addition of control volumes
across several grid coarsening levels before interpolating the coarse solution back onto the fine
mesh. No additional geometric discretization of the 3D spacial grid is required as the operation
is entirely mathematical. The method is extremely robust and is reliable across a wide range of
applications (Raw, 1996).

4.1.3. Turbulence modeling

In order to successfully simulate turbo pumps using CFD; it is imperative that the analyst take
into account that large pressure gradients are inherently present in the flow field. The accurate
simulation of the boundary layer is important in order to accurately predict the separation point
of the fluid from the impeller blades at various operating points. The geometry of turbomachines
is also inherently complex; variable solid body /streamline curvature and rotation are standard
design characteristics. Although most available turbulence models were validated for use in
flat plate type simulations, Japikse and Baines (1997) stated that the applicability of standard
turbulence modeling methods can be motivated when the ratio of the boundary layer thickness
(0p) vs. the radius of curvature (R.) - the blade curve radius, etc. - was small (§, << R.).

Recent published works by Spence and Amaral-Teixeira (n.d.), Vyavahare et al. (2017), S Mut-
talli et al. (2014) describe the full simulation of centrifugal pumps using the k-e¢ turbulence
model of Launder and Spalding (1973) for analysis, but notably; most of the papers reviewed
using this approach were published prior to 2010, including the works by Baumgarten et al.
(2001), Cheah et al. (2007), Park and Morrison (2009), Sun and Tsukamoto (n.d.). The results
that were published ranged in accuracy when compared with actual test data. The robustness
of the model itself and the relatively more economical computer requirements of the k-e¢ (when
compared with the k-w SST model of the time) were large factors in the selection thereof.

Various papers have been published that compare different turbulence models (used to close
RANS based CFD scripts) typically used for industrial turbomachinery simulation. Recent
papers including the works by Chalghoum et al. (2016), Feng et al. (2010) and Liu and Pan
(2012) have compared various turbulence models, including the k-e turbulence model of Launder
and Spalding (1973) and the k-w SST model of Menter (1994), when implemented in turbo pump
CFD simulations. The general preference among the mentioned authors reside with the k-w SST
model; this model generally predicts boundary layer flows and separation accurately while being
implemented in simulations with wide ranges of flow and pressure gradients. The k-w SST model
of Menter (1994) combines the superior near wall modelling capabilities of the Wilcox (2008)
k-w model with the robust and accurate representation of the free stream region as modelled
by the k-e model. The two models are linked by means of a transition model in order to enable
accurate general simulation results for most industrial flow applications. Recent publications
detail notable accuracy of pump simulations when implementing the k-w SST model, notably
works by Chalghoum et al. (2016), Kagawa and Matsushita (2017), Kim et al. (2017) and
Strongin (2015).

In addition to the above mentioned; the ERCOFTAC best practice guidelines for single phase
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flows (Casey and Wintergerste, 2000) have listed a range of known problems with the k-€ turbu-
lence model. Some important deficiencies such as the model’s inefficient prediction of separation
and reattachment in areas of large pressure gradients are concerning. The ERCOFTAC best
practice guidelines does promote the use of the k-w SST model as a more suitable method for
these applications. (ANSYS®), 2019d) also promotes the k-w SST model as being able to ac-
curately predict the onset and amount of flow separation as it takes the transport of turbulent
shear stresses into account (hence the name).
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Figure 4-2. Law of the wall and range of applicable turbulence models, adapted from Pletcher
et al. (2016)

Due to the fact that the k-w SST model, as implemented in the ANSYS® CFX® Release 2019
R2 (ANSYS®), 2019a) solver, combines the k-¢ and k-w models by means of a sophisticated
blending function (ANSYS®), 2019d); the strict constraint on grid generation of near wall cells
(the y™ value) is somewhat relieved. It is widely acknowledged (Casey and Wintergerste, 2000)
that the required grid resolution (y*) cannot always be strictly attained for all flow areas, spe-
cially at areas of separation and reattachment. The k-w SST model thus automatically switches
to the most suitable turbulence numerics, and maintains accuracy through the validated blending
approach. See Figure 4-2 for the applicable ranges of the stated turbulence models.

Regarding the near-wall meshing constraints for low Reynolds number turbulence model simula-
tion: The ERCOFTAC best practice guidelines for single phase flows (Casey and Wintergerste,
2000) specifies (more practically) that the analyst should attempt to restrict the first node
yT ~ 4. Additionally, the analyst should attempt to abide by the minimum of ~10 grid nodes
located between the wall and y* = 20, and close to 30 points inside the boundary layer. The
ANSYS® CFX® Release 2019 R2 solver modeling guide (ANSYS®), 2019¢) recommends a
minimum of 15 nodes inside the boundary layer in order to effectively utilise the automatic wall
treatment developed for low-Reynolds number based turbulence models, and a minimum of 10
for models utilising the wall function approach in ANSYS®) (2019a).

Regarding the aspect ratio allowed for grid elements located close to the wall in ANSYS®
CFX® Release 2019 R2 (ANSYS®), 2019a); The CFX® modeling guide (ANSYS®), 2019¢)
suggests that the upper limit of mesh aspect ratio is 1000 (for double precision methods) with
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a warning that aspect ratios greater than 1000 will lead to round-off errors and convergence
difficulties. The CFX®) reference guide’s general best practice guidelines for grid generation
(ANSYS®), 2019b) however acknowledges the fact that near wall meshes should have a much
greater aspect ratio in the range of 1000 for single precision runs and 10000 for double precision
runs in order to capture the boundary layer adequately, it further suggests that the aspect ratio
of elements away from the boundary region should be kept within 50 for the best results.

The k-w SST model will be implemented in this study. The impeller mesh would be constructed
in order to capture the boundary layer adequately, in order to accurately determine the separa-
tion on the vanes. The volute mesh will be constructed to utilise the wall function approach -
as the available computing power available to the researcher (during this study) restricted the
generation of dense near-wall meshes across large flow areas (especially considering the amount
of solver runs to be executed).

4.1.4. Solver cavitation modelling

The solver applies the Rayleigh-Plesset cavitation model (the method was first derived by
Rayleigh (1917) and applied by Plesset (1949) for a cavitation problem) in order to model
the vaporization and condensation of liquids. The method is explined by Equation 4.6:

: 3rgpg |2 (|pv —p| 204 ,
=F, 929, 1= - - - 4.6
e cond Rnuc \/3 < P pRnuc Sign(pv p) ( a)
Expression for bubble condensation
. 3rnuc(1 - Tg)pg 2 |pv - p‘ 204 .
_ g 2 _ : _ 4.6b
mfg vap Rnuc 3 0 pRnuc stgn (p’U p) ( )

Expression for rapid localized liquid evaporation

Where the inter-phase mass transfer rate, 1y, is defined as per Equation 4.7:

dmp dVp d 4
> — — _ 3
mpg= Np——= = Nppg—~ = NBPg@(gﬂRnuJ (4.7)
——
Rate of Rate of Rate of bubble
bubble mass bubble volume volume change wrt
change change nucleation radius

The variable values that is required to be specified in Equation 4.6 are shown in Table 4-1:

4.2. Chapter summary

This chapter briefly discussed the Navier-Stokes equations and presented the main transport
equations related to the successful completion of any CFD analysis based on the finite volume
method. The preferred numerical solver for this research was selected: ANSYS® CFX®) Release
2019 R2. The solver theory, turbulence modeling and cavitation modeling had been discussed
briefly. The next chapter will outline the project verification methodology.
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Description Variable Quantity Unit

Nucleation site radius Roue 1 um
Volume fraction of nucleation sites Trnauc 5x 1074 —
Empirical factor - vaporisation Foap 50 —
Empirical factor - condensation Frona 0.01 —

Water vapour pressure 2] Do 10° - 104« (B/(C+T)) Pay

Interface length scale [3! — 1 mm
Multi-phase model 13l — Homogeneous —

[l Calculated as per the Antoine (1888) equation.

I Constants as per NIST Standard Reference Database Number 69 (2018) for water:

A, =5.40221, B = 1838.675, C = —31.737, T = Temperature [°K]
B3I Solver selection /value

Table 4-1. (ANSYS®), 2019d) recommended settings for the Raleigh-Plesset cavitation model
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5. Verification methodology

5.1. Code verification

The verification of the CFD solver itself is sometimes of much importance, i.e. for nuclear reactor
safety calculations, the development of new CFD codes, new developments in existing codes etc.
(Roache, 1998b), but practically this requirement was not considered to be of crucial importance
for the current study. A commercially well known and accepted (especially for turbomachinery
related applications) numerical solver was chosen and accepted to be well validated. ANSYS®
CFX® Release 2019 R2 solver theory guide (ANSYS®), 2019d) claims that the code is at least
second order accurate in space when utilising the high accuracy discretization scheme; this
scheme utilises a second order upwind discretization methodology and blends this scheme with
a first order upwind formulation in areas that causes high numerical difficulties for the second
order formulation.

5.2. Quantification of the discretization error

Define representative grid size for

each of the 3 selected grids(h), see « ‘]Z\\[fl’ g 2
eq. (E.1), and calculate the grid ¢3; ¢17
2, 3

refinement factor (r),see eq. (E.2)

v

Calculate the apparent or-
der of the solution at ¢ with
hi < ha < hs, see eq. (E.3)

Do is calculated
by iteration
for non-integer
grid densities

Determine the extrapolated value
of ¢ by utilising Richardson
extrapolation. See eq. (E.4)

v

Determine the approximate- (eq,
eq.(E.5)) and the extrapolated
(eext, €q.(E.6)) relative errors
v

Determine the fine- (GC1fjpe,

eq.(E.7)) and the coarse grid
(GCl oarse, €q.(E.8)) Grid
Convergence Index, GC'T

A 4

Select safety
factor, F§, by
evaluating setup

Figure 5-1. Research methodology

In order to determine the discretization error, the Grid Convergence Index (GCT) was developed
by Roache (1998b) and has since been accepted as the standard practice by The American Society
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of Mechanical Engineers (ASME) Standard ASME-V&V-20 (2009). The GCI methodology will
be implemented as per fig. 5-1. An explanation of the underlying mathematical formulation is
presented in Annex. E.

5.3. Chapter summary

The method of solution verification and grid Independence had been described in this chapter.
The GCI method enables the analyst to determine discretization error and a conservative uncer-
tainty range for the investigated numerical problem, if implemented correctly. The next chapter
will discuss the validation methodology that was used in this study.
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6. Validation methodology

In order to validate the accuracy of the constructed CFD model of the noted pump, a multitude
of tests and calculations can be performed that can accurately approximate the behaviour of a
centrifugal pump operating at a specific operating point.

6.1. Experiments/Testing

In order to enable a meaningful evaluation of the executed experiments, clear guidelines as to the
acceptable uncertainty tolerance for each variable should be outlined. Due to the fact that the
testing of the actual pump was executed in accordance with EN-ISO-9906 (2012) Grade 1, the
analysis of the test uncertainty and measurement tolerance will be done as per the mentioned
International Standard’s requirements and guidelines. EN-ISO-9906 (2012) had been selected
as the preferred test standard due to the fact that the pump design had been completed in
accordence with API-610 (1981), the latest revision of this standard, API-610 (2011), refers the
reader to select either EN-ISO-9906 (2012) or ANSI-HI-1.6 (2000) for pump performance test
completion. ANSI-HI-1.6 (2000) is slightly more forgiving in its prescribed tolerance ranges, in
order to enforce stricter tolerances the preferred test standard was chosen to be EN-ISO-9906
(2012).

Table 6-1. Test 1 evaluation of the water standard

. Unit of I1SO
Flifaﬁlr;zzrty measure-  9906:1999 Ri‘;ﬁ’iteed
ment Table 5 1]
T °C 40 21
v m?/s 175 x107% 1.0x107°
p kg/m3 1050 998.6
Free Solids kg/m? 2.5 -2
Dissolved Solids kg/m? 50 -2l

(11 Although EN-ISO-9906 (2012) does not comment on what qual-
ifies as "cold clean water", ISO-9906 (1999) does provide guidance
in Table 5: Specification of "clean cold water. The test fluid was
compared with the stated guidelines of the old revision.

I Value negligible.

The witnessed testing of the pump in question was completed by qualified professionals at an
accredited testing facility owned, constructed and operated by a prominent and respected turbo
pump Original Equipment Manufacturer (OEM). The works are ISO-9001 (2015), ISO-14001
(2004) and OHSAS-18001 (2007) certified. After testing had been completed, a pump per-
formance curve and completion certificate stating compliance with EN-ISO-9906 (2012) Grade
1 was issued for both instances. Compliance with the mentioned standard ensures that full
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compliance with all measurement procedures had been upheld throughout the testing work, fur-
thermore; all published assumptions relating to the validity of overall measurement uncertainty
and performance tolerances are implicitly validated.

Although no guarantee point with regards to pump performance is specified for the current
design, the principles of the EN-ISO-9906 (2012) standard can still be applied to different point
measurements.

The test bench and layout is shown in fig. 6-1. The red arrows show the fluid flow path, in
sequence: Fig. 6-la shows the suction vessel and distribution system - the piping contains the
suction throttle valve as shown in 6-2. Fig. 6-1b shows the test pump with connecting piping
- note that the piping is not optimally supported on the discharge side. Fig. 6-1c depicts the
(underground) return line to the suction vessel - which contains the flow meter. Fig. 6-1d shows
the main instrument panel of the test bench - flow readings are read here, also a schematic
representation of the facility is shown.

(a) Suction vessel setup. (b) Pump connection and flow direction.

(c) Return line containing flow meter. (d) Main instrument panel and layout.

Figure 6-1. Depiction of test station layout. The red arrows indicate the flow direction.
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Figure 6-2. Schematic layout of test station.

Table 6-2. Permissible values of overall uncertainties as per EN-ISO-9906 (2012)

Grade 1 Grade 2,3 12

Quantity Symbol k= 2,norm k =2, norm
7] 7]
Flow rate eQ +2.0 +3.5
Speed of rotation én +0.5 +2.0
Torque er +1.4 +3.0
Pump total head eq +1.5 +3.5
Driver power input €pgr +1.5 +3.5
Pump power inputll] ep +2.0 +4.0
Pump efficiencyl?l ey (4] +3.2 +6.4
Overall efficiency [3! Engr [5] +2.9 +6.1

[1I Calculated by using the driver power and motor efficiency.

2] Included for reference purposes.

B EN-IS0O-9906 (2012) Table 7: Resulting greatest values of the overall
uncertainties of efficiency.

We,, = \/ez2 + e + e%;gr

[51677:,/6%24-6%14—6%
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Figure 6-2 depicts the test bench layout and location and instrument identification numbers.
The system utilised were a closed loop configuration, one of the most accurate standard setups.
Table 9-1 outlines the instrumental uncertainties related to the installation at the time of the
test execution; as can be seen, all the components were accurately and timely calibrated. All
instrumental uncertainty levels fall well inside the EN-ISO-9906 (2012) Grade 1 required limits
with a coverage factor of k& = 2 translating to a 95% confidence level. Table 6-1 also confirms
that the test fluid conforms to the requirements for "clean cold water" as per ISO-9906 (1999).
Note that no data is provided on the free- nor dissolved solid content, this will have an impact
on the interpretation of the NPSH R test and also the CFD cavitation modeling accuracy. The
entertained solids act as a nucleation point for the cavitation bubbles to start forming - the
current assumption is that the water conforms to the set standards.

Table 6-3. EN-ISO-9906 (2012) tolerance limits for Grade 1 performance testing

Ug Uy Up
T

est Grade %] %) Uy %] (%]
Grade 1, 1B 4.5 3 -3 4
Grade 1, 2B 8 5 -5 8
Grade 1, 3B 9 7 -7 8

6.2. Additional comment on the method of determining pump
shaft power and overall efficiency at coupling

The pump shaft power, P, is determined in the experiment by calculation; The measured motor
input power is multiplied by the motor’s characteristic efficiency curve value at the given operat-
ing point. Additionally, the pump’s mechanical losses are subtracted from the power calculation
- this yields P.

P = Pmesnm - Pmloss (61)

The formulation of the measured shaft power is detailed in equation 6.1, above.

The pump mechanical losses, P55, are influenced by two angular contact ball bearings (acting
as a thrust and journal combination arrangement on the shaft non-drive end) and a single anti-
friction deep groove ball bearing at the drive end.In addition to the bearing arrangements losses
due to the flexible coupling and two mechanical face seals are taken into account. The sum of
the expected losses, Pp0ss, Of the individual components (as specified by the individual part
OEM’s) equates to approximately 8.2kW in total.

Note that the alignment between the pump and the motor will also have an effect on the expected
power loss of the coupling - however, this loss effect will be minimal if the alignment between
the driver and the pump is executed within allowable alignment specification/standards. Also
note that the mechanical losses in the pump and motor bearings are a function of the alignment
and the lubrication applied (grease in the case of the motor). The mechanical face seal losses
are a function of the seal compression (seal tension) values, a function of the setting/assembly
of the seals. The values are thus estimated as per standard tests performed by the individual
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part OEM’s.

H
n = ng Q (6.2)

The pump overall efficiency, p, is subsequently calculated as per equation 6.2, above.

6.3. Additional method of determining simulation tendency

An additional 1D meanline method was developed as a qualitative screening tool. Although it is
acknowledged that 1D meanline methods cannot explicitly be seen as equivalent (or higher) in
accuracy when compared to full 3D CFD simulations, it can be useful to qualitatively compare
certain projected performance aspects (such as Hy, and Hyyp, vs Q) related to impeller geometry
characteristics. Large deviations between the 1D meanline- and the baseline 3D CFD simulation
results (at BEP) will aid in highlighting any major modelling errors. An explanation of the
methodology and assumptions of the method is presented in Annex. F.

6.4. Chapter summary

The validation strategy of CFD simulations were discussed and the strategy outlined in this
chapter.

The experimental setup and standards for acceptance in accordance with EN-ISO-9906 (2012)
was also presented. The experimental standard is applicable to all experiments executed during
this study.

The proposal, development and implementation of a 1D mean-line impeller flow analysis algo-
rithm was also presented. This 1D tool was successfully implemented on the unmodified impeller
later in this study.

The next chapter will form part of Part I, where the baseline analysis of the unmodified pump
geometry will be presented.
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Part Il.

Baseline evaluation of pump
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7. Baseline evaluation

7.1. Model assembly

(a) Assembly of complete flow (b) Exploded isometric view of the unmodified mesh arrangement.

field. Transparency is acti- The discharge volute’s extension (green portion in Figure 7-1a)
vated in order to see compo- is omitted in favour of favourable image layout. The z axis
nents. (dashed line) is the axis of impeller rotation.

Figure 7-1. Isometric view of the flow field with location of boundary conditions indicated.

The flow field of the baseline pump is shown, as modeled, in Figure 7-1. The exploded view of
Figure 7-1b shows the impeller mesh (full) in gold, the suction volute in blue and the discharge
volute in pink. The meshes are assembled from the impeller mesh, stacked from back to front.
The assembly is shown in Figure 7-1a.

A more detailed depiction of the impeller-suction volute interface is shown in Figure 7-2. It
can be seen that the suction of the impeller mesh is very closely matched with the outlet of the
suction volute. Geometry consistent with the original pump suction and discharge volute has
been maintained, thus the areas of leakage flow addition (wear ring cavity) is included adjacent
to the impeller eye.
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e Zhp |

Figure 7-2. Cross section of the flow field in the z — = plane

Both the suction and discharge volute meshes are defined to be stationary while the impeller
mesh is defined to be rotating in an anti-clockwise direction at a rotational speed of 2985RPM.
A single passage could have been modeled while implementing periodic boundary conditions
between the neighbouring impeller passages and the corresponding pitch points on the suction
and discharge volute meshes, but it was decided that the complete impeller mesh should be
modeled in order to ensure the capture of individual separation cells.

7.2. Mesh

(a) The top view of the suction volute mesh
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(b) Orthogonality property analysis graph for the suction volute mesh
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(c) Skewness property analysis graph for the suction volute mesh

Figure 7-3. Suction volute mesh - fine grid representation.

As can be observed from fig. 7-3b and 7-3c; the overall quality metrics for orthogonality and
skewness is favourable with a small fraction of cells falling just short of the 0.1 lower recom-
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mended value for orthogonality. The mesh itself is comprised on mainly tetrahedral elements
with prism boundary layer inflation. Higher density grid definitions are present at the GGI
interfaces. Overall the mesh is seen as acceptable.

(a) The top view of the discharge volute mesh

—— et —e— weds

——prs
5025197.00
. 4000000.00
H
§
H
S 3000000.00
s
2000000.00
nnnnnnn .00 l
000 - B h
0.63 0.75 0.88 1.0

0.00 013 025 038 050 0

Number of El

(b) Orthogonality property analysis graph for the discharge volute mesh
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(c) Skewness property analysis graph for the discharge volute mesh

Figure 7-4. Discharge volute mesh - fine grid representation.

The discharge volute mesh metrics are presented in figs. 7-4b and 7-4c. The overall quality
metrics for orthogonality and skewness is favourable with a minute fraction of cells falling just
short of the developer recommended 0.1 lower value for orthogonality and 0.95 for skewness
(ANSYS®), 2019¢).The same meshing methodology is followed as per the suction volute.

The impeller grid had been generated by using the purpose built turbomachinery rotating ele-
ment grid generator, ANSYS® TurboGrid™ Release 2019 R2 (ANSYS®), 2019a) which utilises
the ANSYS® ICEM CFD™ Release 2019 R2 (ANSYS®), 2019a) as grid generating engine.
High quality structured grids are generated and this enables the use of comparatively less dense
grids to achieve good results in turbomachinery applications. Due to the nature of the appli-
cation, high turbulence levels can be expected. The proper boundary layer mesh does become
very stretched close to the walls, but as mentioned in par. 4.1.3, mesh aspect ratios close to
the wall (in the laminar sub-layer) can be in the vicinity of 10000 with double precision. The
impeller mesh, as described in fig. 7-5 and table 7-3, is thus considered of high quality and will
be used as the fine grid mesh for the component.

Table 7-1. Breakdown of the different elements that the meshes consist of for the current case

Domain Nodes Elements Tetrahedra Wedges Pyramids Hexahedra
Impeller 11712690 11439350 0 0 0 11439350
Volute Discharge 8646196 22373265 8489819 13881356 2090 0
Volute Suction 3795324 9970005 3924385 6045620 0 0

All Domains 24154210 43782620 12414204 19926976 2090 11439350

The mesh refinement study was executed by generating three different meshes of varying density.
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(a) A high quality structured grid was generated for the impeller, as shown in this
figure for the fine grid variant.

(b) The near wall resolution, note the ruler for reference to the scale. The boundary
resolution is required in order to properly model the low-Re section of the
boundary layer.

Figure 7-5. Impeller fine grid representation.

Table 7-2. Indication of mesh quality for the unchanged geometry, fine mesh

Domain Average or o Recom. Average Recom.
thogonality skewness

Volute Discharge 0.80399 0.12864 >0.1 0.19523 0.12882 < 0.95

Volute Suction 0.83407 0.14322 >0.1 0.16384 0.1404 <0.95

The methodology that was followed is as discussed in fig. 5-1. The quality of the generated
grids was very similar to the stated parameters and is deemed to be adequate meshes in order
to complete the mesh convergence study. The near wall resolutions were maintained in all cases
in order to ensure that the implementation of the turbulence model does not skew the results
on grids with varying near wall resolution.
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Table 7-3. Indication of impeller mesh quality for the unchanged geometry, fine mesh

Limit Measure Minimum Maximum Actual | % Bad
Face Angle [°] 15 165 35.245-144.761 0
Element Volume ratio - 12 3.18762 0
Minimum Volume [m?] - 20 1.69529 - 10716 0

Edge-Length Ratio - 10000 11899.7 11 12.2221

[1' All bad elements are located in the first 3 layers of the boundary layer mesh

In order to ensure that the generated mesh complies with the requirements of the selected
turbulence model and solver requirements, contour plots of the y+ parameter was completed
and is presented in fig. 7-6. The indications describe that the impeller geometry near wall mesh
is generally within the y+ < 5 limit for laminar sub-layer modelling.

Yplus
Contour 1
6.000e+00

5.500e+00
5.000e+00
4.500e+00
4.000e+00
3.500e+00
3.000e+00
2.500e+00
2.000e+00
1.500e+00
1.000e+00
5.000e-01

0.000e+00

Yplus

Contour 3
3.844e+01
2.876e+01
2.151e+01
1.609e+01

22 calculation nodes
inside boundary layer

|

| 4 H WHHW'

Figure 7-6. Surface contour plots of the y+ parameter at @ = 639.361m>/h. Vector plots of the
node locations are shown to illustrate the boundary layer resolution at the indicated
locations.

1.203e+01
9.002e+00
6.733e+00
5.037e+00
3.767e+00
2.818e+00
2.108e+00
1.577e+00
1.179e+00
8.822e-01
6.598e-01
4.936e-01
3.692e-01

The vector plot of the impeller flow field confirms that 22 nodes lie within the boundary layer
at the observed point, well within the ANSYS® CFX® Release 2019 R2 solver theory guide
(ANSYS®), 2019d) recommended value of a minimum of 15 nodes in the boundary layer for
low-Re turbulence modeling.

The inlet- and outlet volute flow fields maintains a y+ < 50 on all walls. This near wall resolution
is very much acceptable for the implementation of wall function based near wall modeling. The
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scalable nature of the k — w SST turbulence model ensures that intermediate values of y+ are
well resolved.

7.3. Model setup

(a) Isometric view of the flow field, from the +z  (b) Isometric view of the flow field, from the —z
direction direction

Figure 7-7. Isometric view of the flow field with location of boundary conditions indicated.

The model is comprised of 50% of the total flow volume of the pump. The mid-plane is set as a
symmetry boundary condition; the wall is thus modeled as a free slip, frictionless surface. This
emulates a symmetry plane. It is important to note that the flow field had been chosen to have
a symmetry plane in order to accommodate the available computing power.

The suction casing inlet is set to an inlet boundary condition that is governed by a static
pressure inlet value. No gradients are specified, thus a Zero Gradient case is selected. The
discharge outlet is defined by a mass flow outlet boundary condition. The connection between
all meshes, moving or static is achieved by using the GGI interface (General Grid Interface),
this boundary condition enables the interpolation between meshes in order to enable seamless
carry over between grids in any reference frame. All walls (except the annular seal) are defined
as rough walls, with an equivalent sand surface roughness of 4um.

The annular seal is modeled by a user defined ROM, defined by CFX® Expression Language
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(CEL) expression language and extensively discussed in Annexures A and B and par. 7.3.1 and
fig. 7-8.

7.3.1. ANSYS® CFX® CEL expression language

Internal leakage path through rotating annular seal

Figure 7-8. Location of annular seal leakage path. Blue arrows indicate discharge to suction leakage
represented by an opening boundary condition. Black arrows indicate the inlet of the
discharge to suction leakage flow, represented by an inlet boundary condition with a
specified mass flow equal to the ROM of the leakage flow.

In order to separate the high pressure and low pressure volumes in a centrifugal pump, rotating
annular seal arrangements are used. These annular seals function by maintaining a close running
clearance between the stationary (casing) and rotating (impeller eye Outside Diameter(OD), in
this case) surfaces. The close running clearance essentially functions as a throttling device and
thus ensures that the flow of liquid from the high pressure discharge side to the low pressure
suction side of the impeller is restricted by means of a predetermined flow area reduction. For
a detailed discussion on this matter, the reader is directed to Annexure A, and additionally to
Figure A-1 in the same section.

In order to include the effect of this unavoidable parasitic loss, an analytic model was con-
structed as per the methodology outlined in Annexure A. The construction of a Reduced Order
Model (ROM) to calculate the internal leakage rate was pursued due to the inconvenience of
including a very dense mesh (compared with the rest of the model) in order to represent a very
narrow annular flow path; the addition of this mesh geometry has a negative effect on solution
convergence rate and stability. It has been proven in Annexure A that the internal leakage flow
can be very accurately modeled using analytic methods.
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7.4. Chapter summary

The setup of the 3D flow field is discussed in this chapter as implemented in ANSYS® CFX®
Release 2019 R2 solver setup.

A study of the mesh construction and quality was completed and the mesh arrangement was
accepted as being of acceptable quality and resolution. The mesh was considered acceptable
to facilitate the implementation of low-Re turbulence modeling methods as facilitated by the
implemented & — w SST turbulence model. Adequate boundary layer resolution was obtained
with approximately 22 nodes within the flow area of interest (the impeller) and approximately
11 nodes inside the casing boundary layer (which will be approximated by the wall function
methodology).

The implementation of an intricate ROM, constructed to represent the rotating annular seal
leakage path between the outlet volute casing and the suction casing through the wear ring
arrangement is implemented in the ANSYS® CFX® Release 2019 R2 setup via the solver
CEL. The ROM was also subjected to a verification study.

The next chapter will describe the verification study and the results of the CFD simulations
regarding the unmodified geometry.
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8. Verification of baseline case

Table 8-1. Grid convergence study of the modified mesh at m = 58.985kg/s

Variable n AH a1 AH;o AHypp p Ul gy !
(%) [m] [m] [m] kW] [kg/s]
oS 55.194 314.66 314.84 389.57 328.45 5.7044
b9 54.934 312.7 312.93 388.45 329.38 5.711
b3 55.504 310.22 310.54 386.14 324.52 5.6379
2 55.405 320.88 321.2 390.53 328.24 5.7038
[-] [-] [-] (-] [-] (-]
Do 3.3913 1.1569 1.109 3.26045 7.182 10.472
AR M 1.036 1.0063 1.0061 1.0029 1.0195 1.0135
[£%] (%] [£%] [£%] [£=%] [£%]
e2! 0.47107  0.62289  0.60666 0.2875 0.28315 0.1157
ezl 0.38055 1.9372 1.9789 0.24617  0.063215 0.010564
GCOI2L 2.5592 7.7952 7.8766 1.6028 1.039 0.37879

coarse

GCTI3!

ine

1.146 5.9265 6.0567 0.74035 0.18953 0.03169

[ For all cases: Simulated m = 58.985kg/s, Q = 212.772m?/h, for full pump flow
apply Note 5.

2l For all cases: N; = 49808780, Ny = 23777244, N3 = 16692124.

Bl For all cases: ro1 = 1.2795, rg0 = 1.1252, F, = 3.

4 Asymptotic range achieved if AR ~ 1

5] Multiply the indicated column values of ¢, ¢o, ¢3, p2L, and the total 71, Q by 2.
All other values will remain unchanged as the proportional change will not affect the
calculation method.

A three grid mesh independence study was completed as per the method outlined in the Journal
of Fluids Engineering Editorial Policy Statement on the Control of Numerical Accuracy, as per
Freitas (1993) and subsequently by the referenced work by Celik et al. (2008) which is based on
the ground breaking work by Roache (2009). Richardson extrapolation of the three grid solution
was also completed for all cases in order to approximate the exact solution for the considered
value ¢.

Tables 8-1, 8-2 and 8-3 highlights the results of the study. It is noteworthy to state that all
cases have exhibited good grid independence and the resulting GC1 4y, has resulted in narrow
error bars (Roache, 2003) used in other graphs. The value of p, have in some cases been far
away from 1, however it can be argued that two of the three grids produce similar results for the
measured quantity to motivate that the asymptotic region have already been reached.

Figures 8-1 and 8-2 depict contour plots of the total pressure and velocity in the stationary
frame for all operating cases across all grids. Satisfactory solution stability is observed. All
RMS residuals converged to less than 4 orders of magnitude. For an example convergence case
see Annexure H.
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Table 8-2. Grid convergence study of the modified mesh at rh = 127.215kg/s

Variable n AHgqt AHyo AHpy, p il gy M
(%] [m] [m] [m] kW] [kg/s]

oS 78.879 287.06 288.23 312.98  455.250  5.1248
b2 78.738 286.83 288.75 313 456.16 5.2255
b3 79.338 287.71 289.62 313.3 455.42 5.2093
2 78.92 287.14 287.54 312.98 451.21 5.1043
[-] [-] [-] [-] (-] (-]

Do 6.2833 5.8185 2.3588 11.854  0.85715  7.4991

AR M 1.0264 1.0266 0.9982  0.99994  0.68772  0.96064
(%] (%] [£%] (%] [+%] [£%]

e2! 0.17875  0.080123  0.18041  0.0063902 0.19989  4.0969
e2l, 0.052078  0.026981  0.24158  0.00041016 0.89575  5.7758
GCI?! 0.69258  0.32133 1.2642  0.020401  3.2631 28.672

coarse

GCT3:

fine

(1 For all cases: Simulated 7 = 127.215kg/s, Q = 458.892m?/h, for full pump flow
apply Note 5.

2l For all cases: Ny = 43782620, Ny = 21509931, N3 = 10821486.

Bl For all cases: 19y = 1.2673, r3o = 1.2573, Fs = 3.

4] See Note 4, Table 12-1.

[5] See Note 5, Table 8-1.

0.15631  0.080966  0.72298  0.0012305 2.6634 16.381

Table 8-3. Grid convergence study of the modified mesh at rh = 177.245kg/s

Variable n AHgor AH;p AHypg, p Ty 11
[%] [m] [m] [m] kW] [kg/s]

b1 78.852 235.28 236.84 259.88 522.27 4.7327
b9 79.356 235.89 240.22 260.25 524.69 4.853

#3 79.558 238.26 239.99 260.85 524.32 4.7835
2 78.485 235.09 236.57 259.35 521.81 4.5636

-] (-] -] (-] [-] ]

Do 3.6465 5.9949 11.003 2.2243 7.7065 2.2683
AR W 0.17655  0.99741  0.0054394 0.99858  0.026378  0.3439
[£%] (%] [£%] [£%] (%] [£%]

e2! 0.63917  0.25927 1.4271 0.14237  0.46336 2.5419
e2l, 0.46793  0.082688  0.1138  0.20564  0.089063  3.7049
GCI2. ...  3.3148 1.0257 4.6224 1.0428 1.657 18.343
GOT,, 1.3972 024786  0.34103  0.61565  0.26695 10.718

(1 For all cases: Simulated 7 = 177.245kg/s, Q = 639.361m3/h, for full pump flow
apply Note 5.

2l For all cases: Ny = 43782620, Ny = 21509931, N3 = 10821486.

Bl For all cases: ro1 = 1.2673, r3s = 1.2573, F; = 3.

[ See Note 4, Table 8-1.

5] See Note 5, Table 8-1.
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Figure 8-1. Total pressure in stationary frame as measured on mid-plane of flow field.
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Figure 8-2. Velocity in stationary frame as measured on mid-plane of flow field.
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8.1. Chapter summary

A detailed study of the grid independence and discretization error estimate was completed in this
chapter. It was demonstrated after the procedure to determine the GCI had been completed,
that the solution generated by the fine grid setup was well converged and was approaching the
solution obtained by Richardson Extrapolation for all measured cases.

The next chapter will describe the completed validation actions.
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9. Validation of the baseline geometry

9.1. Pump performance test for the baseline case

Table 9-1. Test 1 systematic (instrumental) uncertainty evaluation

Instrument Instrument  ISO 9906 Previous ISO 9906 eg, k=2
description number Table C.1 11 calibr. 2l Table 58 norm 4
[Month] [Month] [%] [%%]
Watt meter 24967 12 4 +1.0 +0.1
Watt meter 24968 12 4 +1.0 +0.1
Tachometer E.E.44 36 4 +0.35 40.001
Pressure Transmitter EJX530A 4 4 +1.0 +1.0
Pressure Transmitter EJX430A 4 4 +1.0 +0.6
Flow meter GT7321 12 12 +1.5 +0.2

I EN-1S0-9906 (2012), Table C.1: Instrument calibration intervals, indicated in months.
2l The amount of months since the previous calibration and certification was completed.
B EN-1SO-9906 (2012), Table 5: Permissible relative values of the instrumental uncer-
tainty, eg. The limits correspond to the Grade 1 (most stringent) certification level.

[ The reported instrumental uncertainty, eg, based on a standard uncertainty multiplied
by a coverage factor of k = 2, which unless specifically stated otherwise, provides a
confidence level of 95%.

A baseline experiment was completed in order to determine the pump performance prior to im-
plementing the proposed modifications. The test was completed as per the detailed explanation
in par. 6.1. The experiment was certified to be compliant with 2012 Grade 1.

Table 9-1 shows the uncertainty related to the instrumentation that were utilised during the
test. Note that the recommended EN-ISO-9906 (2012) calibration periods for the mentioned
instruments had been achieved in full. The uncertainties and tolerances related to the test were
assumed to be the maximum allowable values allowed by EN-ISO-9906 (2012) in order to fulfill
the requirements of the Grade 1 performance test.

The experimental results are shown in tables 9-2 and 9-3. The measured values are plotted in
fig. 9-1, on the solid black curves. The test points are additionally marked with solid black
bi-lateral error bars. Due to the fact that design points are not specified, the selected points of
comparison were selected after the experiment was completed; the blue shaded zones represent
the bi-lateral uncertainty, the green shaded areas depict the Grade 1B bi-lateral tolerance range,
the orange areas show the Grade 2B bi-lateral error tolerance and the red areas illustrate the
Grade 3B bi-lateral error tolerance ranges. The stated range limits are discussed in detail in
par. 6.1. In order for the pump to be certified to be compliant within a certain accuracy grade,
the curve connecting the test points need to dissect at least one of the bi-lateral error tolerance
bars.

The CFD results and uncertainty error bars are also plotted on fig. 9-1 in the shape of bold
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Table 9-2. Results of baseline experiment.

AH | p | n
Q Test P2 A Test P2c A Test P2 A
[m? /] [m] m] %] | [kW] kW] %] | [%] %] %]
0 317.35 - - 506.65 - - - - -
215.496 | 318.53 326.09 2.32 | 574.47 566.95 -1.33 | 32.42 33.91 4.39
288 - 320.37 - - 607.61 - - 41.44 -
360 - 314.83 - - 633.48 - - 48.88 -
424.692 | 314.11 311.41 -0.87 | 683.84 671.25 -1.87 | 52.93 53.51 1.08
504 - 313.50 - - 715.10 - - 60.66 -
504 - 325.52 - - 741.13 - - 60.22 -
576 - 315.86 - - 743.04 - - 66.53 -
576 - 320.02 - - 767.03 - - 65.4 -
648 - 311.17 - - 778.91 - - 70.49 -
685.08 299.32 308.24 2.89 | 817.22 800.16 -2.13 | 68.08 71.95 5.38
720 - 305.19 - - 821.06 - - 72.93 -
792 - 300.85 - - 851.78 - - 76.37 -
864 - 294.11 - - 887.91 - - 77.92 -
915.912 | 273.34 288.62 5.29 | 946.19 914.54 -3.46 | 71.8 78.64 8.70
915912 | 273.34 292.88 6.67 | 946.19 933.94 -1.42 | 71.8 78.15  9.068
1008 - 277.70 - - 956.28 - - 79.37 -
1080 - 268.19 - - 986.49 - - 79.83 -
1158.696 | 238.19 259.62 &8.26 | 1036.37 1013.30 -2.28 | 72.26 80.20 9.90
1158.696 | 238.19 264.46 9.93 | 1036.37 1032.88 -0.34 | 72.26 79.320 9.089
1224 - 249.34 - - 1037.36 - - 79.94 -
1276.2 217.69 240.82 9.61 | 1069.92 1051.16 -1.78 | 70.45 79.50 11.38

[l The teal entries indicate CFD results obtained by rotating the impeller mesh by 26°.

I A = 100(Test /o)

BI' @ indicates the full pump flow rate in order to easily compare the test and CFD results.
[l P = Motor Shaft Power. The total motor input power is measured and compensated
for by the supplied motor overall efficiency.

black vertical error bars and a red point where the value is programmed to be as per the testing
done in par. 8. The simulation points are connected via the dashed curves, calculated by using
a B-spline interpolation technique. A shaded area is also shown, indicating the range obtained
when rotating the impeller mesh by 26°.

As can be observed, the experiment and the CFD results match within industry acceptable
standards for actual pump testing of new designs and comparison between two similar physical
pumps. The results of the CFD analysis are thus deemed to be validated after complying
with the accuracy requirements of EN-ISO-9906 (2012) for performance certification to a set
standard.

Overall validation of the CFD results could be motivated after the successful completion of the
experiment.

47
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Table 9-3. Results of baseline N PSH Rsy, experiment

|  NPSHRyy

Q Test  ¢ac A
[m?/h] | [m]  [m] (%]
216.14 - 3.40 -
269.10 | 5.07
425.97 - 3.70 -
668.00 | 6.13
687.14 - 9.20 -
918.67 - 9.54 -
935.50 | 7.70
1282.40 | 9.83

1 The colored entries in-

dicate interpolated values using
a best fit exponential regression
line.

9.2. Comment on vibration measurement

Fig. 6-1b illustrates the setup of the pump in the test bay. As noted in par. 6.1, the piping
arrangement is not ideal as there exists long unsupported pipe lengths with multi-plane bends.
The available piping in the test center can only accommodate this layout due to the pump
configuration (vertical inlet and outlet nozzles). Due to this limitation, the setup is prone to
flow excited piping vibration - as observed during the pump test. Sub-synchronous vibration
signatures were measured across a range of operating flow rates.

In addition to the piping layout limitations, dedicated/custom mounting pedestals were not
available for the test pump and a makeshift mounting frame was assembled to enable the pump
to be mounted for the test run. The anchor bolts were not secured as per OEM standard and
the mounting pedestal was not stiff. A more pronounced vibration characteristic was observed
due to resonance and soft foot related defects during the run.

Due to the noted deficiencies in the physical setup of the pump on the test bench, and the absence
of displacement vibration probes (only acceleration based monitoring from external surfaces),
the vibration data was not included in the analysis as the vibration frequencies of interest were
contaminated by external factors.

9.3. Mean-line method for qualitative trend observation

The analytic calculation of the total differential head produced exclusively by the impeller (pre-
sented and treated extensively in Annex. F), including losses and leakage flow, (as per Annex.
A) can be implemented in order to qualitatively evaluate the general trajectory of the CFD so-
lution and to represent some impeller characteristics accurately within reasonable limits (close
to BEP for example) - even though the model does not take three dimensional fluid structures
into account. The intent of this method is not to validate the full 3D CFD simulation using a
1D calculation algorithm.
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Performance Test - Original Geometry
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Figure 9-1. Test 1; Performance test with original geometry, tolerance ranges as per ISO 9906
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Figure 9-2. Analytic calculation points at various flow rates and slip models at fine grid conditions

Table 9-4. Mean-line calculation as per the rigorous method of par. F.1 for the unmodified geom-

etry

Q = 212.772[m3/h] Q = 458.892[m3/h] Q = 639.361[m3/h]

Qsp = 20.595[m3 /A Qsp = 18.431[m3/h] Qsp = 16.478[m3 /]

Qra = 233.367[m>/h] QLo = 477.323[m3/h] | Qra = 655.839[m3/h]
Datalll AHinr €c A AHyp e @ A AHuy  ec A Bl
[m] [+7%] (%] (m]  [=%] (%] [(m] %] [%]

2 390.53 . . 31298 - . 259.35 - .

Qiu et al. 396.539 5.45-107°  1.54 | 317.393 0.047 1.41 | 259.386 0.040 0.01
Giilich 431.110 7.69-107° 10.39 | 309.864 0.058 -1.00 | 249.927 0.042 -3.63
Stodola 386.114 6.75-107°  -1.13 | 293.147 0.067 -6.34 | 221.546 0.067 -14.58
von Backstrom 372.084 6.49-107° -4.72 | 294.465 0.055 -5.92 | 237.576 0.046 -8.40
Aungier 394.025 5.47-107°  0.89 | 316.406 0.047 1.09 | 259.517 0.040 0.06
Wiesner 393.701 5.48-107°  0.81 | 316.082 0.047 0.99 | 259.193 0.040 -0.06
Paeng and Chung | 419.393 4.41-107° 7.39 341.774 0.039  9.20 284.885 0.033 9.85

(I As per the rigorous analytical method, see par. F.1. The slip factor model used in the execution of the
method is shown as row name. The fine grid solution of the CFD model, ¢2., is the reference value.

2l The calculation uncertainty, e., is derived from the uncertainty of the wear ring leakage flow rate, as
determined in the CFD analysis and its subsequent grid refinement study.

BI'A represents the difference between the analytic and CFD generated results, neglecting the uncertain-
ties.

[ All flow rates are per single impeller eye. The BEP is taken at Q = 575[m?/h).

The accuracy of the analytic method (as explained in F.1) has been proven in table 9-4, after
applying Richardson Extrapolation to determine the most accurate AHyyy, and 1, values. The
uncertainty values of the analytic solution is based on the uncertainty of the i, for which the
uncertainty is e2l, for the Richardson Extrapolation, as per tables 8-1,8-2 and 8-3.
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9.4. Chapter summary

The validation study included the comparison of the entire CFD flow field’s results to an EN-ISO-
9906 (2012) certified performance test. The results were satisfactory as all considered calculation
points satisfy an EN-ISO-9906 (2012) standard and is illustrated in the produced performance
curve, fig. 9-1.

A qualitative comparison between a first principle 1D algorithm and the full 3D impeller solution
was completed by comparing the CFD results of the impeller differential head production vs
volume flow rate to the results of the mentioned rigorous analytic technique. The resulting
comparative results fall within close margins across a wide flow range.

The CFD model could be motivated to be adequately validated across a wide operating range
of the pump (for the purposes of this study).

The next part will illustrate the evaluation of the modified geometry, while following the same
procedures as highlighted in the presented baseline study.
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Part Ill.

Evaluation of modified pump
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10. Modification

(a) Ring modification, prior to installation. Di-  (b) Ring modification installed in one of the suc-
rection of rotation: clockwise tion eyes. Direction of rotation: clockwise

Figure 10-1. Ring modification physical implementation.

The proposed modification intended to enable the restriction of the mentioned back-flow condi-
tion has been conceptualised to be a modified bulkhead ring design. The profiled ring consists of
a generously filleted inlet profile in combination with a series of designed perforations that are
oriented in the direction of rotation at a specified drill angle. The ring will then be manufactured
and installed in the eye of the impeller by means of a 0.05mm interference fit and secured by
welding. The (implemented) physical concept is illustrated in fig. 10-1.

10.1. Perforated bulkhead ring design methodology

Determine accept- Geometry inputs -~ B1,d1,ds, b1,b9, 1
able geometry op-
tions, by evaluation

of Section 10.3.2 Perform evalua- Evaluate recirculation
tion of geometry flow rate, Section 10.2

Design ring as per Sec-
tions 10.3.3 and 10.3.4 L1 Design modification |[4— No

Design
acceptable?

Implement modi-
fication as shown
in Section 10.4

v

Yes Evaluation/modification|

] complete )

Yes

Design
acceptable?

Y

No

Figure 10-2. Modification design methodology
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Figure 10-2 shows a schematic diagram that explains the design process; the grey blocks highlight
the main design steps and the red blocks indicate a logic decision that the designer has to take
in order to complete the design.

The optimum design of the device shown in 10-1 could be achieved by using a design exploration
(design of experiment) methodology with CFD as the main development tool. Unfortunately,
due to the nature of operational production facilities - rapidly changing availability of the pump
(originally earmarked for testing purposes) concerned, coupled with budgetary restrictions at
the time of development (influencing the timeline initially allocated for testing and preparation)
- necessitated a rapid geometry generation and part fabrication effort.

The design of the perforation drill angle (81,5) was based on a trade-off between the idealised
principles of velocity triangle theory and geometrical limitations. A variation in d; was concep-
tually evaluated by utilising the adapted (and potentially oversimplified) methodology of Fraser
(1981a) and Gopalakrishnan (1988) as an initial screening tool, while implementing and adapt-
ing the inlet ring sizing methodologies proposed by Giilich (2019) within the boundaries of the
physical geometry limitations of the impeller eye and ring.

10.2. Estimate of point of recirculation onset

Table 10-1. Impeller eye ID vs. @y, at recirculation onset (estimate)

Location of 0 n dq dy dq dq
recirculation La 211mm 204mm 190mm 170mm
Suction [m3/h] 766.099 673.614 508.775 316.695
Discharge [m3/h] 873.518  873.518  873.518  873.518

[ The flow rates mentioned in this column are equivalent to 100% of the
total measured flow rate of the entire pump, 50% this value represents the
flow through a single eye.

2l The estimated points of recirculation onset (suction and discharge re-
circulation) was calculated using the methodology of Fraser (1981b6) and
Gopalakrishnan (1988), as explained in Annex. D.

As can be seen from table 10-1, according to the methods of Fraser (1981b0) and Gopalakrishnan
(1988): with the current geometry, discharge recirculation could possibly be initiated at a rela-
tively high flow rate (compared to the measured and originally stated BEP). With the current
dy of 211mm, suction recirculation can be expected at a flow rate of < 766.099m3/h (total flow
rate - 2 eyes); this is high for the application. With the variation of eye diameter it can be seen
that the expected point of suction recirculation inception changes quite rapidly.

10.3. Exploration of potential geometric layouts

10.3.1. Design considerations

The methodology of design stated in fig. 10-2 was followed. The internal diameter of the
perforated ring design was influenced by multiple factors. With reference to fig. 10-4, the
following design constraints are in place:
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1. The NPSHA of the test rig and the site installation would constrain the NPSHR3¢; increase
at the maximum (normal) operating flow rate.

2. It is to be noted that the normal operating range is well away from the BEP for the current
geometry. The ring sizing should ensure that re-circulations are not expected across the
stated operating range - the ring should thus be designed to operate reliably at the lower
flow rate in the normal operating range.

3. An important consideration is to ensure that the drilled holes do not compromise the
structural integrity of the ring, thus avoiding the penetration of the inner diameter (d,.)
when drilling the holes, while maintaining a substantial ligament thickness between per-
forations, in order to provide some structural resilience/strength in the case of cavitating
flow - this is to ensure that undue mechanical damage caused by potential cavitation does
not prematurely consume the ring material and cause unbalance and flowing debris.

4. The ring should be rapidly manufactureable using standard methods and tooling, this
ensures an economical design. The material should be weldable and corrosion resistant (to
on site process).

5. The perforation drill angle should be designed to ensure a minimal incidence to the in-
coming flow in order to minimise the possibility of local flow separation and potentially
cavitation - especially at the higher flow rates in the range.

6. The amount of perforations should be equal for all flow passages, in order to minimise
asymmetry of the flow field.

10.3.2. Assessment of the range of possible ring geometric features

In order to determine the possible perforation layout, an algorithm was constructed (as per
the methodology in par. D.3) which generates a range of plausible design iterations. The
algorithm determines the maximum perforation drill radius (r3,) at a certain drill angle (51,5)
corresponding to a selected d,. The results of the method is depicted by fig. 10-3.

Fig. 10-3a depicts the relationship between 1,3, d, and the ratio A,q,. The data shows that as
d, decrease, the ratio of the modified vs original eye flow area (A,qi0) tend to increase. Another
relationship exists where A,q, decreases as [1,.p decrease. A stepped tendency is exhibited
(especially with smaller values of dj,) - this is due to the abrupt changes of d;, and ny as per
the available drill sizes as per ASME-B94.11M (1993).

Fig. 10-3c illustrates that a definite point exists where the maximum allowable dj, starts to ex-
hibit an accelerated reduction compared with a reduction in (1,5 for all d,.. The rapid reduction
in dp, is attributed to the restriction in t;- as the drill angle 31,5 increases.

The ratio of ring perforation throat flow area (Aj,,) versus the flow area reduction brought
about by a solid bulkhead ring of d, is shown in 10-3b. Af,,2 tends to increase as d, decrease,
also it shows the same tendency with an increase of 51,.5. This tendency is logical as the total
flow area increases with an increase of ng and dj,.

As the drill angle is reduced and the available space for perforation addition reduce, a subsequent
reduction of ny, is observed with a reduction in both £1,p and d,, as per fig. 10-3d.The rapid
change in the amount of allowable perforations is attributed to the constraints detailed in D.3)
and above.

The red dots in all graphs shown in 10-3 depict the selected ring design - this will be further
elaborated on in later paragraphs.

Suction recirculation mitigation in a double-suction centrifugal pump 55



LrlIJ NwWU " School of Mechanical Engineering
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Figure 10-3. Comparison of various ring geometric attributes versus a varying 31, and d,

10.3.3. Ring internal diameter design

The iterative design methodology detailed in fig. 10-2 was implemented. With reference to fig.
10-4; the site NPSHA limit at the maximum expected site Q1 in conjunction with the test bench
NPSHA limit at BEP was taken as the limiting design criteria. Incorporating the geometrical
design possibilities discussed in 10.3 - with the intent to maximize A,qtio and A;qrio2 without
compromising the ring structural integrity - it was determined that the ring should be designed
for a flow rate of Q = 250m?/h per eye and geometric attributes as per table 10-4.

A study which compares some performance characteristics related to the selected perforated
ring geometry and a corresponding solid ring variant with the same d, is shown in table 10-2 -
a numerical representation of fig. 10-4. Note that the (projected) gain in NPSHR performance
of the perforated ring could potentially aid in the application of the geometry with a reduced
impact on the suction performance of the pump - most notably in the higher flow rate operating
regimes.

Admittedly, the B1,p angle could be made to be more acute, however as per fig. 10-3 the
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NPSHR39 vs. Volume Flow Rate
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Design point of perforated ring - @ = 500[m?/h)

BEP (test - unmodified) - Q ~ 1150[m3/h]

Figure 10-4. Calculation of the expected NPSHR3y, at various flow rates and values of dg

Table 10-2. Calculated ring throat inside diameter study

Flow rate Unit Design  Normal operating flow range BEP
QM [m3/h] 216.14 425.54 500 600 685.08 687.14 900 917.78 1150 1278.72
QM [m3/h] 108.07 212.77 250 300 342.54 343.57 450 458.89 575  639.36

Analysis of expected NPSHR3, at the specified flow rates/operating points, see fig. 10-4 [3]

Bluel! [m)] 495 541 563 598 633 634 737 747 891  9.84

Red! [m] 524 645  7.05 799 891 893 11.74 12.01 15.96 18.52

GreylS] [m] 534 679 751 865 9.76  9.79 1320 13.53 1832  21.42
Analysis of expected deviation ratios at the specified flow rates/operating points [3]

Grey/Red  [-] 1.02  1.05 107 [1.08 110 110 112 113 115  1.16

Red/Blue  [—] 106 119 125 133 141 141 159 161 1.79  1.88

Grey/Blue  [-] 1.08 126 133 145 154 154 179 181 206  2.18

[ The total measured flow through both impeller eyes.
2] The total measured flow through a single impeller eye, in order to adapt the data to the CFD results.

BI The ratio of between the different data sets vs the volume flow rates per column.

[ The blue data set is the NPSHRg3y, of the unmodified pump as per the test data

5] The red data set is the projected NPSHRg0; for the modified pump - perforated ring with dg = 172mm.
This ring is considered to be geometrically similar to a plain bull-ring with dr = 177.72mm - as per the
method proposed by Giilich (2019), as detailed in Annex. D

6] The grey data set is the projected NPSHRg3y, for a modified pump with a plain bull-ring with dr = 172mm
- as per the method proposed by Giilich (2019), as detailed in Annex. D
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implication of a reduced d,., a reduction of perforations and/or the reduction of dj, indicate that
any further pursuit of 51,5 reduction would likely be counter-productive for the current layout,
promoting increased ring solidity and subsequently reduce the influence of the perforations to a
noticeable degree. Fig. 10-3 shows a sharp decline in favourable geometric attributes after 81,5
is reduced past the 30° point, this attribute was subsequently deemed the geometric constraint
for the current layout.

10.3.4. Calculation of required ring inlet drill angle

WpcD
Legend: Crur Wiar - \ ilrl
—— Qu = 525 m®/h

QLa
Ciy Csa - Wir
—— Qu. = 450 m*/h \ et
_ 3 55 )
— Qu. =300 m’/h Lp n = 2985 RPM ' -

_ 3 ~
Qo = 2050 /b ®1r Pu 4Bis = 30°
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Ring Geometry
By = 30° % Wy o
o Cqa d= drPCD
= 13.79° e e
i } Cor \Pin 3.7 After modification - affected top
Suction side B [ part of the impeller blade leading
- Wour Come edge. The ring outlet triangle and
— incidence to the impeller blade is
rPCD
Pressure side

shown

a0 d=05(d, + d,)

i .
\k M g After modification - unaffected

< part of the impeller blade leading
Bip = 15.54° T edge. This is also valid for the total

blade leading edge for a solid ring
of similar inlet throat flow area

After Modification

{ e Before modification - the original
Pip = 15.54° (idealized) inlet velocity triangle
of the impeller

il\x Originall d=05(d, +d,)

*All dimensions or indications of magnitude are related to the
Q1.=525 m3/h flow condition, the principle can be applied to
all conditions and flow magnitudes

Figure 10-5. Calculation of the expected NPSHR3¢, at various flow rates and values of dgr

Fig. 10-5 depicts the idealised inlet and outlet velocity triangle diagrams constructed for the
proposed modification. The flow rates correspond to the design value (250m?3/h), the expected
operating minimum (300m?/h), maximum (450m3/h) and BEP (575m3/h) values of Q. Refer
to Annex. D par. D.4 for detailed data and methodology relating to fig. 10-4.

The relative flow velocities - w1 and wa, - between the ring outlet and impeller vane leading
edge could not be exactly tangentially aligned, resulting in a negative incidence of i}, = —16.21°.
Global alignment of the idealised perforation outlet relative- (ws,) and absolute flow velocities
(car), to the bulk impeller inlet free stream flow - and specifically to the impeller inlet relative
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Table 10-3. Summary of incidence angles of the various points of interest

d=d,pcp d= 0.5(dr + dn)
pip = 13.79° Bip = 15.54°

Qra?  mbBl oy i, il n i)
[m3/h]  [kg/s] [°] [°] [°] [°] [°]
250  69.24 80 21.00 -16.21 | 3.33 8.33

250 69.24 90 21.24  -16.21 3.77 8.49
250 69.24 100 2147  -16.21 4.17 8.64

300 83.08 80 19.18  -16.21 0.88 6.88
300 83.08 90 19.52 -16.21 1.5 7.1
300 83.08 100 19.85 -16.21 2.07 7.31

450 124.63 80 13.74  -16.21 -6.35 2.49
450 124.63 90 1449  -16.21 -5.03 2.99
450 124.63 100 15.18  -16.21 -3.85 3.45

575 159.24 80 9.29 -16.21 -12.1 -1.13
975 159.24 90 10.48  -16.21 | -10.07 -0.34
975 159.24 100 11.556  -16.21 -8.31 0.38

[ These variable magnitudes are applicable to all considered
cases as the impeller geometry remains constant.

2] This value represents the flow through a single eye, for total
pump: 2Q L,

3] Mass flow calculated at p = 997kg /m? - this corresponds to
test conditions.

flow velocity (w;) and impeller inlet flow angle ;1 - was not possible without outlet guide
vanes.

Table 10-3 summarises the calculated incidences as shown and calculated in fig. 10-5. It can be
observed that the ring inlet flow incidence, #},, is large at low flows but decreases as the flow
rate increases - the same trend is observable for all incidences measured, except for f. The
incidence 7/ remains constant, however the effect of flow deviation, ds, was omitted - as per par.
D.3.2.

It seems apparent from table 10-3 that the ring element will reach on optimum flow rate at a
value substantially higher than the original impeller BEP. Upon consideration of the inlet flow
area throat restriction; the point of operation at optimum flow incidence of the impeller blades
areas not directly affected by the ring is approximately 300m3/h. Thus, the optimal ring flow
incidence was not achieved, however, if cavitation can be omitted - even with separated flow
at the inlet there should exist a measurable amount of fluid flow through the ring at all flow
rates.

Taking all the above-mentioned factors and calculations into account, the selected geometric
layout of the perforated ring design as specified as per table 10-4.
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Table 10-4. Selection of ring geometric features based on the results of the design algorithm

Variable Unit Value ‘Variable Unit Value Variable  Unit Value

n [RPM] 2985 | dypep  [mm] 19172 Ao [m?  0.025343
dy [mm]  211.44 Birp ] 30 A, [m?] 0.0015708
dy mm] 11153 o -] 20 Afiow  [m?  0.015036
d, [mm] 172 dp, [mm] 10 Avatio [-]  0.59331

(1 These variable magnitudes are applicable to all considered cases as the impeller geometry
remains constant.

Perforation
drill angle 611-53230 +1

(a) Ring modification, prior to installation. (b) Ring modification installed in one of
Direction of rotation: clockwise the suction eyes. Direction of rotation:
clockwise

Figure 10-6. Ring modification physical implementation.

10.4. Implementation of modification

Figure 10-6 illustrates the final ring modification design. Rings situated in each of the impeller
eye inlets will have inverted geometric features.

Figure 10-1a shows the final design of the modification after physical manufacture by means of
milling from a SA-240 Type 304L austenitic stainless steel plate. This particular material of
construction was selected in order to ensure weldability between the impeller casting and the
ring and to mitigate material cost, as this particular grade of stainless steel is readily available.
The installation of the ring into the eye of the test pump is also shown in fig. 10-1b.

10.5. Chapter summary

The design of the proposed impeller inlet eye modification was discussed. Due to geometric
constraints, the resulting 51,5 angle results in greater than optimal bulk flow incidence, across
all flow rates. Sub-optimal efficiency operation can be expected from the current conceptual
design, however the design should still be effective at flow rates with adequate NPSH3g,. The
manufacture and installation of the physical ring was also briefly discussed. The next chapter
discussed and describes the impact of the modification on the model setup and mesh.
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11. Setup of the modified pump

11.1. New model assembly

(a) Assembly of complete flow (b) Exploded isometric view of the modified mesh arrangement.

field. Transparency is acti- The discharge volute’s extension (green portion in Figure 11-
vated in order to see compo- la) is omitted in favour of favourable image layout. The z axis
nents. (dashed line) is the axis of impeller rotation. The back-flow

restricting device is shown in green.

Figure 11-1. Isometric view of the flow field with location of boundary conditions indicated.

The implementation of the ring modification on the 3D solid pump model is minimal, by design,
In order to incorporate the change the impeller inlet area was trimmed and a small area at the
inlet volute connection to the impeller was recessed. The ring geometry was the fitted to the
area that was made available through the 3D model modification.

In order to ensure that the physics of the problem are adequately represented, the setup is kept
identical to the original pump model, as described by par.7.1. The connection of the ring to
the original parts is achieved by using GGI interfaces at all connection points. The ring domain
is also specified to be rotating, at the same velocity as the impeller. See 11-2 for a section of
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Figure 11-2. Cross section of the modified flow field in the z — x plane. The green part is the
back-flow restricting device.

domains.

11.2. Mesh

(a) The mesh as constructed for the ring modification
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(b) Orthogonality property analysis graph for the ring modification mesh
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(c) Skewness property analysis graph for the ring modification mesh

Figure 11-3. Ring modification fine grid representation.

As discussed in par. 11.1, an additional 3D part/mesh has to be incorporated into the final
mesh assembly. All parameters of the other meshes are kept constant, but the ring’s mesh was
once again considered for the mesh independence study. The mesh metrics can be seen in the
tables contained in this chapter.

As described in figs. 11-3a, 11-3c and the analysis in table 11-1; it is evident that the meshes
are of good quality and can be used with confidence.
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Table 11-1. Breakdown of the different elements that the meshes consist of for the current case

Domain Nodes Elements Tetrahedra Wedges Pyramids Hexahedra
Ring 862952 3273927 2530582 743345 0 0
Impeller 12147770 11860530 0 0 0 11860530
Volute Discharge 8646196 22373265 8489819 13881356 2090 0
Volute Suction 4887411 12301058 4258258 8042800 0 0

All Domains 26544329 49808780 15278659 22667501 2090 11860530

11.3. Chapter summary

The modification of the mesh and the 3D setup was also discussed and the modifications de-
scribed and presented. The mesh and the setup had not been fundamentally changed when
compared to the original setup, thus the complete mesh and setup was not discussed again. The
mesh quality of the ring geometry was shown to be of high quality and is acceptable for the
simulation to be accurate. The next chapter discusses the CFD results relating to the modified
geometry and the verification thereof.
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12.

Verification of the modified pump case

Table 12-1. Grid convergence study of the modified mesh at 7 = 58.985kg/

Variable n AH o AH; AHyg, p 1l T M
[%] [m] [m] [m] kW] [kg/s]
b1 54.865 304.81 304.98 375.66  321.540 5.802
b2 53.912 307.47 307.73 376.28  331.150  6.0397
®3 52.816 309.8 310.27 396.76  344.450 6.21
2 55.246 302.82 303.18 375.66 318.910 5.4852
[-] [-] [-] [-] [-] -]
P 5.0860 3.4453 3.7602 29.905 6.2364 2.271
AR 14 1.0177  0.99135  0.99106  0.99835  0.97098  0.96064
[£%] [+%] [£%] [+%] [£%] [£%]
e2! 1.737 0.87267  0.9017  0.16504  2.9887 4.0969
e2l, 0.68915  0.6566  0.59421  0.0001039 0.82525  5.7758
GOIZL . 7.2928 4.575 44772  0.49544 11.422 28.672
GOT,. 2.0818 1.957 1.7721  0.0003117  2.4555 16.381

1 For all cases: Simulated 1 = 58.985kg/s, Q = 212.772m? /h, for full pump flow
apply Note 5.

2l For all cases: Ny = 49808780, Ny = 23777244, N3 = 16692124.

BI For all cases: ro; = 1.2795, 149 = 1.1252, F, = 3.

[ Asymptotic range achieved if AR ~ 1

5] Multiply the indicated column values of ¢, da, P3, 21, and the total 1, Q by 2.

All other values will remain unchanged as the proportional change will not affect the
calculation method.

Similar to par. 8, a three grid mesh independence study was completed as per the method
outlined in the Journal of Fluids Engineering Editorial Policy Statement on the Control of
Numerical Accuracy, as per Freitas (1993) and subsequently by the referenced work by Celik et al.
(2008) which is based on the ground breaking work by Roache (2009). Richardson extrapolation
of the three grid solution was also completed for all cases in order to approximate the exact

solution for the considered value ¢.

Tables 12-1, 12-2 and 12-3 highlight the results of the study. It is noteworthy to state that all
cases have exhibited good grid independence and the resulting GC1 4y, has resulted in narrow
error bars (Roache, 2003) used in other graphs. The values of p, have in some cases been far
away from 1, however it can be argued that two of the three grids produce similar results for the
measured quantity to motivate that the asymptotic region have already been reached.

Figures 12-1 and 12-2 depict contour plots of the total pressure and velocity in the stationary
frame for all operating cases across all grids. Satisfactory solution stability is observed. All
RMS residuals converged to less than 4 orders of magnitude. For an example convergence case
see Annexure H.
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Table 12-2. Grid convergence study of the modified mesh at . = 127.215kg/s

Variable n AHgqt AHyo AHpy, p il gy M
(%) [m] [m] [m] kW] [kg/s]

1 77.738 285.1 285.87 311.7 460.37 5.2588
b 78.354 283.23 284.94 311.57 453.68 5.235

b3 79.583 282.09 285.13 311.48 447.98 5.2217
2 77.654 289.84 286.29 311.89 465.74 5.3596

[-] [-] [-] [-] (-] -]

P 8.5941 1.3493 4.7176 2.0738 3.2817 0.8602
AR M 0.99214  1.0066 0.1893 1.0004 1.0147 1.0045
%] (=% %] [+%] [=%] [£%]

e2! 0.79241  0.65591  0.32532  0.041707  1.4532 0.45257
e2l, 0.10841 1.6352  0.14772  0.062469  1.1534 1.8802
GCI2L. .o 2.7021 6.9548 1.4198  0.31264 7.86 7.1063
GCI?! 0.32487  4.9871 0.44382  0.18752 3.5005 5.7486

ine

[ For all cases: Simulated r = 127.215kg/s, Q = 458.9m?/h, for full pump flow
apply Note 5.

2l For all cases: Ny = 49808780, Ny = 23777244, N3 = 16692124.

Bl For all cases: r9; = 1.2795, r3o = 1.1252, F; = 3.

4] See Note 4, Table 12-1.

[5] See Note 5, Table 12-1.

Table 12-3. Grid convergence study of the modified mesh at = 177.245kg/s

Variable n AH a4 AH;o AHinr p Ul rivgp !
[%] [m] [m] [m] (kW] [kg/s]
b1 78.156 233.58 235.44 259.21 523.62 4.7151
b9 78.192 230.47 233.96 258.81 520.13 4.705
b3 78.998 230.26 233.73 258.46 515.7 4.682
2 78.156 234.48 236.5 259.51 524.76 4.7162
(-] [-] (-] (-] [-] (-]
p 26.719 6.0741 3.5404 3.4389 5.6956 9.475
AR M 0.99954  0.050743  0.17569  1.0015 1.0067 1.0021
[£%] [£%] [£%] [£%] (%] [£%]
e2! 0.046062  1.3314  0.62861  0.15432  0.66651  0.21421
o1 6.3645¢-

e 0.38233 0.44915 0.11553 0.21656  0.022943

ext 05
GCI2.,. .. 0.13838 5.1457 3.2394 0.80994 2.6506 0.71146
GCI?! 0.00019094 1.1514 1.3535 0.347 0.65109  0.068845

ine

[ For all cases: Simulated 7 = 177.245kg/s, Q = 639.361m?/h, for full pump flow
apply Note 5.

2l For all cases: Ny = 49808780, Ny = 23777244, N3 = 16692124.

Bl For all cases: r9; = 1.2795, r3o = 1.1252, F; = 3.

[4] See Note 4, Table 12-1.

5] See Note 5, Table 12-1.
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Figure 12-1. Total pressure in stationary frame as measured on mid-plane of flow field.
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Figure 12-2. Velocity in stationary frame as measured on mid-plane of flow field.
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12.1. Chapter summary

A detailed study of the grid independence and discretization error estimate was completed in this
chapter. It was demonstrated after the procedure to determine the GCI had been completed,
that the solution generated by the fine grid setup was well converged and was approaching the
solution obtained by Richardson Extrapolation for all measured cases.

The next chapter will describe the completed validation methodology and the appropriate out-
come.
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13. Validation of the modified geometry
case

Table 13-1. Test 2 systematic (instrumental) uncertainty evaluation

Instrument Instrument  ISO 9906 Previous ISO 9906 eg, k=2
description number Table C.1 11 calibr. 2l Table 5B norm
[Month] [Month] [%] [%%]
Tachometer E.E.75 36 5 +0.35 40.001
Pressure Transmitter EJX530A 4 13 +1.0 +0.01
Pressure Transmitter EJX430A 4 13 +1.0 +0.04
Flow meter G7321 12 32 +1.5 +0.2

I EN-1S0-9906 (2012), Table C.1: Instrument calibration intervals, indicated in months.
2l The amount of months since the previous calibration and certification was completed.
B EN-1SO-9906 (2012), Table 5: Permissible relative values of the instrumental uncer-
tainty, eg. The limits correspond to the Grade 1 (most stringent) certification level.

[ The reported instrumental uncertainty, eg, based on a standard uncertainty multiplied
by a coverage factor of k = 2, which unless specifically stated otherwise, provides a
confidence level of 95%.

5] Recommended re-calibration intervals according to EN-ISO-9906 (2012) not met, how-
ever, all calibration certificates are still valid in accordance with SANAS.

The validation experiment was completed after the appropriate modifications were completed to
the impeller inlet geometry, as per par. 10.4. A full performance test was completed in order to
determine the operating characteristics of the modified geometry across a wide operating range.
The experiment was completed as an industrial pump performance test as per EN-ISO-9906
(2012) Grade 1.

Table 13-1 shows the uncertainty related to the instrumentation that were utilised during the
test. Note that the recommended EN-ISO-9906 (2012) calibration periods for the mentioned
instruments had lapsed, however these suggested time periods are for guidance only and the
recommended values as set forth by a set standard or the OEM can also be used should the client
accept the proposal. Due to the fact that the calibrations are still (theoretically) valid as per the
mentioned alternative arrangements, the test was accepted in solidarity with the standard (due
to production pressure and limited test bench and technical personnel availability) - guidance
is provided in Appendix C of EN-ISO-9906 (2012). The uncertainties and tolerances related to
the test were assumed to be the maximum allowable values allowed by EN-ISO-9906 (2012) in
order to fulfill the requirements of the Grade 1 performance test rules/guidelines.

The experimental results are shown in tables 13-2 and 13-3. The measured values are plotted
in fig. 13-1, on the solid black curves. The test points are additionally marked with solid black
bi-lateral error bars. Due to the fact that design points are not specified, the selected points of
comparison were selected after the experiment was completed; the blue shaded zones represent
the bi-lateral uncertainty, the green shaded areas depict the Grade 1B bi-lateral tolerance range,
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Table 13-2. Results of the modified pump’s experiment.

| AH | P | n
Q Test P2 A Test P2c A Test ¢ A
[m?/h] | [m] [m] el | kW] kW] ] | Rl (] [
0.00 - - 412.31 - - 0.00 - -
215.50 313.66 - - 531.25 - 33.91 -
235.44 542.22
288.00 309.67 - - 573.03 - 43.16 -
360.00 308.21 - - 617.41 - 49.21 -
424.69 301.45 - - 660.52 - 53.31 -
504.00 288.12 -11.57 | 716.93 716.22  -0.1 56.31 -8.9
504.00 306.25 -4.97 | 716.93 681.41 -5.21 63.75 3.81
576.00 288.16 - - 766.78 - 59.03 -
576.00 303.14 - - 706.16 - 68.66 -
649.08 305.26 - - 783.42 - 69.70 -
720.00 299.69 - - 819.83 - 72.06 -
756.00 873.07
792.00 295.06 - - 847.62 - 75.12 -
864.00 289.58 - - 884.15 - 77.19 -
907.20 944.41
915.91 284.12 - - 910.30 - 77.88 -
915.91 282.02 - - 903.27 - 78.04 -
1008.00 272.97 - - 951.50 - 78.77 -
1054.80 887.73
1080.00 262.70 - - 980.98 - 78.85 -
1158.70 252.55 - - 1010.11 - 79.03 -
1158.70 255.37 - - 1018.66 - 79.04 -
1224.00 241.90 - - 1030.15 - 78.99 -
1276.20 233.59 - - 1042.04 - 77.94 -
[ The teal entries indicate CFD results obtained by rotating the impeller mesh by 26°.
2l The entries indicate linearly interpolated values.
B3I The entries indicate test point data that is considered to be incorrect - the data

is included for the sake of completeness.

[ A = 100(Test/¢2c)

5I'Q indicates the full pump flow rate in order to easily compare the test and CFD
results.

6] P — Motor Shaft Power. The total motor input power is measured and compensated
for by the supplied motor overall efficiency.

5] Calculation methodology as per Annex. B

the orange areas show the Grade 2B bi-lateral error tolerance and the red areas illustrate the
Grade 3B bi-lateral error tolerance ranges. The stated range limits are discussed in detail in
par. 6.1. In order for the pump to be certified to be compliant within a certain accuracy grade,
the curve connecting the test points need to dissect at least one of the bi-lateral error tolerance
bars.

The CFD results and uncertainty error bars are also plotted on fig. 13-1 in the shape of bold
black vertical error bars and a red point where the value is programmed to be as per the testing
done in par. 12. The simulation points are connected via the dashed curves. A shaded area is
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Table 13-3. Results of the modified pump’s N PSH R3y, experiment

|  NPSHRsy

Q Test o A
[n/h] | Im]  m] (%]
216.14 - 2.64 -
425.97 - 4.97 -
522.00 | 4.70
687.14 - 10.36 -
748.80 | 8.10
903.60 | 10.55
918.67 - 10.86 -
1015.20 | 10.95

U The colored entries in-
dicate interpolated values using
a best fit exponential regression
line.

also shown, indicating the range obtained when rotating the impeller mesh by 26°.

Note: The outlet control valve of the test setup became compromised and had to be replaced
with a gate valve mid-way through the performance test - the initial test was aborted and
recommenced the following evening. The outlet pressure indication was unstable after the valve
change - high piping vibrations were also noted after the change (see par. 9.2). The vacuum
pump connected to the suction pressure vessel also exhibited some operational difficulties and
could not maintain adequate suction pressure at the high flow experimental point on this par-
ticular instance - the final experimental test point (high flow) was excluded from the analysis
as this point is believed to have been recorded in a cavitation state. Due to the long time since
re-calibration, the outlet pressure gauge is suspected to have been defective - as a result, the
AH — @ and n — @ curves in fig. 13-1 is not seen as accurate and is subsequently faded out.
The NPSHR3y — @ and P — @ graphs are unaffected by the outlet pressure gauge and can be
seen as accurate.

Fig. 13-1 and table 13-3 indicates good correlation between the CFD predicted N PSH R3, data
regression vs the test results and the analytic prediction discussed in par. 10.3.3. Due to the
computing time, only four points were simulated.

13.1. Chapter conclusion and summary

The second CFD validation study included the comparison of the entire modified CFD flow field’s
results to a second EN-ISO-9906 (2012) certified performance test. Although the considered
calculation points satisfy the EN-ISO-9906 (2012) standard, the adapted CFD model can only
be motivated to be partially validated across the entire operating range of the pump. Apart
from the suspected inaccuracy of the outlet pressure gauge - the experimental results relating
to NPSHsy and P could considered as satisfactory (due to the measurement technique).
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Part V.

Analysis of results
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14. Analysis of simulation data

14.1. Overall performance assessment

Note: All values presented in all graphs and tables were generated by the formulae /methods in-
cluded in Annex. B in the form of user CEL language (as programmed into the solver algorithm).
All flow cavities, secondary flow paths and rotating and/or stationary walls were evaluated.

Table 14-1. Comparison of CFD results for Hyy, n and P between the modified and unmodified
pump geometries

| AH and ¢ ‘ P and ¢o. ‘ n and ¢
Q Original Perf. Ring A Original Perf. Ring A Original Perf. Ring A
[m? /1) [m] [m] (%] | (kW] (kW] %] K (%] (%]
215.496 | 326.09 313.54 -4.00 | 566.95 535.94 -5.79 | 3391 33.91 0.01
288 320.37 311.18 -2.95 | 607.61 572.50 -6.13 | 41.44 43.16 3.99
360 314.83 309.17 -1.83 | 633.48 617.41 -2.60 | 48.88 49.21 0.67
424.692 | 311.41 307.73 -1.20 | 671.25 662.30 -1.35 53.51 53.31 -0.37
504 313.50 290.81 -7.80 | 715.10 740.30 3.40 60.66 53.92 -12.51
504 325.52 306.25 -6.29 | 741.13 681.41 -8.76 | 60.22 63.75 5.54
576 315.86 291.45 -8.37 | 743.04 768.90 3.36 66.53 59.03 -12.71
576 320.02 303.14 -5.57 | 767.03 706.16 -8.62 65.40 68.66 4.75
648 311.17 304.87 -2.07 | 778.91 788.23 1.18 70.49 69.70 -1.13
685.08 308.24 800.16 71.95
720 305.19 301.54 -1.21 | 821.06 818.79 -0.28 72.93 72.06 -1.21
792 300.85 296.72 -1.39 | 851.78 848.53 -0.38 76.37 75.12 -1.66
864 294.11 290.69 -1.18 | 887.91 881.01 -0.78 77.92 77.19 -0.94
915.912 | 288.62 284.94 -1.29 | 914.54 907.36 -0.79 78.64 77.88 -0.98
915.912 292.88 282.02 -3.85 | 933.94 903.27 -3.4 78.15 78.04 -0.14
1008 277.70 274.08 -1.32 | 956.28 950.75 -0.58 79.37 78.77 -0.76
1080 268.19 263.83 -1.65 | 986.49 981.25 -0.53 79.83 78.85 -1.25
1158.696 | 259.62 253.25 -2.52 | 1013.30 1008.33  -0.49 | 80.20 79.03 -1.48
1158.696 | 264.46 255.37 -3.56 | 1032.88 1018.66 -14 79.32 79.04 -0.35
1224 249.34 242.57 -2.79 | 1037.36 1029.36  -0.78 79.94 78.99 -1.20
1276.2 240.82 233.96 -2.93 | 1051.16 1040.26  -1.05 79.50 77.94 -2.00
[ The teal entries indicate CFD results obtained by rotating the impeller mesh by 26°.
2l The entries indicate linearly interpolated values.
BI The entries indicate questionable test point data - included for completeness.

41 A = 100(Test /¢a.)

51 ) indicates the full pump flow rate in order to easily compare the test and CFD results.

6] P — Motor Shaft Power. The total motor input power is measured and compensated for by the supplied
motor overall efficiency.
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Table 14-2. Comparison of CFD results for Hyy, n and P between the modified and unmodified
pump geometries

Comparison of Perf. Ring regression
best fit regression vs Giilich correlation
NPSHR3y and ¢2. NPSHR3y and Giilich
Q Original Perf. Ring A Perf. Ring Gdilich A
[m?°/h] | [m] [m] (%] [m] [(m] %]
215.496 3.19 3.00 -6.23 3.00 5.24  42.80
288 3.61 3.49 -3.31 3.49 5.58  37.46
360 4.08 4.06 -0.49 4.06 6.00 32.34
424.692 4.56 4.65 1.98 4.65 6.45  27.87
504 5.22 5.49 4.93 5.49 7.08 2248
576 5.90 6.38 7.52 6.38 7.75  17.57
648 6.68 7.43 10.05 7.43 8.49  12.56
685.08 7.12 8.03 11.32 8.03 8.91 9.90
720 7.56 8.64 12.50 8.64 9.32 7.34
792 8.55 10.04 14.89 10.04 10.23  1.81
864 9.67 11.68 17.21 11.68 1122  -4.11
915.912 10.57 13.02 18.85 13.02 11.98 -8.67

[ The comparisons are made between regression lines.

I A = 100(Original /Perf. Ring)

BI'Q indicates the full pump flow rate in order to easily compare the test
and CFD results.

As can be understood from the table 14-1 and illustrated in fig. 14-1 (considering the AH, P,
and 7 parameters vs. @)): the addition of the ring modification did not have a profound impact
on the performance of the pump within the normal operating boundaries when the NPSH A is
maintained significantly higher than the NPSH Rgy, at the measured flow rate. The calculated
performance parameters of the modified pump were, however, slightly worse overall compared
to the unaltered design. The most affected parameter was the differential head produced at a
set flow rate, particularly at low flow rates of Q < 650m?3/h. The comparison of the CFD data
in fig. 14-1 was based on a fixed 0° rotation of the impeller mesh (in order to ensure consistency
in result reporting). The flow rates 400m3/h < Q < 650m?/h could be considered to be more
unstable (transient) when compared to higher values of ) due to the growing deviation between
the simulated impeller rotation positions as () decreases. The normal operating range indicated
in fig. 14-1 shows a less pronounced deviation for the largest percentage of the normal operating
range.

The prominent kink in the AH, P and 7 curves observed at flow rates 400m?/h < Q < 650m?/h
will be discussed in later paragraphs but the phenomenon can be attributed to a stalled flow
field in one of the two volute passages. The kink is more pronounced in the simulations that
included the perforated ring geometry. Considering the data presented in table 14-1, the effect
of the impeller mesh position when considering the angle of rotation is significant - especially at
lower flow rates. The kink in the AH curves are still prominent with impeller rotation, however
generally higher values of AH and 7 are computed, while P tends to compute at a lower value
considering impeller rotation values of 26°.

When considering the NPSH R characteristics as presented in table 14-2, more notable dif-
ferences between the two configurations are observed. The modified geometry’s predicted
NPSH R3p curve shows a tendency to diverge from the original geometry’s computed trend.

Suction recirculation mitigation in a double-suction centrifugal pump 75



LrlIJ NwWU " School of Mechanical Engineering

Considering the data presented in table 14-2 and illustrated in fig. 14-1: the N PSH R3y, curve
tends (within reasonable limits) to the predicted curve as presented in par. 10.3.3. The pre-
sented results implies that the modification could be reasonably predicable and could potentially
be feasible in a centrifugal pump setup with adequate NPSH A and favourable geometry and
operating parameters.

Table 14-3. Comparison of CFD results for Hypy for ¢o. between the modified and unmodified
pump geometries

Comparison of CFD results
AHpr, and ¢gc

Q Original Perf. Ring A
[m? /1] [m] [m] (7]

215.496 500.13 464.51 -7.67
288 443.17 421.18 -5.22
360 411.83 392.90 -4.82

424.692 388.90 374.53 -3.84
004 372.75 360.36 -3.44
076 363.15 345.78 -5.02
648 348.70 343.54 -1.50

685.08 342.01
720 336.47 334.05 -0.72
792 328.17 325.86 -0.71
864 319.15 317.54 -0.51

915.912 312.68 311.37 -0.42
1008 298.18 296.68 -0.51
1080 287.62 286.00 -0.56

1158.696 | 277.64 274.98 -0.97
1224 267.80 265.70 -0.79

1276.2 260.13 258.24 -0.73

[ The entries indicate linearly inter-
polated values.

2l A = 100(Original /Perf. Ring)

BI'Q indicates the full pump flow rate in
order to easily compare the test and CFD
results.

The simulated comparison of the total theoretical head (including losses), Hyr, produced by
the impeller (with the inlet and outlet volutes and all secondary flows and subsequent hydraulic
losses included in the evaluation) corresponding to both the original and modified impeller
suction geometry is presented in table 14-3. As determined from the current simulation results;
the modified geometry is negatively affected (in terms of head production at the corresponding
total flow rate) at flow rates corresponding to Q < 648m?3/h when compared to the unmodified
impeller geometry’s simulation results.

From the overall performance data produced in this section it can be stated that the modification
brought about by the addition of the perforated ring seems to have amplified the transient flow
effects observed at low flow rates.
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Combined CFD Results of Major Performance Indicators
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Figure 14-1. Comparison of CFD results (0° impeller rotation)
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14.2. Evaluation of 3D CFD data

14.2.1. Geometry

C*

(continuoation of C, similar for D)

Perforated Ring

Shroud

**All planes identical for perforated ring and unmodified type simulations

Figure 14-2. Depiction of the location where the CFD data was evaluated. The results reported
in this chapter is consistent with the locations shown in this figure.

Fig. 14-2 shows all the considered planes for data analysis. The planes are referenced consistently
throughout the current section. Note that Planes C, D, Hub and Shroud are meridional turbo
surfaces representing a stream-wise impeller cut at a constant span-wise percentage. Planes
which are depicted with an asterisk (*) indicate a continuation of the stream-wise impeller
surface area into a parallel surface dissecting either the outlet and/or suction volute at the same
axial position (Z-axis) of the impeller exit meridional surface span.

The geometry in fig. 14-2 also applies to all model variations relating to naming, position and
application thereof.
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14.2.2. Case 1 - Effect of the perforated ring at BEP conditions.

In order to economise the layout of this document, the results of the CFD analysis at the BEP
operating conditions have been presented in Annex. I. References to the BEP simulation data
are made throughout and the reader is urged to study the output data of Case 1 as a prerequisite

to evaluating the results reported in Case 2.

14.2.3. Case 2 - Effect of the perforated ring at ring design conditions.

Case 2: Ring design point flow rate
n = 2985RPM (clockwise), Q = 250m?/h (Q = 500m3/h for full pump)

(a) Absolute pressure, Plane C*

/\

—

R

(c) Total pressure in stationary frame, Plane I

40.000

30.000

20.000

10.000

0.000
[m s?-1]

(b) Velocity magnitude (Impeller: Rela-
tive/Volute: Stationary), Plane C*

(d) Axial flow velocity in stationary frame, Plane
I

Figure 14-3. Comparison of BEP (initial) conditions for Case 2
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No Ring installed

‘ Ring Installed

Case 2: Ring design flow rate
n = 2985RPM (clockwise), Q = 250m3/h (Q = 500m3/h for full pump)

(c) Velocity in Stationary Frame, Plane A top, Pane

B bottom

(e) Total Pressure in Stationary Frame, Plane A top,

Pane B bottom

= A
nﬁ, g%n

(b) Eddy Viscosity, Plane A top, Pane B bottom

Y

(d) Velocity in Stationary Frame, Plane A top,
Pane B bottom

e

(f) Total Pressure in Stationary Frame, Plane A

top, Pane bottom

Figure 14-4. Comparison of various parameters on Planes A and B

General comments on the 3D CFD data

In this section; various surface plots are provided at the evaluation flow rate of Q@ = 250m?/h
(single eye flow rate). The Author intends to sketch a tangible state of the test pump for Cases
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1 and 2 by means of the evaluation of numerous useful plots.

By evaluation of fig. 14-4, initial observations regarding the addition of the perforated ring and
the impact thereof on the Case 2 flow field can be made on Planes A and B. Fig. 14-4 indicates
that the addition of the perforated ring did alleviate areas of higher (calculated) Eddy Viscosity
in the suction casing, upstream of the impeller inlet - this indicates a potential reduction of more
turbulent flow structures in the bulk flow rate in these areas. The impact on the bulk total fluid
flow velocity (observed in the stationary frame) is also evident - the ring addition seems to have
altered the magnitude of the observed total flow velocity somewhat, especially in the impeller
eye region. The impact on the total pressure had been slightly less obvious, with volute total
pressure change being evident - as observed by a reduced volute total outlet volute pressure for
the ring configuration.

The impeller inlet flow had been further investigated by the evaluation of ¢y, at the inlet cross
sectional flow areas depicted by Planes E, F and G as per figs. 14-5 and 14-6. Figs. 14-ba
through 14-5c¢ indicate a notable reverse flow region at the outer circumference of the evaluated
planes (shown as a flow magnitude of value less than Om/s, indicating a flow rate opposite to
the expected axial flow direction). The inner (forward-flowing) annulus exhibited an increase of
c1m due to the partial restriction of the total impeller inlet flow area by the outer fluid portion
flowing in an apposed axial direction when compared with the bulk ¢y, flow rate. With the
addition of the perforated ring in figs. 14-5d through 14-5f, the reverse flow that had been
observed in the outer diameter of the inlet were removed - however, a new area of low/reversed
flow were created as a consequence. The new reverse flow area is located in the lower left
quadrant of the inlet flow annulus. The conditioning of the inlet flow is also supported by the
results contained in figs. 14-5g through 14-5i for the total (or stagnation) pressure, prs. A higher
total pressure was observed in the unmodified geometry at the design flow rate of the ring - this
indicates the presence of strong secondary flows in conjunction with the bulk mass flow rate.
The situation (regarding prs) was mitigated by the "normalisation" of the prg structure by the
ring. A dramatic decrease in eddy viscosity, as observed in the annular flow areas of Planes E,F
and G, u, had been recorded in 14-6 after the addition of the perforated ring - this was also
observed in fig. 14-4. In addition to the results obtained above, the ring design assumptions
were supported by the results obtained from the Case 1 results at Planes E and G respectively,
refer to figs. I-2d and I-2f (BEP conditions) - see the notes in tables D-3 and D-5.

Fig. 14-7 indicates the expected flow angles (/1) at Plane C, D and Shroud. It can be seen
from the images that there exits areas with negative flow angles within the impeller passages
- indicating a reverse flow. A similar plot for Case 1, ref. fig. [-4 however shows favourable
flow angle predictions. The accuracy of the calculated flow angles used in the calculation of the
perforated ring design for the unaffected portion of the blades (Plane C) to be in good agreement
with the CFD data as presented in fig. [-4b - see comments section in table D-5.

Fig. 14-8 illustrates various plots of meridional area averaged (about the axis of rotation) data
of the impeller at the specified ring design flow rate () - comparisons are also made between the
unmodified and the modified inlet eye geometry. As can be seen in the figure, the addition of the
ring does, in fact, assist in greatly reducing the level of calculated eddy viscosity in the meridional
section of the impeller - indicating a reduction of bulk flow fluid mixing, figs. 14-8a and 14-8d.
The addition of the ring also seems to be effective in ensuring a more even distribution of inlet
flow velocity in the streamwise direction to the impeller blade leading edges, figs. 14-8b and
14-8¢. The apparent gain in flow field uniformity seems to be offset by an increase of predicted
vapour volume fraction at the leading edge of the vanes, see fig. 14-8c and 14-8f - the increase
of the predicted cavitation zone will be discussed later in this section.
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Recirculation flow

The recirculatory flow was investigated by means of blade-to-blade plots of the flow vectors at
various meridional span locations as shown in previous paragraphs. The graphical layout of the
results of the investigation is presented in ig. 14-9. The figure contains vector plots and stream-
line representations of the calculated flow vectors in order to aid the reader in interpretation of
the results.

From the data shown in fig. 14-9, it is clear that there is indeed recirculatory behaviour present
during operation at low flow rates (flow rates in the vicinity of Q = 250m3/h in this case). The
vector plots of the unmodified geometry shows clear evidence of reverse flow and ejection of
fluid out of the eye of the impeller into the bulk inflow to the impeller and the blades. The 2D
streamlines also depict clear areas of separation in both the modified and unmodified impeller
geometries - it should be noted that the level of recirculatory behaviour is somewhat alleviated
by the addition of the perforated ring in this particular instance, with a reduction of observable
separation cells and recirculatory flows visible in the mentioned graphs.

The recirculatory flows were further investigated using 3D rendering of the results. Plane G
was used as the reference to plot the 3D streamlines and to generate the axially projected
flow vectors, as per figs. 14-10a through 14-10d. Clear recirculation was illustrated by the
combination of streamline and vector depictions, also, the effect of the perforated ring could be
illustrated.

As a final probe into the extent of the calculated recirculation induced reverse flow, a vortex core
iso-surface were constructed by means of the Q-Criterion and were colored by the Eddy Viscosity
at those points. The iso-surface of the unmodified and modified pump geometry is presented
in fig. 14-11. From the stated figure it is clear that extensive secondary flows are present in
the pump setup prior to the installation of the perforated ring. After the ring was installed,
the backflow-induced vortex cores were eliminated, with the exception of other secondary flows
generated by the inflow of fluid from the suction of the pump casing.

It must however be noted that the suppression of the overall recirculation phenomena (restriction
of back-flow of fluid out of the impeller eye) has not been fully achieved. there exist a back-
flow close to the hub region, causing a portion of the impeller to become partially unloaded
during the revolution, refer figs. 14-10. This behaviour of the impeller flow field will likely
result in unintended performance over an extended operating period due to the potential cyclic
mechanical and hydrodynamic loading of the blades.

14.2.4. Cavitation behaviour at operating conditions

The modeling of the cavitation as experienced during normal operation is presented. The pres-
ence of moderate cavitation during normal operation, above the N PSH3y point is an unavoid-
able certainty for most pump installations operating with relatively low NPSH A (Giilich, 2014;
Karassik et al., 2008). The possibility of the suppression of unwanted cavitation by means of
the installation of a modified suction ring was investigated.

It is known that the cavitation point (as calculated by the Raleigh-Plesset method) is very
sensitive to the fluid properties such as entrained gasses and the presence of solids in the stream
(Plesset, 1949). Solids or impurities do act as nucleation zones for cavitation bubbles and the
concentrations of such elements should be known. The water tests completed for the test purpose
did not disclose the solid particle count, nor air entrainment data. Differences between the
experimental data and the CFD results are thus likely and even expected. The presence of these
elements will also effect the CFD model itself, however these values were kept constant between
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the simulation setups, and any deviation caused due to the stated fact would be normalized
between the simulation results.

The expected cavitation clouds are shown as the green iso-surface plots of the water vapour
volume fraction at a value of 0.5 (50%) at any given cell. Note that the physical size and
location of the cavitation zones shown in fig. 14-12 have been slightly altered by the addition of
the ring geometry. Additional cavitation zones have been introduced to the pump suction flow
field inside and in close proximity to the perforations, fig. 14-12g and 14-12h.

As per earlier discussions regarding predicted vapour fractions, see fig. 14-8c and 14-8f - the
increase of the predicted cavitation zone size is likely attributed to the reduction of streamwise
flow velocity to the blade leading edge at lower flow rates where recirculation is present (increased
flow velocity is present in the unmodified impeller due to the large recirculation zones at the
impeller eye inside diameter, causing an obstruction in positive axial flow, which thus increases
the streamwise flow velocity and subsequently reduces the leading edge incidence angle and
the likelihood of premature cavitation during operation). The opposite is true regarding the
streamwise velocity for Case 1, see fig. I-5 - at BEP conditions the ring tends to accelerate the
flow unsymmetrically into the impeller eye (the higher velocity is shown to impinge on the area
closest to the impeller hub, with the shroud area of the blade leading edge being provided lower
inflow velocity) - this can also lead to premature cavitation during operation at BEP flow due
to increased blade and flow incidence mismatch. The addition of the ring will likely bring about
cavitation zones to form on or in close proximity to the ring geometry itself, at the inlet and at
the outlet of some of the perforations - leading to a blockage of the perforations and a further
acceleration of the bulk inlet flow rate to the blades. The cumulative effect on the NPSHj3gy, is
detrimental as a greater possibility of cavitation is induced at most flow rates. The cavitation
behaviour of the ring geometry would likely be improved in this instance with more acute drill
angles - which is not attainable in the current setup due to the geometric constraints discussed
at length in 10.3.

14.3. Chapter summary

The overall performance of the CFD vs the verification and validation actions were accepted to
be in close agreement. The CFD results were accepted as accurate for the purposes of this study.
The CFD data can be considered as clinical data which is as close as practically attainable in
this instance (compared with the experimental data), thus these results were considered to be
the data that would be used for the analysis of the study. After extensive simulations at closely
spaced flow rate points, it was discovered that the pump characteristic curve possesses a slight
saddle zone in between tested values.

The impact of the modification was investigated by comparing the CFD results of the unmodified
and the modified geometry to each other, at exactly the same mass flow rates and impeller
rotational speeds.

After evaluation of the 3D geometry and after due consideration of all the other results of this
study, including the 2D plots and other investigations, it was shown that the axial reverse flow of
fluid out of the impeller eye could likely be restricted by the addition of the perforated ring.

From the simulation results it can be stated that the modification did not have an unexpectedly
large impact on the performance characteristics (e.g. 7, P and AHyy) of the machine, when
adequate NPSH A and flow rates above 600m3 /h were maintained. The modified geometry did
not have an unexpected detrimental impact on the calculated (and measured) NPSH Ry, as a
preliminary calculation predicted similar values to the test and simulation data. The modified
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geometry impacted the NPSH R3y, between -6% and 18% as per the calculated values. A slight
improvement was realised regarding the separation cell number in the impeller passage, with the
trade-off of a slightly negatively impacted performance level and a newly generated (although
not high in intensity) back-flow region near the impeller hub - a possible instability in the pump
operation could be induced at low flows due to this phenomenon, this effect is not prevalent
during operation at more reasonable flow rates close to BEP.

The modification was deemed successful in restricting the back-flow of fluid from the impeller
eye to the suction volute.

The next chapter discusses the outcome and further study recommendations.
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Case 2: Ring design flow rate

n = 2985RPM (clockwise), Q = 250m3/h (Q = 500m3/h for full pump)
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Case 2: Ring design flow rate
n = 2985RPM (clockwise), Q = 250m3/h (Q = 500m3/h for full pump)
Measured variable: prg, direction of normal flow: into page
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Figure 14-5. Comparison of ci1,, between different Cases and eye configurations
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Plane E ‘ Plane F ‘ Plane G

Case 2: Ring design flow rate
n = 2985 RPM (clockwise), @ = 250m?/h (Q = 500m3/h for full pump)
Measured variable: p;, direction of normal flow: into page

599 (a) Ring not installed (¢) Ring not installed

(d) Ring installed (e) Ring installed (f) Ring installed

Figure 14-6. Comparison of u; between different Cases and eye configurations

No Ring installed ‘ Ring Installed

Case 2: Ring design flow rate: Q = 250m3/h (Q = 500m?/h for full pump), Flow: top to bottom,

n = 2985RPM (clockwise, left-to-right in stationary frame),
Measured variable: Inlet flow angle, 51

-

(e) Shroud (f) Shroud

Figure 14-7. Comparison of impeller inlet flow angle between different Cases and eye configurations
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Case 2: Ring design flow rate
n = 2985RPM (clockwise), Q = 250m3/h (Q = 500m3/h for full pump)
Measured variable: p;, direction of normal flow: into page

Eddy Viscosity | Streamwise velocity | Conservative liquid volume fraction
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Figure 14-8. Comparison of area-averaged, circumferential meridional data
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Case 2: Perforated ring not installed Case 2: Perforated ring installed
Q = 250m3/h (Q = 500m3/h), Flow: top to bottom | Q = 250m3/h (Q = 500m3/h), Flow: top to bottom
n = 2985RPM (clockwise, left-to-right in stn frame) | n = 2985RPM (clockwise, left-to-right in stn frame)

(e) w1 magnitude 2D, Shroud
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(i) Velocity magnitude 2D s

2D streamline, plane D
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(k) Velocity magnitude 2D streamline, plane C (1) Velocity magnitude 2D streamline, plane C

Figure 14-9. Comparison of 2D plane unmodified and modified impeller inlet geometry.
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Case 2: Perforated ring not installed
Q = 250m?/h (Q = 500m3/h)
n = 2985RPM (clockwise)

Case 2: Perforated ring installed
Q = 250m?/h (Q = 500m>/h)
n = 2985RPM (clockwise)

(c) Stream-wise (axial, ¢1,,) 3D velocity vector
plot

(d) Stream-wise (axial, c1,,) 3D velocity vector
plot

Figure 14-10. Comparison of flow characteristics of the unmodified and modified impeller inlet

geometry.
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Case 2: Perforated ring not installed
Q = 250m3/h (Q = 500m?/h)
n = 2985RPM (clockwise)

Case 2: Perforated ring installed
Q = 250m3/h (Q = 500m?/h)
n = 2985RPM (clockwise)

(a) Vortex core identification by means of Q-
Criterion, coloured by Eddy Viscosity

(c) Vortex core identification by means of Q-
Criterion (alternate view), coloured by Eddy
Viscosity

S L

_

(b) Vortex core identification by means of Q-
Criterion, coloured by Eddy Viscosity

(d) Vortex core identification by means of Q-
Criterion (alternate view), coloured by Eddy
Viscosity

Figure 14-11. Comparison of vortex core iso-surface regions between the unmodified and modified
impeller inlet geometry. Vortex core regions identified by means of the Q-Criterion
method and the generated iso-surfaces are colored by Eddy Viscosity
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Case 2: Ring design flow rate Case 1: Best Efficiency Point
Q = 250m3/h (Q = 500m3/h) Q = 575m3/h (Q = 1150m3/h)

Variable: (Viig — Vgas)/Viig, n = 2985RPM (clockwise), NPSHA = 16m
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(g) Ring vapour zones (h) Ring vapour zones

Figure 14-12. Comparison of the conservative liquid vapour fraction free surface interface between
different Cases and eye configurations

Suction recirculation mitigation in a double-suction centrifugal pump 91



LrlIJ NwWU " School of Mechanical Engineering

15. Conclusion and recommendations

15.1. Conclusion

Due to the stated rationale in this study, a study into the suction recirculation behaviour of
a certain pump had been completed and presented in this dissertation. A potential geometric
alteration was proposed with the intent of mitigating the suction recirculation at off-design flow
regimes without adversely altering the characteristics of the pump setup. A specific requirement
of limiting the increase of NPSHR to below 10% was stated to be feasible.

Due to limited computing resources and time constraints, the CFD simulation of the pump
was continued on the assumption of a steady state, RANS based, frozen rotor approach. The
presented CFD models of both cases were subjected to verification studies by means of the grid
refinement procedure developed by Roache (2009). Validation experiments (certified to EN-
[SO-9906 (2012)) performed and the impeller performance was compared to a newly developed
analytic impeller mean line performance calculation methodology. The verification procedure
produced well verified CFD solutions. The comparison of the fine grid CFD solutions to the
stated validation tests had been proven to be in close agreement and thus can be accepted. The
CFD models presented can thus be confidently accepted as an adequate representation of the
real world setups.

A partial volumetric survey of the actual test impeller were also completed although accessibil-
ity of the shrouded construction made the evaluation challenging. A representative geometric
evaluation of a similar (de-shrouded) pump impeller was completed and significant deviations
were found between the idealised 3D solid model (which is based on data from previous reverse
engineering projects) and the measured geometries. The deviations can contribute to the ob-
served deviations in results seen in the pump performance tests, as described in the relevant
sections detailing the geometric aspects of the pump geometry.

During the second experiment various technical, time and economic constraints (as explained)
necessitated the acceptance of a potentially non-calibrated pressure transducer to be used for
the second experiment. Some experimental values were scrutinised and found to be misleading
- the results are still incorporated with explanation for completeness. The first experiment was
judged to be satisfactory.

With the above taken into consideration, the research objectives are considered and the stated
hypothesis can be evaluated:

15.1.1. Evaluation of hypothesis

The hypothesis is stated to be: A profiled bulkhead-ring aids in suppressing excessive suction
recirculation, and thus aids in relieving the intensity of damaging suction recirculation cavita-
tion.

The hypothesis consists of two parts; the first part of the statement can be partially substan-
tiated. It was proven that for the current observed cases, the tendency of fluid back-flow from
the suction eye to the suction volute at the low flow condition was successfully restricted by the
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modification. The tendency of the flow to separate from blade congruent conditions at low flows
was not successfully mitigated.

The second part of the hypothesis concerns the mitigation of cavitation at the observed low flow
conditions relating to recirculation induced cavitation. The current model did not successfully
predict suction recirculation cavitation in the true sense of the phenomenon, i.e. cavitation at
the vortex center of the separation cell, as described by Fraser (1981a); Karassik and McGuire
(1997); Gdilich (2001). In order to model these effects, more sophisticated solving methodologies
and exponentially greater computing power is required. Other cavitation zones were however
identified that is more along the lines of classic vaporisation cavitation that is well known to
happen at low NPSH A. The cavitation intensity /size of the cavitation cloud/zone was modeled
well by the setup. It was noted that the modified geometry tended to induce a greater amount
of cavitation, when considering the size of the cavitation zones. Additional cavitation nucleation
sites were introduced by the ring geometry, this resulted in additional cavitation clouds inside
or at close proximity to the perforation flow area, resulting in flow obstruction of these flow
areas.

15.1.2. Evaluation of implementation in industrial applications

The current geometry is not considered to be viable for pump applications where a combination
of the presence of low NPSHA and a wide operating range is required. The current geometry
can be adapted and potentially implemented in feasible pumps with adequate geometric features
(large eye diameter which will allow for the optimal drill angle to be implemented in the design
without the risk of structural compromise) experiencing high suction recirculation while oper-
ating in a defined operating range relating to @) and have adequate N PSH A that will mitigate
vaporisation induced cavitation. The stated feasible application requirements will make other,
less complex, options viable as well - this diminishes the attractive properties of the current
design in lieu of simplicity of design.

15.2. Recommendations for further study

The following recommendations can be made regarding potential further study relating to the
current work:

1. In order to more accurately simulate the flow field, it is recommended to conduct a study
that details the full transient simulation of the complete pump setup (including both
suction eyes and full volute configurations), by means of a sliding mesh technique. The
turbulence could potentially be simulated using more rigorous methods such as LES (as
applied in similar applications Sagaut (2006), Yamanishi et al. (2007) and Byskov et al.
(2003)) or DES based approaches. The transient solution should include the transient
simulation of cavitation as well in order to more precisely capture the cavitation zone in
the recirculatory vortex cores at low flow conditions.

2. In order to further improve the potential for a more closely validated CFD computational
result, further experimental setups could implement the manufacture and testing of an
impeller which is produced by more precise manufacturing techniques (in order to ensure
more accurate and symmetrical geometry) - e.g. CNC milling from billet, investment
casting, additive manufacturing (potentially), etc. The casing flow surfaces could also
conditioned in order to conform to a considerably more uniform surface roughness finish, ¢.
It is recognised that commercial pumps will rarely conform to precise laboratory standards,
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especially larger units with complex casting features. The capital expenditure related to
upgrading the current geometry will likely be prohibitive.

3. Design exploration could be completed in order to determine the most robust and efficient
ring geometry for the widest efficient operating range.

4. Due to the limitations presented by the current study regarding the impeller eye geometry,
a similar study could be performed by considering a pump setup with a much larger d;.
The increased diameter would alleviate the geometric constraints imposed by the current
geometry on the required 1, dimension, allowing for more optimal drill angles and d,
dimensions to be achieved.
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A. Reduced Order Model for a rotating
internal annular seal leakage path

CFD analysis of turbomachinery is becoming more common and the problem of efficiently and
economically simulating internal leakage through annular seals is of primary concern to the
designer. The construction of meshes of adequate quality to capture the leakage flow field
accurately requires excessively fine grid setups to account for annular seal clearances between
0.1 to 0.5mm. This annexure proposes the construction of a reduced order model of an annular
seal setup that allows for analytical calculation of the mentioned leakage using user scripting
in the CFD solver setup, subsequently eliminating the mesh requirement for leakage simulation
of close running clearances in large pump flow field computation models. The model has been
verified against a commercial fluid dynamics software package and achieved a 2.4% accuracy level
with ¢ = 0.0118 across a wide operating range. The model has been proven to be accurate and
capable of accounting for surface roughness effects and temperature variations. Guidance for the
implementation of the ROM in the ANSYS® CFX®) solver environment is also provided.

A.l. Introduction

In the turbomachinery environment, the annular seal can be described as a small fluid-filled
annular clearance between a stationary outer cylinder and a rotating inner cylinder with a fixed
axial length. The seal configuration can be of various designs, including but not limited to:
cylindrical, serrated, labyrinth, grooved and stepped.

Annular seals enable centrifugal pumps to operate in a satisfactory manner. The annular seal
configuration is present at all wearing surfaces between the rotor and stator interfaces, where
a seal is required between two individual high and low pressure chambers. Some examples
where effective sealing is required are: impeller wear rings, balance pistons/drums and neck
bush interfaces in multi-stage rotor arrangements.

It is of paramount importance for the pump designer (and user) to understand the impact of the
annular seal clearance and the variation of such dimensions on the operation and performance of
centrifugal pumps in general. The magnitude of internal leakage flow rate are directly related-
and very sensitive to the annular seal clearance. When an increase of annular seal clearance
is observed, a noticeable influence on the total flow rate through the impeller coupled with an
operating point shift to the right of the performance curve, and a subsequent detrimental NPSHR
shift has been highlighted in various texts including (Bloch, 2011), (Volk, 2013), (Yedidiah, 1996).
One author (Giilich, 2014) states that the amount of observable annular seal leakage increases
proportionately with an increase of annular clearance by: Qg o s19. with a more pronounced
effect with low specific speed pump designs.

Although some industry standards like API-610 (2011) do provide guidance with regards to rec-
ommended annular seal clearances, most original equipment manufacturers have their own design
methodologies and clearance requirements for annular seal arrangements. The specified clearance
is in some cases not specified to solely account for an optimal internal leakage restriction, but
to counteract various mechanical concerns, such as: shaft deflection and rotordynamic stability,
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materials prone to galling in certain services, etc. The preferred seal clearance is subsequently
seen as a debatable value among users and their maintenance teams. The modelling of internal
leakage through rotating annular seals is thus a primary concern for pump designers in order to
enable accurate performance prediction of new and revised machine configurations.

Easily accessible computing resources have resulted in the increasing popularity of the utilization
of CFD to aid the pump designer in determining accurate performance data in rapid time.
The modelling of rotating annular seals are, however, a major difficulty in full pump 3D CFD
applications due to excessive mesh density requirements in the vicinity of the annular seals, as
mentioned by (Liebner et al., 2016)(Pascoa et al., 2010), especially when more than one annular
seal is modelled, as in the case of multi-stage pumps. In order to aid in less computationally
intensive techniques to be applied, an alternative method for computing annular seal leakage
flows in large 3D CFD models is required.

This paper will present an approach to accurately model the leakage flow in short annular seals
by means of a reduced order model of an existing iterative analytic method. The model was
verified by Flownex® and applied as an expression in ANSYS® CFX®.

A.2. Theoretical model

Due to the predicable geometry of most annular seal types currently used in turbomachin-
ery design and construction, computationally expansive CFD modelling requirements, coupled
with sufficient available research relating to the flow field characteristics, makes internal leak-
age through annular seals an attractive candidate for ROM construction. Prior to any ROM
construction actions, a reliable theoretical model should be identified to model the system of
concern. The selected model and its implementation is explained below.

A.2.1. Method requirements

In order to accurately describe the leakage flow through an annular seal, certain key variables
need to be included in the evaluation, including (but not limited to): Inlet- and outlet geometry
and the surface roughness of the seal wetted area. The roughness cannot be ignored due to the
flow field height to roughness ratio.

The model selected for the calculation of the leakage volumetric flow rate is as presented by
Giilich in his published book (Giilich, 2014). The method will be explained and tested for
accuracy by comparison to a commercial fluid dynamics software.

A.2.2. Model, as proposed by Giilich

L@
/k |

dSp 2 'sp

Figure A-1. Geometry of single stage annular seal
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In order to calculate the volumetric flow rate through a rotating annular seal, a good under-
standing of the fluid properties are important. The kinematic viscosity v is the most important
fluid parameter in the current method. Note that the kinematic viscosity can be described by
v =pu/p (Munson et al., 2013). It is important to take into account that this value will change
with temperature and pressure, adequate compensation should be made in order to ensure the
accuracy of the model. The model is only valid for fully turbulent flow in the annulus.

Qsp = TdspSCay (A1)

As shown in equation (A.1); the leakage volumetric flow rate Q)4 is directly dependent on the OD
of the rotating inner cylindrical surface d,, the measured radial clearance between the rotating
and stationary surfaces s, and the axial flow velocity of the fluid in the annulus cg;.

The formulation for the computation of ¢4, is given in equation (A.2). Note the further depen-
dency of various variables, including the difference in head observed across the annulus AH.
Although it is possible to approximate this value analytically it is not preferred due to the fact
that this variable can be calculated by referencing actual static pressure values during the CFD
simulation run-time.

o = LHL (A.2)
Cpa+ A2
CEA =CE+Ca (A.3)

The annulus inlet pressure loss coefficient ((g) and outlet pressure loss coefficient (¢4) were
approximated by the included methodology presented in (Giilich, 2014), however these values
can be approximated by methods outlined in various authoritative texts on fluid mechanics such
as (Rennels and Hudson, 2012). The inlet and outlet loss coefficients were calculated as a sudden
contraction and a sudden expansion with rounded edges without a back wall arrangement. These
coefficients can have an unexpectedly large impact on the total flow rate computed through the
annulus and care should be taken during the design of such devices.

0.375
A= [1 + 0-19@5 )2] [{log(Z‘il%i)}z (A4

Friction coefficient

Influence of

rotation

The hydraulic friction loss coefficient A, as per equation (A.4), ensures that the friction caused by
the surface roughness in the axial direction is taken into account while concurrently compensating
for the rotational effect experienced by the fluid as it passes through the rotating annulus setup.
The addition of surface roughness effects is extremely beneficial to the analyst and this is one
of the main benefits of using the current model.

The model is however highly implicit, equations (A.2), (A.4) and (A.8) are all dependent on
each other. There is no way to compute Re without taking the mentioned equations into
consideration.

A= 0.135% (A.5)
Tdspn
- A.
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25U
Re, = 24 (A7)
14
2 ar
Re = S; (A.8)

In order to determine Re; equation (A.4) is substituted into (A.2), then equation (A.8) is
manipulated to isolate ¢4, and then equated to equation (A.2). The mentioned manipulations
culminate to equation (A.9).

R 29AH
v _ 9 . (A.9)
2s (A +ASE

Although highly implicit; the reduced and simplified equation (A.9) enables the implementation
of numeric root-finding algorithms, as the only truly unknown variable is Re. The root-finding
algorithm implemented in the study was the secant method, as detailed in (Bradie, 2006). As
can be derived, after the axial Reynolds number, Re, has been determined, simple substitution
can be implemented in order to find the remaining dependant variables and finally Q.

A.3. Reduced Order Model (ROM)

The main purpose of a ROM is to substitute a complex system of equations/methods/models,
often encompassing iterative or numeric methods, with a mathematically equivalent analytic
equation (or system of equations) that can be evaluated rapidly and implemented on demand.
The effective implementation of ROMs in complex computational simulations (such as CFD
analysis) dramatically reduces grid count, ensures better numerical stability and reduces solver
run times without sacrificing solution accuracy.

In order to construct a ROM for use in general engineering applications it is required to obtain a
large amount of reliable data to use as input to the mathematical model construction. The data
required relates to the system being evaluated and the dependence on the particular system to
other variables such as temperature, pressure etc.

A.3.1. Variable dependency

In order to construct an accurate ROM it is important to determine which physical parameters
will influence the system and how one will effectively incorporate these parameters. The first
step is to determine the variable dependency of the chosen model. As can be seen from section
A2

Variable Type Dependency
S Independent Fixed geometry
dsp Independent Fixed geometry
Cax Dependent Re —»v —T,p

AH Dependent CFD input

Table A-1. Variable dependency
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From table A-1, most variables relating to the geometry of the annular seal installation are
independent (i.e. dgp, s, ¢, Lsp etc.) while the parameters relating to the fluid flow and the state
of the fluid are dependent. It is notable that @, is totally dependent on the axial Reynolds
number, Re, while Re is in turn dependent on the kinematic viscosity of the fluid, v, which
in turn is directly dependent on the fluid temperature, T" and pressure p. The differential
head observed across the annular seal arrangement, AH, is an unknown, thus will have to be
calculated and provided as an input to the model. The model is thus dependent on the main
numerical model of the machine being simulated for the final dependent variable. In the current
work, the differential head will be calculated by using CEL functions within ANSYS CFX during
the solve.

A.3.2. Data generation

In order to generate a representative ROM, ample data relating to the physical system at different
operating points are required.

Ty T Ty .. T;
A-FIO Qsp070 Qsp(),l QspO,? e QspO,i
AHI Qspl,O Qspl,l Qsp1,2 s Qspl,i
AHZ QspQ,O Qsp2,1 Qsp2,2 s QspQ,i
AHj | Qspjo Qspjn Qepj2 -+ Quspji

Table A-2. Table of data with fixed geometry and e

Table A-2 depicts a structured approach of data acquisition; with a fixed geometry (inlet and
outlet geometry, surface roughness e, diameters etc.) the model as described in section A.2
is solved for a range of expected AH and T values. Upon experimentation with liquid water
it can be stated that p has a negligible influence on v across the expected operating range
expected in general turbomachinery related applications and can be safely omitted from the
ROM construction.

A.3.3. Regression

The data generated in figure A-2 should be made accessible by means of regression. Regression
should be performed per column, thus with fixed AH values as a function of T for each increment
of AH that was determined.

AHg | zoTY + ... + boT2 + agT + constg = Qspo
AHq | 21TV + ... + b1 T? + a1 T + consty = Qgp1
AHy | 2TV + ... + b2T2 + a2T + consta = Qgp2

AH; | TV + ...+ b;T% + a;T + const; = Qspi
Table A-3. Polynomial regression at every AH to find @, as a function of T’

Table A-3 describes the intended regression steps and is represented by polynomial equations.
Note that all regression formulae should be of the same order/type. The format can be adapted
to a scheme that best represents the data provided that all formats are of the same order. After
regression of the data had been completed, Qs, can be easily computed at any 7' (within the
modelled range) with a single equation that corresponds to the specified AH.
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20AHY + ...+ roAH? 4+ qoAH + consty = const(AH)

2 AHY + ...+ AH? + ¢t AH + const, = a(AH)
20AHY + ... + boAH? + as AH + consty = b(AH)
ZAHY + ...+ b;AH? + a;,AH + const; = z(AH)

Table A-4. Polynomial regression of data in table A-3 to find polynomial coefficients as a function
of AH

In order to enable greater flexibility in the regression functions and to condense the magnitude
of equations required, model sensitivity to a range of AH needs to be incorporated. Regression
of the individual polynomial coefficients are completed as a function of temperature, as shown
in table A-4. Here, the order and type of the generated regression equations need not all be
similar in form and order.

A.3.4. Final form of ROM

In order to reduce the system of equations generated in tables A-3 and A-4 into a single poly-
nomial function, the functions that represent the polynomial coefficients are incorporated into
the form of the regression function in table A-3.

o(AH)TY + b(AH)T*+a(AH)T + const(AH) = Qs (A.10)

Equation A.10 is the final form of the ROM. This equation is a function of T" and AH over the
complete range of test data. The annular seal leakage, (0, can thus be predicted analytically with
this single equation that can be easily programmed into a numerical solver environment.

A.4. Verification

A.4.1. Calculated data set

In order to verify the selected mathematical model, it will be tested against existing software.
The independent variable inputs to both models are as shown in table A-5.

s dsp n L, CEA 15
[m] [m]  [RPM]  [m] -] [m]

0.00025 0.2655 2985  0.0379 1.1787 O

Table A-5. Input independent variables to the test case
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Figure A-2. Calculated ()5, across a range of data as per section A.2

The working fluid was selected to be clean water. The density and dynamic viscosity, u had
been calculated using TAPWS principles, thus; p, was calculated using (IAPWS-R7-97, 2012)
and the dynamic viscosity, p, was calculated using (Huber et al., 2009) for each temperature
stated. The pressure, p, was taken as the inlet absolute pressure of the pump - as the pressure
rise due to the pumping mechanics will impact the fluid properties to an insignificant degree.
The kinematic viscosity, v, was then calculated by the equation v = pu/p for each operating
point. The calculation was conducted across a range of [10m < AH < 350m| and [283.15K <

T < 353.15K], as depicted in figure A-2.

A.4.2. Flownex-Giilich verification

Table A-5 specifies a surface roughness, €, of Om, this is due to the fact that Flownex cannot
implement surface roughness into its evaluation of rotating annular seal leakages at the current

time. Thus a base case of ¢ = O0m was selected.

P
Boundary C‘ﬂndition -1 Boundary 1ondition -3

A
:' »o

Node - 4

Node - 2
SuctionWearRing

Figure A-3. Model created in Flownex

As per (Flownex, 2018); Flownex calculates the expected annular seal leakage flow by iteration
using culminated techniques outlined in the following publications: (Yamada, 1962),(White,
1999),(Taylor, 1923) (Kaye and Elgar, 1958), and (Cornish, 1933). The methods have been
verified and is included in the Flownex®) 8.9.1.3592 release.
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Giilich Flownex N
AH T c%sp 6’23817 Fcl;olii}zll(ljgx
m] [°C] [m®/h]  [m3/h]

45 10 9.516 9.363 1.016
80 15 14.430 14.071 1.025
105 20 17.408  16.967 1.026
135 25 20.539  20.009 1.026
180 30  24.583  23.989 1.025
205 40  26.957  26.346 1.023
225 50  28.827  28.224 1.021
160 60 24.049  23.531 1.022
135 70  22.058  21.586 1.022
105 80  19.250  18.826 1.022

Table A-6. Variable dependency

Figure A-3 depicts the model setup in Flownex®). The specified fluid is the built in fluid: H20
- Water| General (Two Phase Fluids) Master. The inlet and outlet node absolute static pressure
values were specified after being calculated with reference to the required differential head, AH.
The inlet T was adapted as required by the specified test points. The annular seal was divided
into 20 elements and reached full program convergence after each step. Table A-6 depicts a
(shortened) range of test points, with modified units for @, and T to ease interpretation of
magnitude and comparison with figure A-2.

Data points Average Median o

680 1.0238  1.0242 0.0118

Table A-7. Analysis of values; —uich

> Flownex

Upon evaluation of table A-7; the method as proposed by Giilich generally predicts approxi-
mately 2.4% more leakage flow when compared with Flownex® when considering ¢ = Om. The
model is consistent over a wide range of temperature and differential head and can be considered
accurate and fit for use.

A.4.3. Giilich-ROM verification

A ROM was constructed utilizing the method outlined in sections A.2 and A.3. The resulting
equations were produced, as shown in equations A.1la to A.lle.

dA(AH)T? + ¢(AH)T? + b(AH)T + a(AH) = Qs (A.11a)

1.17449 exp{ —11}AH® — 1.31299 exp{—8}AH* + ...
+ 5.83278 exp{—6}AH? — 1.36951 exp{ —3}AH? + ... (A.11b)
+ 0.246651AH + 0.164876 = a(AH)

7.51733 exp{—14}AH® — 7.90636 exp{ —11}AH* + ...
+ 3.18534 exp{ —8}AH? — 6.28108 exp{ —6}AH? + ... (A.1lc)
+ 7.70495A H exp{—4} + 0.029208 = b(AH)
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— 6.43846 exp{—16}AH® + 6.81099 exp{ —13}AH?* — ...
276039 exp{— 10} AH® + 5.45809 exp{—S}AH? — ... (A.11d)
— 6.56047AH exp{—6} — 2.40868 exp{—4} = ¢(AH)

2.34674 exp{—18} AH® — 2.50829 exp{—15} AH* + ...
+1.02979 exp{—12} AH® — 2.06901 exp{—10}AH? + ... (A.11e)
+ 2.53314A H exp{—8} + 9.80977 exp{—7} = d(AH)

The independent variables were selected and specified as per section A.4, across the same range
as defined in subsection A.4.2. A range of data points were generated and a shortened version
of this data is presented in table A-8 with modified units for Q)s, and T" to ease interpretation
of magnitude and comparison with figure A-2.

Giilich ROM
AH T  Qyp  Qyp GO
[m] [°C] [m®/h] [m?/h]
45 10 9.516 9.465 1.005
80 15 14.430 14.466 0.997
105 20 17.408 17.441 0.998
135 25 20.539 20.530 1.001
180 30  24.583 24.552 1.001
205 40  26.957 26.952 1.001
225 50  28.827 28.845 0.999
160 60 24.049 24.011 1.002
135 70  22.058 22.045 0.919
105 80  19.250 19.296 0.998

Table A-8. Variable dependency

Data points Average Median o

680 0.9986 1 0.0125

: . Giilich
Table A-9. Analysis of values; 555
Upon evaluation of table A-9; the ROM generally predicts on average 0.14% less leakage flow
with a 0% median deviation when compared with the Giilich model when considering ¢ = Om.
The model is consistent and extremely accurate over a wide range of temperature and differential
head and can be considered accurate and fit for use.

A.5. Implementation in ANSYS®R CFX®

The method described in section A.2 and verified in section A.4 can be implemented in com-
mercial CFD packages with user scripting capability. An example of such implementation will
be made using ANSYS CFX CEL expression language.
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Various key variables need to be calculated prior to implementing a ROM of the intended system,
the following methodologies and syntax have been tested and is fully functional:

The AH variable can be calculated during the solve by specifying the annular seal flow area
entrance and exit as a named selection on the discharge- and suction volutes of the pump
respectively.

The following expression will be sufficient for the determination of AH = Wear RingdeltaH in
the ANSYS CFX CEL expression language:

(((areaAve(Pressure)@

REGION:DischargeWearRing Interface)/(g*areaAve(density)@
REGION:Discharge WearRing Interface))-((areaAve(Pressure)@
REGION:Suction WearRing Interface)/(g*areaAve(density)@
REGION:Suction WearRing Interface)))/(1]m]|)

T = WearRingInletTemperature can be expressed as:
((areaAve(T)@REGION:Discharge WearRing Interface)/(1[K]))-273.15
Qsp = WearRingLeakageROM can be expressed as:

(((ROMx3const*WearRingInlet Temperature " 3)+(ROMx2const *WearRingInlet Temperature*2) -+
(ROMxconst*WearRingInlet Temperature)-+(ROMcconst)) /60,/60)*(1[m3 /s])*
areaAve(density) QREGION:Discharge WearRing Interface

It should be noted that the equations for AH and T should be non-dimentionalized before the
implementation of the constructed ROM. After the implementation of the method the answer
will be re-dimentionalized for input into the solver. Note that the flow rate required for input
to an inlet boundary condition in the CFX solver is kg/s, thus Qg, would require conversion
to this unit. The noted variables; ROM x3const, ROM x2const, ROM xconst and ROM cconst
are respectively equal to d(AH), ¢c(AH), b(AH) and a(AH).

A.6. Conclusion

The method presented in this Annexure proved the accuracy of properly constructed ROM’s
for use in practical CFD analysis. The method proposed will ensure accurate modelling of
annular seal flow leakage in centrifugal pumps with single stage cylindrical annular seals with
hydraulically smooth surface finish, however; the method described in section A.2 does enable
the analyst to account for surface roughness. The model is considered adequate for use with
surface roughness effects included. The inclusion of surface roughness makes the proposed model
and ROM generation technique superior to techniques focused on hydraulically smooth profiles
due to the significant effect of roughness on the leakage rate, Q5. A method to implement
generated ROM’s in ANSYS CFX is also presented. The model had been tested and is fully
functional when properly applied and verified. The implementation of this model will ensure
dramatic mesh size reduction with excellent solution accuracy and an increase of overall solver
speed. The methodology can be applied to seals with other designs and fluids.
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B. ANSYS®R CFX® CEL implementation

The CEL expression language algorithms used in the definition of various boundary condition
values and monitor points are discussed in this Annexure. The formulae are written exactly as
constructed in CFX-Pre, thus it is the actual working algorithms.

B.1. Annular seal Reduced Order Model

WearRinglInlet Temperature = ((areaAve(T) @ REGION:Discharge
WearRing Interface)/(1|K])) - 273.15.

WearRingdeltaH = (((areaAve(Pressure) @ REGION:Discharge
WearRing Interface)/(g*areaAve(density) @ REGION:Discharge
WearRing Interface)) - ((areaAve(Pressure) @
REGION:Suction WearRing Interface)/(g*areaAve(density) @
REGION:Suction WearRing Interface)))/(1m]|)

ROMcconst = if(WearRingdeltaH <=100,

((3.50566878725597%10" (-10))*WearRingdeltaH~5) +

(-1.45399126075547*10" (-7))*WearRingdeltaH ~4) +
(0.0000261181565507009)*WearRingdeltaH"3) +
(-0.00282097133473297)*WearRingdeltaH~2) + ((0.277225797567424)*WearRingdeltaH) -+
-0.345474063235185)),

((1.82505965876411%10" (-7))*WearRingdeltal~3) +
(-0.000198647427950275)*WearRingdeltaH~2) + ((0.11999207827543)*WearRingdeltaH) +
4.10668170563444)))

e R R e i R R

ROMx2const = if(WearRingdeltaH <=100,

(((-1.12862783929567*10" (-13))*WearRingdeltall~5) + ((4.02607051715195%10" (-11))*
WearRingdeltaH"4) + ((-5.70949678605405*10~ (-9))*WearRingdeltaH ~3)
+((4.07284918941674*10" (-7))*WearRingdeltaH ~2) +
((-0.0000151091927031241)*WearRingdeltaH) + (-0.000145335997401775)),
(((-4.05097343227527%10" (-13))*WearRingdeltal " 3) +
((4.36844623524572*10~ (-10)) *WearRingdeltaH ~2) +

((-2.39492571451993*10~ (-7))*WearRingdeltaH) + (-0.000376754971412105)))

ROMx3const = if(WearRingdeltaH <=100,

(((5.40889680585463*10~ (-16))*WearRingdeltaH ~5) + ((-1.93820156454775%10" (-13))*
WearRingdeltaH~4) + ((2.76727047103652*10" (-11))*WearRingdeltaH"3) +
((-1.99645192582853*10~ (-9))* WearRingdeltaH2) + ((7.58388345410361%10" (-8))*
WearRingdeltall) + (5.0221817027061%10~(-7))),
(((3.43937442958384*10" (-15)) *WearRingdeltaH ~3) +

((-3.52170870917029%10" (-12))*WearRingdeltaH ~2) +

((1.62471920169429%10" (-9))*WearRingdeltal) + (1.69144292568636%10~(-6))))

ROMxconst = if(WearRingdeltaH <=100,
(((8.62725821688937%10" (-12))*WearRingdeltaH ~5)
+((-3.05251287279439*10" (-9) ) *WearRingdeltaH ~4)
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+((4.27444595561559%10" (7)) ¥WearRingdeltaH~3) +

((-0.0000298220382749498) *WearRingdeltaH~2) + ((0.0010525449020497)*WearRingdeltaH)
+(0.0184337726584669)),

(((-1.59827687030638*10" (-11))*WearRingdeltaH"3) +

((1.0781828128422%10" (-8) ) *WearRingdeltaH"~2) +

((1.41636038877302*10" (-6))*WearRingdeltaH) + (0.033686196303166)))

WearRingLeakageROM = (((ROMx3const*WearRinglInlet Temperature™3) +
(ROMx2const*WearRingInlet Temperature”2) 4+ (ROMxconst*WearRingInletTemperature) +
(ROMcconst))/60/60)*(1|m"~3/s|)* areaAve(density) @ REGION:Discharge

WearRing Interface

WearRingOutletV = (WearRingLeakageROM /areaAve(density) @ REGION:Discharge
WearRing Interface)/area() @ REGION:Discharge WearRing Interface

WearRingPowerLoss = (((9.91213398783052*10"(-6))*WearRingInlet Temperature~4) +
(-0.00256954213124583*WearRingInlet Temperature~3) +
(0.27514325313904*WearRingInlet Temperature~2) -+
(-17.7779452022768*WearRingInlet Temperature) + (1895.16954883129))*1|kg m~2 s~-3|

B.2. Boundary conditions
myRPM = ((-1)*(2985/60)*2*pi) [s"-1]
myTimescale — 1[rad]/(-1*myRPM)
myTemp = (20+273.15)[K]

my VaporPressure = 100*(10~(5.40221-(1838.675/(-31.737+ (myTemp/1[K]))))) [kPa)

B.3. Torque

For unmodified geometry:

myTorque = torque z()QREGION:Entire BLADE | torque z()@REGION:Entire
SHROUD + torque z()@QREGION:Entire HUB +

torque z()QREGION:Impeller WearRing Suction Fillet +

torque z()QREGION:Impeller Outer +

torque z()QREGION:Suction ShaftInterface + (WearRingPowerLoss/(abs(myRPM)))

For modified geometry:

myTorque — torque z()QREGION:Ring Surface + torque z()@QREGION:Entire
BLADE + torque z()QREGION:Entire SHROUD -+ torque z()QREGION:Entire
HUB + torque z()QREGION:Impeller WearRing Suction Fillet +

torque z()QREGION:Impeller Outer +

torque z()@QREGION:Suction ShaftInterface + (WearRingPowerLoss/(abs(myRPM)))
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B.4. Custom monitor points
myEfficiency = abs(massFlow()@Inlet SuctionVolute*myHead*g/myPower)

myHead = (massFlowAve(Total Pressure in Stn Frame)@Outlet DischargeVolute -
massFlowAve(Total Pressure in Stn
Frame)@Inlet SuctionVolute)/(g*ave(Density)@Inlet SuctionVolute)

myHeadImpeller = (massFlowAve(Total Pressure in Stn Frame) @REGION:Entire
OUTFLOW - massFlowAve(Total Pressure in Stn Frame)@REGION:Entire
INFLOW)/(g*ave(Density) @QREGION:Entire INFLOW)

myHeadStatic = (massFlowAve(Pressure)@Outlet DischargeVolute -
massFlowAve(Pressure)@Inlet SuctionVolute)/(g*ave(Density)@Inlet SuctionVolute)

myPower = myTorque*abs(myRPM)

NPSH = (massFlowAve(Total Pressure in Stn
Frame)@Inlet SuctionVolute)/(g*ave(Density)@Inlet SuctionVolute)
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C. Assessment of test pump geometry

The accuracy of any CFD analysis is heavily dependent on the geometric accuracy of the physical
model under investigation. In order to accurately measure the impeller geometry of the current
pump, destructive methods would allow the most accurate measurement. Due to the fact that
the equipment is actively used in industrial processes and is considered a high value component,
destructive testing of functional components is not allowed.

C.1. Measurement standard

In accordance with EN-ISO-8062-3 (2007), the recommended Dimensional Casting Tolerance
Grade (DCTG) range for sand castings that are machine moulded (considering steel/nickel
based alloys) for long-series production castings range between DCTG-8 to DCTG-12, the toler-
ances are shown in table C-1. Additionally, the Geometrical Casting Tolerance Grade (GCTG),
which governs geometric features, is recommended to range between GCTG-5 to GCTG-7, the
tolerances are shown in table C-2.

Table C-1. Adaptation of EN-ISO-8062-3 (2007) Table 2 - Linear Dimensional Casting Tolerances
Nominal Dimension DCTG-8 DCTG-9 DCTG-10 DCTG-11 DCTG-12

[mm] [£mm)] [£mm)] [£mm)] [£mm] [£mm]

z <10 0.5 0.75 1 14 2.1

10 <2z <16 0.55 0.8 1.1 1.5 2.2
16 <x <25 0.6 0.85 1.2 1.6 2.3
25 <z <40 0.65 0.9 1.3 1.8 2.5
40 <z <63 0.7 1 1.4 2 2.8
63 < x <100 0.8 1.1 1.6 2.2 3
100 < z <160 0.9 1.25 1.8 2.5 3.5
160 < o < 250 1 14 2 2.8 4

Table C-2. Adaptation of EN-ISO-8062-3 (2007) Table 4 and 5 - Casting Tolerances

Table 4 - Flatness Table 5 - Roundness and symmetry
Nominal Dimension | GCTG-5 GCTG-6 GCTG-7 | GCTG-5 GCTG-6 GCTG-7
[mm)] [mm) [£mm] [mm)] [£mm] [mm)] [mm)
x <10 0.2 0.3 0.45 0.3 0.45 0.7
10 <2 <30 0.3 0.45 0.7 0.45 0.7 1
30 < 2 <100 0.45 0.7 1 0.7 1 1.5
100 < =z < 300 0.7 1 1.5 1 1.5 2.25

Complex geometry tolerances are not explicitly specified by EN-ISO-8062-3 (2007) e.g. profile
of vane geometry, or the hub curvature. The mentioned geometries will thus be evaluated based
on a combination of tolerances detailed in tables C-1 and C-2.
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C.2. Measurement equipment and analysis software

The measurements were conducted by utilising a FARO® Quantum® 3.5m FaroArm® 7 axis
laser scanner. As per ISO 10360-8 (2013) and ISO 10360-12 (2016); the maximum permissible
error of the arm is rated at: volumetric accuracy of the equipment is 0.07mm, with a Single
Point Articulation Test (SPAT) repeatability at 0.045mm. The laser scanner was calibrated to
0.021mm error on the probe hole compensation calibration and 0.024mm volumetric error on
the laser scanner calibration prior to the measurement being executed. The measurement was
executed indoors, at an ambient temperature of 24°C.

The analysis of the results were completed by utilising the following software packages:
Geomagic® DesignX™ 19.0.2 and Geomagic® ControlX™ 18.0.1.

C.3. Impeller

C.3.1. Measurement setup

Figure C-1. The setup at time of 3D scanning.

Fig. C-1 depicts the setup of the test pump impeller prior to scan execution. It is to be noted
that the (production ready) shaft assembly is supported on two trestles. The figure shows the
available scan area. The accessibility of the laser scanning equipment at the two eyes have
been severely restricted by the presence of the shaft, nonetheless representative measurements
were completed of portions of both eyes and also a portion of the outside diameter of the
impeller.

C.3.2. Visual evaluation of measurement results of the impeller used during
testing

Figure C-2 depicts the comparison between the generated impeller geometry and the partial scan
of the actual impeller geometry considered in this study. The major deviations on the vanes
are the length of the extension into the eye of the impeller itself. There also exists a difference
between the two impeller eyes regarding the vane length as per figs. C-2a and C-2b,

Suction recirculation mitigation in a double-suction centrifugal pump 117



Lnu NWU" School of Mechanical Engineering

(a) Left impeller half/eye, showing the measured  (b) Right impeller half/eye, showing the mea-

leading edge radius 0.5d;, and linear leading sured leading edge radius 0.5dy, and linear
edge deviation as measured on the mean line leading edge deviation as measured on the
construction surface. mean line construction surface

Y
50 mm

(c) Left impeller half/eye, showing relevant radial ~ (d) Right impeller half/eye, showing relevant ra-
and linear measurements. dial and linear measurements.

x-
50 mm

(e) Left impeller half/eye, showing relevant vane  (f) Right impeller half/eye, showing relevant vane
inlet angle measurements. All measured vane inlet angle measurements.
outlet angles are also shown.

Figure C-2. Illustration of the linear and angular measurements taken on the 3D scanned point
cloud of the impeller which was used in the pump test. The point cloud measurements
are compared to the model geometry.
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Figure C-3. Partial scan of shrouded (tested) impeller outlet geometry.

C.3.3. Visual evaluation of measurement results of similar impeller after
destructive machining

== |

(a) Right impeller half/eye, showing the measured leading edge radius 0.5dy;, and linear leading edge
deviation as measured on the mean line construction surface

(b) Right impeller half/eye, showing relevant ra- (c) Right impeller half/eye, showing relevant vane
dial and linear measurements. inlet and outlet angle measurements.

Figure C-4. Illustration of the linear and angular measurements taken on the 3D scanned point
cloud of a similar impeller which was destroyed for measurement purposes. The point
cloud measurements are compared to the model geometry.
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Figure C-5. Accuracy of in site geometry vs ideal design

In order to inspect the hub and bade profiles, a scrapped impeller from the same production
facility and production run was deshrouded and accurately surveyed by means of 3D laser
scanning. The results of the scan was compared with the modeled (ideal) impeller geometry
used during pump testing.
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C.3.4. Evaluation to set standard

The measured geometry - as shown in representative figs. C-2, C-3, C-4 and C-5 - were compared
with the idealised impeller geometry as used in the CFD analysis. The ideal geometry was
measured for acceptability by comparing the deviations to the measured geometry by means
of comparing the data with the acceptance standards for industrial castings as stipulated in
EN-ISO-8062-3 (2007), and specified in tables C-1 and C-2. Industrial production multi-core
large impeller sand castings are known for geometric deviations due to the inherent nature of
the process and the complexities of cores, thus the acceptance criteria (as can be reasonably
expected from foundries - in the absence of specific specified tolerances) corresponding to the
casting material type, as stipulated in EN-ISO-8062-3 (2007), was adopted. The deviations, as
acquired by 3D laser scanning, is shown in tables C-3 and C-4.

Considering fig. C-5 and table C-4, the representative internal location, thickness and the shape
of the vanes (apart from the leading edge deviations) are accurate within reasonable observation.
The representative hub profile, however, is less favourable and the large deviations noted is
indicative of casting pattern wear and /or sub-optimal casting control and technique. The throat
area will be enlarged, this will in turn cause a slower average flow velocity through the knee of
the meridional passage. The shroud seems to be accurate.

As can be observed from tables C-3, and figs. C-2a and C-2b: there exists a substantial difference
in the vane leading edge length AL, even between the two impeller halves of the test impeller.
Additionally, there exists a noticeable deviation in the the perceived vane inlet metal angles
(Bi g+ as measured on the meanline on the suction side of the vanes) - both between the separate
halves and individual blades. The inlet leading edge pitch diameters (dy;) does comply with
the roundness requirement. The outlet metal angles, 555 (as measured on the pressure side of
the vanes), show a much more consistent outlet angle on all measured blades - only marginally
outside of the specified value.

The linear dimensions are much more consistent across the entire measured spectrum. When
evaluating the linear and roundness magnitudes, see tables C-3 and C-4, most of the critical
feature dimensions satisfy the stated criteria. The by measurement falls narrowly outside of the
limits (for the measured values), while the al and a2 magnitudes were also narrowly rejectable.
The impeller inlet hub, eye and outlet radial diameters and roundness dimensions are also
acceptable. The impeller outlet diameter is machined, and thus complies with the specification.
Note that the wear ring outside diameter, 7y, was measured prior to re-applying the wear
resistant coating; the outside diameter of this part was ground to within 0.04mm tolerance of
133mm prior to installation.

When the measured geometry in tables C-3 and C-4 are strictly compared with the limits set in
tables C-1 and C-2, the conclusion can be made that the supplied impellers, and the impeller
used as the model pump in this study have geometric flaws that renders it subject to rejection
on the basis of non-compliance with the limits set in EN-ISO-8062-3 (2007). Although the pre-
vious statement is strictly true, EN-ISO-8062-3 (2007) does make provision for the acceptance
of castings which does not comply strictly to all dimensions, as stated in paragraph 10 of the
mentioned standard: "Unless otherwise stated, workpieces exceeding the general tolerances shall
not lead to automatic rejection, provided that the ability of the workpiece to function is not
impaired (see C.4)." As the impeller still performs reasonably, there is no direct cause for auto-
matic rejection by the user - even though noticeable geometric inadequacies exist. The detail of
measurement performed in this section is not expected to be achieved by artisans which accept
the castings, thus the supplied impellers (with all the mentioned geometrical defects) are readily
installed and used in the production pumps used in the tests.

Suction recirculation mitigation in a double-suction centrifugal pump 121



LrlIJ NWU" School of Mechanical Engineering

Table C-3. Evaluation of unmachined (cast) geometric impeller features vs. the ideal impeller
geometry, as per EN-ISO-8062-3 (2007) by means of laser scanning.

. Target Nom. Dim. Deviation DOTG GCTG  Pass/

Fig. Feature x[mm) Ax[mm] Ax[mm] Grade Grade  Fail
0[°] AG[°] AG[°]
Evaluation to EN-ISO-8062-3 (2007) of the Left Impeller Half
C-2d b 20.25 16 <x <25 1.25 < Az < 3.46 >12 - Fail
C-2¢ n 55 40 < x <63 - - - -
C-2¢ Ar, 0 40 < x <63 - - - -
C-2¢ 1 105.45 100 < x < 160 1.89 < Az < 2.75 12 - Pass
C-2¢ Arq 0 100 < ¢ < 300 Az < 0.86 - <7 Pass
C-2f Bip 11.64 0 <2581 468 <A0 <987 - >7  Fail
C-2f 5 19.37 6 < 2.58 Af <2.74 - >7  Fail
C-2f al 41.62 40 <z <63 - - - -
C-2f a2 68.95 63 <z <100 - - - -
C-2d AL 0 r <10 17.73 < Ax < 21.03 >12 - Fail
C-2a r1p 94.62 63 <z <100 —931 < Ax <746 >12 - Fail
C-2a Aryy 0 30 < 2 <100 Ax < 1.86 - =7 Fail
C-2¢ Tsp 133 100 < z < 160 —-0.93 < Az < —0.69 <8 - Pass
C-2¢ Arg, 0 100 < z < 300 Ax <0.24 - <5 Pass
C-2¢ ro 236.5 160 < z < 250 - - - -
C-2¢ Ary 0 100 < z < 300 - - - -
C-3  Blade curvel3l 0 160 < z < 250 —12<Ax <1.2 9 - Pass
C-3  Blade pitch 72 0 <402  039<A0<0.83 - <5 Pass
Evaluation to EN-ISO-8062-3 (2007) of the Right Impeller Half

C-2d ba 20.25 16 <x <25 0.91 < Ax <3.30 >12 - Fail
C-2d n 55 40 <z <63 1.50 < Az <1.83 10 - Pass
C-2d Ar, 0 30 <z <100 Azx <0.34 - 6 Pass
C-2d 1 105.45 100 < 2 < 160 217 < Ax <217 <8 - Pass
C-2d Arq 0 100 < z < 300 - - - -
C-2f 5 11.64 0 <2580 —6.83<A0<8 - =7 Fail
C-2f Y 19.37 9 <2581 1.03<A0<3.40 - >7  Fail
C-2f al 41.62 40<z<63 - - - -
C-2f a2 68.95 63 < x <100 Ax < 3.15 >12 - Fail
C-2d AL 0 x <10 35.96 < Ax < 38.77 >12 - Fail
C-2b r1p 94.62 63 <z <100 —724 < Ax < -7.03 >12 - Fail
C-2b Arqp 0 30 < x <100 Az <0.22 - <5 Pass
C-2d Tsp 133 100 < z <160 —0.62 < Ax < —0.58 <8 - Pass
C-2d Arg, 0 100 < = < 300 Ax <0.04 - <5 Pass
C-2d 79 236.5 160 < z < 250 0.29 < Az <0.45 <8 - Pass
C-2d Arg 236.5 100 <z < 300 Az <0.16 - <5 Pass
C-3  Blade curvel3l 0 160 < z < 250 —-12<Ax<1.2 9 - Pass
C-3  Blade pitch 72 0 < 4.02 P A6 < 0.06 - <5 Pass

1 As no indication of angular tolerance is explicitly given in EN-ISO-8062-3 (2007), the limiting
angular tolerance was derived from the EN-ISO-8062-3 (2007) Table 4 GCTG-7 limit for flatness.
The angle was calculated by assuming a scalene right-angled triangle with a 10mm hypotenuse and
0.45mm opposite side length; the limiting deviation (+60) amounts to 2.58°.

I Similar to M, symmetry of pitch was determined using EN-ISO-8062-3 (2007) Table 5 GCTG-7.
3] Vane curve radius (mean-line), measured by mesh deviation and EN-ISO-8062-3 (2007) Table 2.
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Table C-4. Evaluation of the similar, machined (cast) geometric impeller features vs. the ideal
impeller geometry, as per EN-ISO-8062-3 (2007) by means of laser scanning.

. Target Nom. Dim. Deviation DOTG GCTG  Pass/

Fig. Feature x[mm) Ax[mm] Ax[mm] Grade Grade  Fail
o[°] Af[°] Af[°]
Evaluation to EN-ISO-8062-3 (2007) of the Left Impeller Half

C-4b by 2025 16<z<25 0.11 < Az < 2.69 =12 - Fail
C-4b n 55 40<z<63 —2.64 < Az <0.63 12 - Pass
C-4b Ary 0 30 <z < 100 Az < 2.58 - =7 Fail
C-4b r 105.45 100 < = < 160 - - - -
C-4b Arq 0 100 < z < 300 - - - -
C-4c Big 11.64 p<258 —57<A0<0.7 - >7  Fail
C-4c Bip 19.37 6 <2580 0.67<A0<3.06 - =7 Fail
C-4b al 41.62 40 <z <63 —2.19 < Az < 047 12 - Pass
C-4b a2 68.95 63 <z <100 3.42 < Az < 6.75 ~12 - Fail
C-4a ALgeh 0 <10 3262 < Az <3824  >12 - Fail
C-4a b 9462 63<x<100 —882<Azr<-7.72 >12 - Fail
C-4a Arip 0 30 <z <100 Ar <1.1 - 7 Pass
C-5 Blade curvel¥ 0 160 < = < 250 —2.27 < Az < 2.65 11 - Pass
C-5 Blade pitch 72 0 <402 043 <A0<0.63 - <5 Pass
C-5  Hub curveld 0 160 < = < 250 —043 <Az <9.1 =12 - Fail

[ As no indication of angular tolerance is explicitly given in EN-ISO-8062-3 (2007), the limiting
angular tolerance was derived from the EN-ISO-8062-3 (2007) Table 4 GCTG-7 limit for flatness.
The angle was calculated by assuming a scalene right-angled triangle with a 10mm hypotenuse and
0.45mm opposite side length; the limiting deviation (+60) amounts to 2.58°.

2 Similar to [, symmetry of pitch was determined using EN-ISO-8062-3 (2007) Table 5 GCTG-T.
3] Vane curve radius (mean-line), measured by mesh deviation on the suction side of the vane and
EN-ISO-8062-3 (2007) Table 2.

[l Hub curve radius, measured by mesh deviation normal to the 3D solid model surface, evaluated by
EN-ISO-8062-3 (2007) Table 2 limits.

C.3.5. Practical evaluation of impeller measurement and geometry

In order to attempt a rationalisation of the measurements, the average and standard deviation
of a various combination of measurements were made as shown in tables C-5 and C-6. It has
been highlighted in the mentioned data tables that the standard deviation, o, of the measured
values are quite small - except in the case of the inlet metal angle, 375, and the vane leading edge
length difference, AL,.,. Here it can be seen that there exists some notable variance between
impeller sides, and also between individual vanes in the same eye. Similar comments can also
be made in the length deviations of the vane leading edges.

with reference to table C-5; On average it can be stated that the left impeller eye’s vanes differ
by 7.14° from the combined right eyes, with a large standard deviation. Also, on average, the
vane leading edge deviation differs by 18.01lmm between eyes (where the right-hand eye has the
longer vanes).

When considering the averaged view of all available measurement points; table C-6 suggests that
the deviation between the generated 3D impeller model and the total average values is relatively
small - this includes important values such as the in- and outlet passage throat lengths (a, and

CLQ).
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Table C-5. Detailed assessment of geometric features of the impeller casting

Test impeller

Test impeller

Deshrouded impeller

: . . . 3D
Dim. Unit Lefti eye ngh:c eye ngh:c eye Modell
Ny, z o N z o N z o
Dimensions related to casting accuracy - non-machined
ba [mm)] 7 22.48  0.75 10 22.16  0.66 13 21.67 0.78 20.2
n [mm] - - - 2 56.66  0.17 6 54.51  1.15 55.77
r1 [mm] 4 107.73 0.31 1 107.62 - - - - 105.72
[3’1“3[3] [°] 3 19.37  2.21 2 12.23  7.41 3 9.59 2.69 11.64
R 1 2211 - 3 2177 1 3 2091 108 | 19.37
ax [mm] - - - - - - 3 40.46  1.17 41.62
a9 [mm)] - - - 1 72.10 - 3 73.54  1.53 68.95
ALgep, 61 [mm] 3 19.36  1.35 2 37.37 1.41 3 34.80  2.46 -
T1p [mm)] 3 86.40  0.79 2 87.49  0.11 3 86.51  0.50 94.62
Dimensions related to machined accuracy
Tsp [mm] 4 132.24 0.1 2 1324  0.02 - - - 133
r9 [mm) - - - 3 236.88 0.07 - - - 236.52

[ The following diameters were measured as a radius, with reference to the center line vector of the
impeller shaft: d,, = 2r,,, di = 2r1, dsp = 275y, do = 219 and dyp = 271y,

2] All measurements were executed tangent to a constructed meanline surface, except bs.
131 B3 corresponds to B1p as measured on the suction side vane surface.

[4] B5p relates to Bap as measured on the pressure side vane surface.
5] This column represents the actual 3D geometry used in the CFD, as per original drawings.

6l The AL, represents a linear length projection between leading edges, on the meanline.

Table C-6. Assessment of geometric features of the impeller casting - averaged approximation

Test impeller Combined Combined D
Dim. Unit Left eye All right eyes All measurements Model
N, T o N T o N T o
Dimensions related to casting accuracy - non-machined
b [mm)] 7 22.48 0.75 23 21.88  0.77 30 22.02 0.81 20.2
Tn [mm] - - - 8 55.05  1.37 8 55.05  1.37 55.77
1 [mm)] 4 107.73  0.31 1 107.62 - 5 107.71  0.28 | 105.72
B [°] 3 19.37  2.21 5 10.65  5.29 8 13.92  6.10 11.64
Bsg [°] 1 22.11 - 6 21.34 1.13 7 21.45 1.08 19.37
ai [mm] - - - 3 40.46  1.17 3 40.46  1.17 41.62
as [mm)] - - - 4 73.18 146 4 73.18 146 68.95
ALgp,  [mm] 3 19.36  1.35 5 35.83 245 8 29.65 8.24 -
T1p [mm)] 3 86.40  0.79 5 86.90 0.62 8 86.71  0.73 94.62
Dimensions related to machined accuracy
Tsp [mm)] 4 132.24 0.10 2 132.40 0.02 6 132.29 0.11 133
79 [mm] - - - 3 236.88 0.07 3 236.88 0.07 | 236.52
[0 [6] in table C-5 applies.
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C.4. Casing

(e) Outlet nozzle - double volute

(b) Inner cutwater, bs;  (c) Outer cutwater, bs, (f) Suction splitter rib (casing cover side)
Figure C-6. Depictions of the volute casing and some critical components.

Fig. C-6 shows the casing and it’s components - as used during the performance tests. Note that
the flow cavity shows signs of general in-service wear - the casting heat number and material
grade (cast-in) markings are still clearly visible, as per fig. C-6d. The inner volute cutwater,
shown in fig. C-6¢ and the outer volute cutwater, shown in fig. C-6b are intact and in good
operating condition.

Pictures showing high quality casting finishes are shown in figs. C-6e and C-6f. Note that
the wetted area has a smooth surface finish and is characteristic of high manufacturing stan-
dards. The dimensions of the critical casing features (of this particular casting) were previously
determined by high accuracy surveying during a recent client-driven as-built drawing genera-
tion exercise, only some critical dimensions were verified and compared to drawing (and thus
automatically with the generated 3D geometry).

Refer to tables C-7 and C-8. All but one measurement variance fell within the EN-ISO-8062-3
(2007) limits of acceptability. This can be attributed to complex measurement areas and general
in-service wear on the cutwater surfaces, as per figs. C-6¢ ad C-6b. The geometry after averaging
and evaluation as per table C-8 is judged to be accurate when compared with the constructed
3D geometry.
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Figure C-7. Representative images showing important casing variables.

Table C-7. Evaluation of the cast geometric casing features vs. the ideal geometry, as per EN-
ISO-8062-3 (2007) by means of physical measurement.

. Target Nom. Dim. Deviation DOTG GCTG  Pass)

Fig. Feature x[mm] Ax[mm] Ax[mm] Grade Crade  Fail
0[°] A0’ Ad[°]

C-7 as; 58 40 <z <63 0.3 <Ax <32 >12 - Fail

C-7 asgq 58 40 < 2 <63 0<Az <15 11 - Pass

C-7 bs; 97 63 <2z <100 0.55 <Az <1.71 11 - Pass

C-7 b3a 97 63 <z <100 1.22<Ax<27 12 - Pass

(1 A1l dimensions were taken as linear measurements utilising manual methods, i.e. inside
micrometers, and compared to the limits stated in EN-ISO-8062-3 (2007). Due to the
complex geometry, some variance in the measurements were obtained.

Table C-8. Assessment of geometric features of casing

Dim. Unit Casing me?surements 3D
Nm T Model

as; [mm] 6 59.38 0.92 58

G3q [mm] ) 58.89 0.56 58

bs; [mm] 4 98.1 0.43 97

b3q [mm] 5 99.06 0.53 97

(1] Averaged values of all measurements taken, as indicated in fig. C-7.
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C.5. Chapter summary

C.5.1. Matters regarding the impeller geometry

The centrifugal pump fleet, operating at present moment, have suffered damage during operation
- thus attempts were made during past years to produce and use locally cast impellers (due to cost
considerations). Subsequently, locally cast impellers have been observed to be less accurately
produced when compared with the original parts. Due to the previously mentioned fact, the
impeller that was used in the actual assembly cannot be guaranteed (at the present moment)
to be an exact reproduction of the original design and/or to even be an exact replica of other
impellers in the fleet and/or inventory. Although a significant effort was made to generate an
acceptable 3D geometry for use in the CFD, significant geometric variations were nonetheless
discovered on the hub profile, blade length and inlet metal angles. Differences were also found
between the mentioned geometry located in the opposing impeller eyes.

Due to the nature of the economic climate in South Africa, and specifically the operating condi-
tions of the pump considered; the procurement of alternative impellers for this application was
considered and executed by the equipment owners. The casting quality of the locally sourced
parts are of lower geometrical quality when compared with to OEM variant, although not tech-
nically rejectable (considering the provisions of EN-ISO-8062-3 (2007), and reasonably expected
measurement capabilities of the artisans who maintain the units). As a result, the geometry
must be accepted as adequate for the study - as no alternatives were available at the time of
execution of the current work.

As discussed earlier in this section; the averaged values of the geometry are considered to be more
representative of the current impeller geometric model. The observed deviations between the
CFD model and the experiments can largely be attributed to the inaccuracy of the manufactured
impeller geometry.

C.5.2. Matters regarding the casing geometry

The casing geometry was generated by using drawings produced by a professional engineering
contractor on a previous reverse engineering drive. The verification of certain dimensions were
completed in order to determine if the original drawing dimensions were accurate. It was de-
termined that the drawings were accurate, with the casing showing signs of superficial wear,
resulting in a recordable loss of wall thickness pertaining to a large percentage of the casing
internal areas - the deviations are however still within acceptable ranges when compared to the
referenced set standard for new castings. The casing and the 3D generated model thereof was
thus accepted to be within reasonable accuracy.
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D. Methods regarding the design of the
back-flow restricting ring

D.1. Prediction of flow rate at point of suction- and discharge
recirculation inception

D.1.1. Discharge recirculation

For the prediction of the flow rate at discharge recirculation, Q)g4., the following formula was
implemented - as described by Equation D.1 as per Fraser (1981b):

d% bgn Com

_  C2m D.1
Qar = 5089 x 109 s (D-1)

where co,, /ue was determined from Figure 6 in the paper by Fraser (19810). The curve was
converted to an analytical equation and is represented by Equation D.2:

Cm _ 0.00459680332 — 0.010550618 (D.2)
Uz

D.1.2. Suction recirculation

In order to the volume flow rate at the onset of suction recirculation, QQ4,-, the method proposed
by Fraser (19810) is implemented by Equation D.3:
- dl(d% — d%)n Clm

_ . Clm D.3
@or 2.43 x 1010y (D-3)

The method was modified by Gopalakrishnan (1988) for inlet flow angles 10° < 8; < 30° -
the value of the factor ¢y, /u; derived from Figure 7 in Fraser (1981b) is adapted by Equation
D.4:

U anBi[l — 0.2091(8; — 9.5)] (D-4)

Ui
For inlet flow angles 30° < (81 < 40° - the value of the factor ¢i,,/u; derived from Figure 7 in
Fraser (1981b) is adequate and presented by Equation D.5:

Em _ 0.00027644352 — 0.0081370615; + 0.171295864 (D.5)
uy
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D.2. Determining the required suction eye diameter

D.2.1. Methodology for determining the inlet throat diameter for an inlet bull
ring

A method to calculate the ID of a bull ring (d,) for a selected flow rate (Qr,) is proposed by
Giilich (2019) and explained below. Note that the method is implicit and that numeric methods
should be applied in order to calculate the proposed diameter. Note - all calculations in this
section are made for the outer streamline, the subscript x_ , denotes the requirement in the
equations below.

d,
o1 (D.6)
2La€l,a
. , D.
1, \/ﬁdlsin(ﬁlB,a)Sin()\Lm) o
Bi o= arctan(clm’aﬁ’a> (D8)
) Ul,a — Clu,a
ill,a = 513,(1 - ﬁi,a (D9>
QLaTl,a ; °
oo , A D.1
9\/fan:ntan(ﬁlB,a - ill,a) b 0 ( 0>

Avar = (4} — d7) (D.11)

In order to construct a new NPSHR3¢ vs @1, curve for the newly calculated d, value, functions
describing the physics should be constructed that can be solved across a wide range. The first
constructed function is dependent on actual test data of NPSHR3¢, vs (1, during a performance
test:

U(QLQ) — QQNPSHR23%(QLG) (D12)

uy

Calculate 77 , with reference to the measured flow rate in the test, Qrq4, thus 4] ,(Qra). This is
achieved by computing the inlet velocity triangles at different flow rates, and determining the
incidence per flow rate.

Now, relate the new estimated flow rate (Q') to the test flow rate (Qr4) through the calculation
of the incidence during the initial test. The new NPSHRge, vs @, curves are constructed by
using the functions below for NPSHRg3y, and (1, respectively

A a
Q) = o nat 0.1

1 Ta

+ -
tanaq tan(51B,a - le,a(QLa))

2
ul,a

NPSHR} (Q) = 0(Qra) .

(D.14)

Note that the above method is applicable to a; = 90°. As with the nature of the design of
turbomachinery, some uncertainty is unavoidable. In the absence of explicit uncertainty limits
related to the discussed methodology, similar uncertainty values could be applied as shown in
section D.2.2, table D-1 - as applied during the design of new impeller inlet diameters.
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D.2.2. A design methodology for a new impeller design - prior to blade
development

As can be seen below, a method has been shown which could be used during the design of a
new impeller - prior to determining the actual blade inlet angles (incidence). The calculation
method, as detailed in Giilich (2019), dictates the methodology used to determine the estimated
value of dy as per the pump characteristics and the specified flow characteristics.

VQ/fq

Nss = N—=5 577075 (D.15)
NPSHS®
n Mg ger | 010
ngy = \//?< qﬁqef> Ng.ref =27 if ng <170 (D.16)
d2
kn=1-—3 (D.17)
di
110 (1/0.625) 110\ 16 0.3 .
Y1 = 0 = K8 <O> <nq> = 4m _ tan/3; (D.18)
Nss Nss Nq,Ref U1
QLa ¥1
di =29¢|———|1 D.19
' \/fqnli‘nsm * tana (D.19)

As can be seen from eqns. D.16 to D.19, above - the process of finding the optimal d; for a
specific ngg is an implicit method. In order to solve for eqn. D.19, one has to insert eqn. D.17
into the right hand side of the equation. The variable k,, contains d;, thus an iterative solving
method should be employed.

It is important to note the large variance in the value of d;. The deviation between the minimum
and maximum potential diameters are to be evaluated on a case-by-case basis. The enlargement
of dy will facilitate a more lenient NPSHRg3¢ limit - at the expense of making the impeller
susceptible to recirculation at flows closer to the BEP.

Table D-1. Detailed assessment of the inlet eye diameter - new impeller design

Q[ll [ 80° a1 = 90° o] = 100°
di,in dy Alpee B d1,in dy Qe B d1ppin dy Alpee B
[m3/n] | [mm]  [mm]  mm] ] | [mm]  [mm]  [mm] ] | [mm]  [mm] [mm] [°]
212.35 | 162.77 169.40 175.82 8.21 | 161.50 168.25 174.76 5.03 | 160.20 167.07 173.68 4.96
300021 | 175.85 183.95 191.76 8.27 | 174.36 182.62 190.55 7.09 | 172.85 181.26 189.32 6.93
342.54 | 182.19 191.01 199.50 8.29 | 180.61 189.59 198.22 &8.09 | 178.99 188.15 196.91 7.89
457.97 | 190.73 200.44 209.78 11.12 | 188.82 198.74 208.24 10.76 | 186.87 197.00 206.67 10.42
579.33831| 196.76 207.06 216.95 14.09 | 194.50 205.05 215.14 13.51 | 192.19 202.99 213.30 12.98
638.08 | 198.89 209.39 21947 15.52 | 196.46 207.22 217.52 14.83 | 193.96 205.01 215.53 14.19

[ The flow rates mentioned in this column are equivalent to 50% of the total measured flow rate in the test, in

order to

represent the flow through a single eye.

2l This is the selected design flow rate to which the ring will be sized. The linked row values were linearly
interpolated from the calculation results that were based on the pump test shown in Chapter 9, and the calculation
methodology shown in Annex. D.
3] This is the best efficiency point (BEP) as determined from the test in Chapter 9. The total flow rate (as
measured) is equal to 1158.66m3/h (this value has been rounded off to 11503 /h in the text, for convenience and
due to the fact that the stated value was determined through regression.

[4l The calculation of the variance in dj (ie. di

min

deviation of £14% for n’} - as mentioned in Giilich (2019)
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D.3. Determination of geometrical design limits of ring geometry

D.3.1. Design constraints

In order to determine the geometric limit of the possible layout of the perforated ring design,
an iterative calculation algorithm was constructed to perform the required calculations and
evaluations. The design algorithm is constrained by the following design conditions (refer to
D-1):

1. The perforation inlet and outlet should penetrate the ring surfaces at r.pcp (or d,pcp).

2. The metal ligament thickness of the ribs between perforations on r.pcp should be specified
and maintained regardless of hole diameter - in this case, ¢, = (e +0.75mm), to compen-
sate for a less resilient material in cavitation prone environments (due to cost, material
availability and time constraint).

3. The metal ligament thickness of the ribs between perforations and the ring ID, r, or d,,
should not be less than #;;,, due to the same reasons.

4. There shall be an equal amount of perforations per flow passage, this will ensure that
unequal flow distribution does not occur between passages.

5. The diameter of the perforations, rj or dj, shall be selected on the basis of standard
available drill bits as per ASME-B94.11M (1993) standard sizes for metric twist drills.
This is to ensure ease of manufacture.

D.3.2. Mathematical formulation

Figure D-1. Nomenclature useful in the ring design algorithm.

Suction recirculation mitigation in a double-suction centrifugal pump 131



LrlIJ NwWU " School of Mechanical Engineering

With reference to figs. D-1 and 0-1, the following formulations describe the values of inter-
est:

Tps = tircot(Biy) (D.20)
Determine z,, by finding the smallest real root of eqn. D.21:
(Z'I‘* - TTPCD)Z + $T*2 = TTPCD2 (D21)

Determine the maximum theoretical drill radius, r,, at the specified 1, by incorporating the
stated minimum ¢;,.

2
T = \/TTPCDQ - <05\/m> — Ty — tir (D22)

Equate the calculated rj, value to the closest (smaller) ASME-B94.11M (1993) standard metric
drill bit size. Use the new rj value in all the subsequent calculations.

Determine the maximum amount of perforations while abiding by the constraints

wd 1
"th = Zla {(dh + tli;::ss[;c(ﬁlr) . ZLaJ (D-23)
Calculation of the original annular eye flow area of a single impeller eye:
Agr = 7[(0.5d1)? — (0.5d,)%] = 7(r? —r,2) (D.24)
Calculation of the total combined throat flow area of the perforations:
Ap,, = npry> (D.25)

Calculation of the flow area obstruction caused by a solid (unmodified) ring with the same
diameter as the modified variant:

Ay = 7[(0.5d1)? — (0.5d,)%] = 7w(r1? — r.?) (D.26)
Calculation of the total flow area resulting from the perforated ding modification:
Aflow = (Aor - Ars) + Aha” (DQ?)

Calculation of the ratio between the flow area resulting from the perforated throat flow area vs
the unmodified inlet eye flow area:

Aflow
Aor

Aratio = (D.28)
Calculation of the ratio between the flow area resulting from the perforated throat flow area vs
the obstructed area of a solid ring of the same d,:

A
AratioZ = % (D29)

The methodology highlighted in this section was converted to a functional computer algorithm
where results were generated after d, and (1, were systematically varied. This methodology
generates a data set which (when analysed) reflects the limitations of the geometry in terms of
throat flow area and minimum allowable perforation drill angle.
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D.4. Perforation drill angle design

With the calculated limitations, as per the methodology outlined in paragraph D.3.2 and with
reference to fig. 10-6, the following method can be executed and approximate velocity triangles
can be generated and evaluated. Note, due to the small flow cavity of the perforations, the
short flow path and the inherent uncertainty of the design and lack of cascade test data for
similar geometries, the outlet flow deviation (d1,) was neglected and only ideal outlet vectors
were considered.

Determine the average axial flow velocity:
o — QL(J,
sa AOT

Determine the inlet velocity triangle of the ring by means of the following equations, based on
ideal velocity triangle theory:

(D.30)

Clur = csaCOt(alr) (D31)
Csa
= = D.32
clr sin(ay,) ( )
Wiur = YUrpPCD — Clur (D33)
Br, = atan(—) (D.34)
Wiur

Similarly, the outlet velocity triangle of the ring could be approximated by:

527“ = 52rB (D35)
cSa

- s D.36

Haur tanf1,B ( )

wor =V w?ur2 + Csa2 (D37)

cour = Urpop — Wour (D38)

Cor =V CZur2 + Csa2 (D39>

The incidences of the various blades and perforations can be calculated from:

illr = Bire — Bir (D40)

i = Bip — Boars (D.41)

Note that the impeller leading edge metal angle, 815 varies from 16.6° at the hub interface to
13.1° at the shroud. Calculations at different eye diameters should take the change in vane metal
angle into account. The method can be applied to multiple arrangements

The following velocity triangle data was generated as per the selected design:
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With reference to fig. 10-6, the following calculations were completed:

Table D-2. Calculated velocity triangles for shockless entry per impeller eye (unmodified)

Qrad Wl a, s Cir Clur Wiy Wi Bir i
(m?/n] [kg/s] ] [m/s] [m/s] [m/s] [m/s] [m/s] [] [°]
250 69.24 80 2.74 2.7 0.48 21.85 21.67 7.21 8.33
250 69.24 90 2.74 2.74 0 22.33 22.16 7.05 8.49
250 69.24 100 2.74 2.7 -0.48 22.81 22.64 6.9 8.64
300 83.08 80 3.29 3.24 0.58 21.83 21.58 8.66 6.88
300 83.08 90 3.29 3.29 0 22.4 22.16 8.44 7.1
300 83.08 100 3.29 3.24 -0.58 2297 22.74 8.23 7.31
450 124.63 80 4.93 4.86 0.87 21.85 21.29 13.05 249
450 124.63 90 4.93 4.93 0 22.7 22.16 12.55 2.99
450 124.63 100 4.93 4.86 -0.87 23.55 23.03 12.09 3.45
575 159.24 80 6.3 6.21 1.11 21.97 21.05 16.67 -1.13
575 159.24 90 6.3 6.3 0 23.04 22.16 15.88 -0.34
575 159.24 100 6.3 6.21 -1.11 24.11 23.27 15.16 0.38

[ These variable magnitudes are applicable to all considered cases as the impeller

geometry remains constant.

2] This value represents the flow through a single eye, for total pump: 2Qrq

3] Mass flow calculated at p = 997kg/m? - this corresponds to test conditions.
[l Calculations performed at d = 0.5(d, + dy), f1p = 15.54° and n = 2985RPM

Suction recirculation mitigation in a double-suction centrifugal pump

134



y nwu

School of Mechanical Engineering

Table D-3. Calculated perforation velocity triangles for shockless entry (modified)

Qra? bl oy Csa cir Clur Wiy Wi Bir iy
(m?/n] [kg/s] ] [m/s] [m/s] [m/s] [m/s] [m/s] [] [°]
250 69.24 80  4.62 455  0.81  29.51 29.15 9 21
250 6924 90  4.62  4.62 0 30.32  29.96 876 21.24
250 69.24 100 4.62 455 -0.81 31.12 30.78 853 21.47
300 83.08 80 554 546 098 2951 2899 10.82 19.18
300 83.08 90 554  5.54 0 30.47 2996 10.48 19.52
300 83.08 100 5.54 546  -0.98 3143 3094 10.15 19.85
450 12463 80 831 819 147  29.69 285 1626 13.74
450 12463 90 831 831 0 31.1  29.96 1551 14.49
450  124.63 100 831 819  -1.47 3251 31.43 14.82 15.18
575 15924 80  10.62 10.46P°1 1.87  30.03 28.09 20.71  9.29
575  159.24 90  10.62 10.62P1 0 31.79  29.96 19.52 10.48
575 159.24 100 10.62 10.461 -1.87 33.56 31.84 1845 11.55

[ These variable magnitudes are applicable to all considered cases as the impeller

geometry remains constant.

21 This value represents the flow through a single eye, for total pump: 2Qr,

BI Mass flow calculated at p = 997kg /m? - this corresponds to test conditions.
[4] Calculations performed at d = d,pcp, fip = 13.79° and n = 2985RPM

5] Refer fig. I-2f: perforation axial inlet flow velocity calculated by CFD: (¢1, = Csq

in this case) 10m/s < cim < 13m/s

Table D-4. Calculated perforation outlet velocity triangle angles, and inlet velocity triangles to

impeller (modified)

Qrad bl g, Csa Cor Cour Wor Wy  Por i
[m?/n]  [kg/s] ] [m/s] [m/s] [m[s] [m/s] [m/s] [] [°]
250  69.24 11.87 4.62 2245 2197 924 8 30 -16.21
300 8308 1522 554 2111 2037 1108 9.6 30 -16.21
450 12463 2811 831 17.65 1557 16.63 144 30 -16.21
575 159.24 42,57 10.62 157 1157 2125 184 30 -16.21

[ These variable magnitudes are applicable to all considered cases as the impeller

geometry remains constant.

21 This value represents the flow through a single eye, for total pump: 2Qrq

3] Mass flow calculated at p = 997kg /m? - this corresponds to test conditions.
4] Calculations performed at d = d,pcp, f1p = 13.79° and n = 2985RPM
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Table D-5. Calculated velocity triangle data for unaffected portion of impeller blades (modified)

Qrad  wbl oy Csa Cor Cour wor  Wour  Bor ik
(m?/n]  [kg/s] ] [m/s] [m/s| [m/s] [m/s] [m/s] [] [°]
250 69.24 80  4.62 0.81 21.84 21.34 2216 12.21 3.33
250 69.24 90  4.62 0 22.63 22.16 22.16 11.77 3.77
250 69.24 100 4.62 -0.81 2343 2297 22.16 11.37 4.17
300 83.08 80 554 0.98 21.89 21.18 22.16 14.66 0.88
300 83.08 90  5.54 0 22.84 2216 2216 14.04 1.5
300 83.08 100 5.54 -0.98 2379 23.13 22.16 13.47 2.07
450  124.63 80 831 147 223  20.69 22.16 21.89 -6.35
450 12463 90  8.31 0 23.67 2216 22.16 20.57 -5.03
450  124.63 100 831 -1.47 25.04 23.62 22.16 19.39 -3.85
575 15924 80  10.62P°1 1.87 229 2028 22.16 27.64161 -12.1
575 15924 90  10.62P1 0 2457 2216 22.16 25.61[61-10.07
575  159.24 100 10.62P°1 -1.87  26.27 24.03 22.16 23.85/6 -8.31

[ These variable magnitudes are applicable to all considered cases as the impeller

geometry remains constant.
21 This value represents the flow through a single eye, for total pump: 2Qrq

B Mass flow calculated at p = 997kg /m? - this corresponds to test conditions.

4] Calculations performed at d = 0.5(d, + dy), f1p = 15.54° and n = 2985RPM

5] Refer fig. I-2d: impeller eye axial inlet flow velocity calculated by CFD: (¢1,, = ¢sq

in this case) 8m/s < ci, < 13m/s

6] Refer fig. I-4b surface contours at top of image (inlet): perforation axial inlet flow
velocity calculated by CFD: (1 = Bo, in this case) 24° < [ < 27°
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E. Grid Convergence Index formulation

The following formulations were extracted and adapted directly from the Journal of Fluids
Engineering Editorial Policy Statement on the Control of Numerical Accuracy, as per Freitas
(1993) and subsequently by the referenced work by Celik et al. (2008):

Three different grids are generated, and the representative grid size for each separate 3D grid is
determined by eq. (E.1):

= [ay]” (=)

i=1

In order to calculate the grid refinement factor, the following is true, eq. (E.2):

h

Fop = ]72 (E.2a)
1
h

— n3 (E.2Db)
ha

The apparent order of convergence is calculated numerically below. It should be noted that a
certain amount of oscillatory convergence is tolerated.

1

b= In(ra1) ln €21 +q(p0) (E-32)
Po

q(p) = ln<:§; — 22) (E.3b)

50 = 1-sgn(Z2) = 1. gan(P2 792 (E.3¢)

€21 ¢2 - ¢1

The extrapolated values of the observed variable ¢ is determined by a technique based on
Richardson extrapolation, and can be obtained by solving eq. (E.4):

rh 1 — da
2L _ 2110o — (E.4a)
791
rhSd1 — ¢2
¢ext: 32 L <E4b)
r32 1

The approximate relative error is calculated by:

$1 — 2
2= ‘ (E.5)
The extrapolated relative error, is calculated by solving the following equation:
Per
ea:t ‘ e:ct (E6)
e$t

thus, the fine grid convergence index is obtained by:
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F 621

GCI2zlne = Tpos _a 1 (E7a)
21
F e32

GOIfhe = 37 (E.7b)
32

Roache (2009) also states that the coarse grid GCT could be calculated by:

GCIZ .. =rPGCIZL . (E.8a)
GCI32, . =1P°GCIE . (E.8b)

Roache (2009) states that the asymptotic region has been achieved if the following holds true,
if the exact solution is not known:

Gor,
_ (E.9)

P GCOT2L

fine
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F. Additional discussion relating to the
analytic calculation of the impeller
mean-line

F.1. Analytic solution methodology

F.1.1. Calculation methodology and principles

The conceptual use of velocity triangles in order to calculate the theoretical head rise and related
parameters of a grossly simplified impeller geometry is widely explained in literature.

The assumptions that enable the classic one dimensional theory to be valid under ideal circum-
stances include the following assumptions, as mentioned by Sayers (1990):

1. The blades shall represent a logarithmic spiral layout. Thus no changes to the tangential
metal angle relative to the axis of rotation, fop, is allowed between inlet- and outlet
diameters. The internal geometry between the inlet and outlet are thus ignored.

2. An infinite amount of infinitely thin blades are assumed to be present, in essence; the
assumption that no secondary flows and velocity gradients in any other direction (except
the radial direction) are present.

3. losses in the throat of the impeller are neglected, thus it is assumed that the fluid will
abruptly change direction from the axial to the radial direction, without any losses.

The ideal assumption thus reduces the complex 3D geometry of a centrifugal impeller to a flat
rotating disk, with an infinite blade count while maintaining no loss operation. The hypothetical
geometry is thus insensitive to any flow and geometry related loss sources such as slip and
pressure and velocity gradients caused by secondary flow phenomena. In order to more accurately
approximate the physical performance of centrifugal impellers, a more rigorous method that
considers a greater amount of geometrical detail should be implemented.

Rigorous method for centrifugal impeller mean line calculation

In order to (partially) address the concerns raised in the previous paragraph; a rigorous method
of calculation was devised. The method is explained by means of the algorithm shown in
Figure F-1. The method builds on classic Euler pump theory by extending its applicability from
considering only logarithmic spiral shaped blades to ensuring compatibility with custom blade
geometries and actual impeller meridional geometry.

The algorithm executes by first collecting and processing the available impeller geometry data
into usable data sets that describe the impeller hub, shroud and blade profiles. Important
geometrical features (such as the 3D blade length, blade angles at all positions, blade lean angles,
etc) are then derived from this data by means of numerical analysis and processing. After the
initial data processing step has been completed, the inlet velocity triangle is calculated and the
output of this subroutine is then passed to the iterative portion of the algorithm in the form of
inputs and starting criteria. The iterative loop then automatically discretizes the entire blade
and meridional geometry into a certain amount of finite parts/partitions. The theoretical head
rise per discretized element /partition is systematically calculated by using the calculated outlet
velocity triangle data from the previous partition as input to the next, etc. The slip factor is
considered for all elements after the calculated point R, see Figure 0-1, by utilising the theory
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{ Process Parameters } { Machine Data } { Geometrical Data }
\ \ \
p, V, T n, fq> ZLay €, O, QL(I th(l')) yB (QL’),
v zMp(R), zMs(R), e(x)
' N
» Raw Data Collection [« ‘

v
[ Data Processing and | »{ Inlet Variables }

Variable Derivation | at T(;—1)
| |
yBu(z), 2Mp(R), Pib, U(i-1), W(i-1)s C(i-1)>
ﬁQB(x>a Ng, )\La(x)a Lsch7 C(i_l)m’ C(i—l)uv ﬁ(i_l)B
Rslip> ai, az, bla b27 Alq ‘
v Apply Slip Factor if
. . R(z) > Rslip
Inlet Velocity Triangle |
\ V()
u,w,c,c’rn’Cu,A +
b ' ' Other Input Vari-
ables at z(;

Iteration
Start

{
biiys dgay, d, dn,

ALa(i)s Qe(i)s €(i) B(i)B

Re-discretize Discretize yBy,(x) v .
J = 2Jold into j elements Outlet Velocity }

Triangle at ;)

Sum of All Elements ‘
Hy, = Zg:2 Hin) o Py 6(1)7 “@m: i
I{‘th Theoretic Head Hyy(;) }
+ for x(z) — I(i—l)
Evaluate Residual
| [ Hin — Hin—ota] < (1 X 10_6)}

|

Pass Evaluation

Fail Evaluation

Iteration
Stop

ag, bl) aj, b]v Alqa Anqa
dn, fg» Lsch, QLa, V, 4{ Loss Compensation }
U1, Uj, Clus Clm, ZLa, € i

ch—Loss

Figure F-1. Impeller meanline calculation algorithm
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proposed by Giilich (2014) that slip starts to impede the flow field after this point (the grey
shaded area in Figure 0-1. The selection of the appropriate slip model is discussed in paragraph
F.1.2. The sum of all the discrete elements is then determined to be the theoretical head
produced by the impeller (neglecting losses). The calculated theoretical head is then compared
with the previous iteration result; should the difference between the two values not meet the
designated stopping criteria, the geometry is automatically re-discretized by doubling the amount
of elements and the iteration step is re-initialized and executed. The loop is terminated when
the stopping criteria is satisfied. After the converged theoretical head is determined, the losses
are evaluated by using the method outlined in Giilich (2014) for centrifugal impellers. The
predicted theoretical head rise (loss compensated) can be judged to be more representative of
actual impeller geometries with varying blade and meridional geometries when compared to the
basic methodology as discussed in the previous section.

F.1.2. Slip factor

The slip factor is one of the most important parameters to consider during impeller design. The
slip factor, as described by various texts including (Dixon and Hall, 2014) and (Lewis, 1996), is
expressed fundamentally in the following way (refer to Figure 0-1):

Coy Acy
’Y = = 1 —

C2uo0 C2uco

(F.1)

Thus, the slip factor can be defined as the deviation of a streamline from a blade-congruent
flow path (ideal) as it exits through the outlet flow area of a particular rotating impeller. This
deviation is described by the angle § = Sop — B2 in Figure 0-1. As can be observed, the § angle
directly impacts the outlet velocity triangle and will cause a shift in the ratio of absolute (c2)
and relative (wq) outlet velocity components, this will directly impact the ability of the impeller
to produce a certain differential head (AH). The accurate determination of the slip factor is
thus of much importance to the impeller designer.

The following sections will briefly describe using a literature survey of the field, different slip
factor models considered during this particular study.A particular slip factor model will also be
selected.

Comparison of considered slip factor models

One of the most well known classical formulations applicable to centrifugal impellers with back-
swept vanes was introduced by Stodola (1924), see Equation G.1. Stodola (1924) formulated a
fully mathematical treatment of slip and introduced the concept of the existence of a relative
eddy in the flow passage between blades. The model is simple and is still in wide usage today
due to this fact.

Busemann (1928) developed a slip model that requires extensive mathematical effort but is
credited as being one of the most exact commercially available formulations. Although this
formulation had been developed for 2D impellers with logarithmic spiral blade configurations,
the data produced by the Busemann model is still frequently used as reference when modern
formulations are developed. Mason (1983) has since produced a simplified mathematical method
to determine the constants required for the execution of the Busemann (1928) exact method,
this work enables accurate determination of the mentioned constants without incorporating the
noted errors in the correlations of other authors when producing user-friendly graphs of the
values, and with considerably simpler mathematical treatment.

Wiesner (1967) proposed a simple empirical model that fits the model of Busemann (1928) up to a
very satisfactory point across the whole range of applicability, see Equation G.2 - this publication
can be considered as one of the greatest influencing works in the field of slip modeling. The
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Table F-1. Comparison of different slip models

Slip Model range of validity for Sap |°] 2] B a8}, Oper. Prin./
Model M~ 12030 [ 40| 45| 80|90 | 90 < e PR Vet
Stodolal®! - >618 NI BC RE/T

Busemannl®! _ > 2 N BC Ex/T
Stanitz!7! e >2209 N BC RE/T
wiener [N >3 N BC OB
Aumgior N BC W/B
Giich | N BC W/B

v.Backstrom _ N BC C/B
Pacny [ >3 N BC RE/V
Qi Y Range RE/B

[ The slip models are evaluated based on centrifugal impeller design only.

2I'Valid (black), reasonable (grey) and invalid (white) application ranges.

3] The operating point of most models require Blade Congruent (BC) flow, achieved at ~ BEP.

4] Principle /Verification: RE=Relative Eddy, Ex=Explicit Method, T=Testing, C=Correlation,
B=Busemann data, W=Wiesner data, V=Visser exact solution

5] Prefered range by Sayers (1990) due to ease of use and accuracy in this range.

6] Sayers (1990) specified range, although generally applicable.

7 Applicable to radial blade profiles, will not be considered further in this study.

8] Evaluate the operable range

91 Evaluate the operable range

O] Wislicenus (1947) proposed a method of using the average outlet metal angle.

Wiesner slip model has since become a fundamental formulation from where many other models
have been generated by slight modification of the base model. Models that were developed that
utilize the Wiesner formulation include (but is not limited to) the models by Aungier (2000),
Equation see G.5, and Giilich (2014), see Equation G.6.

von Backstrom (2006) proposed a completely new mathematical model which produces accurate
results compared with the classical models of Busemann (1928) and Wiesner (1967). The von
Backstrom/SRE slip model is applicable across a wide range of vane angles and attempts to
consolidate the most accurate classical slip models into a single formulation that is universally
applicable to centrifugal impellers, without the calculation of a limiting radius ratio, see Equation
G.A4.

Some modern slip models have implemented an analytic approach by reviving and expanding
on the classical relative eddy concept. Paeng and Chung (2001), see Equation G.7, developed a
convenient model that improves the work of Visser et al. (1994) with regards to the accuracy of
slip factor approximation across a wider range of impeller designs and configurations. A recent
slip factor model Qiu et al. (2011), see Equation G.8, have demonstrated clear advantages
over previous correlations due to the incorporation of the outlet blade turning rate and the
impeller flow rate into the mathematical treatment of the slip velocity. The incorporation of the
mentioned factors enable the accurate estimation of slip for impellers (even with blades that are
not logarithmic in design while considering special outlet blade angle changes) across the entire
operating range of the impeller. The model by Qiu et al. (2011) exhibits an additional advantage
due to the ability of the model to calculate radial (back-swept, straight, and forward-swept vane
configurations), mixed-flow and axial impeller layouts.
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Table F-1 attempts to condense and compare the considered slip factor models with each other.
It can be observed that the majority of the models considered are in some way related to the
early (and ground breaking) work by Busemann (1928) and the directly related work of Wiesner
(1967), however all models are appropriate if applied responsibly to the posed problem. The
different slip models will be compared upon calculation of the impeller mean-line; invariably
some models will be more suited to certain situations when compared to its peers; the most
suitable model for comparison with the CFD results is selected below.

0.95 7
0.90 4
0.85 1
T ]
?\ 4
0.80
—— Qui,Japikse —— Von Backstrom/SRE
0.75 4 — Giilich Aungier
1 —— Sayers —— Wiesner
] —— Stodola —— Paeng,Chung, Visser
070 T T T T T T
0 100 200 300 400 500 600
3
Q%]

Figure F-2. Calculation of slip factor in the range of evaluation with regards to the current geom-
etry of the unmodified impeller.

Figure F-2 depict representative values of the slip factor « versus flow rate in the representative
range of this study per impeller eye. It can be seen that the majority of the considered flip
factors are constant and is not a function of flow rate. The more modern method as defined by
Qiu et al. (2011) does take the effect of flow rate into account while considering the geometry of
the blades. Another claim of the authors is that off-design operating regimes are better predicted
compared with other (classic) slip models.

Considering the data produced in fig. 9-2 and table 9-4, it is possible to determine the most
accurate slip model for the application. The models that produce the best overall results are
the Qiu et al. (2011), Aungier (2000) and Wiesner (1967) formulations. The Wiesner (1967)
formulation was selected as the best slip factor for the application, based on its historical accuracy
(due to the fact that is it based almost purely on the work of Busemann (1928)) and due to its
proven superior performance in the current study.
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G. Slip factor formulations

Every section below provides a self-contained algorithm to calculate slip factors for centrifu-
gal impellers as per the method defined by its individual author. Note all specified limits of
applicability. The formulations shown below have been implemented for back-swept blade de-

signs.

G.1. Stodola’s slip model

(Stodola, 1924)

Bhp = 90° — Bap (G.1a)
Gy = 2 (G.1b)
Uz
N .
1 — ¢atan(Byp)
G.2. Wiesner's slip model
(Wiesner, 1967)
7841651'77,(623)}
€lim = € “La (G.2a)
; d
y=1- % where 2 < €im (G.2b)
ZlLa dayp
N sm(ﬁgB)[ - (j;’;—azm> ] whore %12 5 ¢ (©.20)
207 1 — €im day o '
G.3. Stanitz slip model
553 =90° — 523 (G.3a)
Gy = 2 (G.3b)
Uz
0.637
=1- where 45° < 8o < 90° G.3c
T L= batan(By) + 8
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G.4. von Backstrom/SRE slip model

(von Backstrom, 2006)

Bhg = 90° — Bap (G.4a)
T
FO =95 (G4C)
21a(1—RR) ]!
=1— |14+ Fp—————= 4d
7 { + OQWCOS(B23)0~5 (G-4d)
G.5. Aungier slip model
(Aungier, 2000)
sin(Bap)sin(ac2)
0y =1-— G.5
y \/ Z%Z (G.5a)
5% = sin(19° + 0.26) (G.5b)
by — 03
€lim = 1_ 5:; (G5C)
- dyp
v =96, where — <eup (G.5d)
2b
div _ .\ 3701825
d €lim dlb
v =0y {1 — (il’_qlm) } where T > €lim, (G.5e)
G.6. Giilich slip model
(Giilich, 2014)
78.1657Ln(323)}
€lim = € “La (G.6a)
dim = 1/0.5(d? + d2) (G.6Db)
dy = 1/0.5(d3, + d2) (G.6c)
dlm
m=— G.6d
= (G.60)
& = im )
ky=1-—-—=-""—— where dJ,,, < €1im (G.6e)
1 — €im
ky =1 where dj,, > €im (G.6f)
fi=1.02+1.2x107%(n, — 50) for semi-axial impellers (G.6g)
f1 =0.98 for radial impellers (G.6h)
vy= /1 [1 — <szg§23ﬂ ky, where z14>3 (G.61)
%La
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G.7. Paeng-Chung-Visser slip model

(Paeng and Chung, 2001)

Byp = 90° — Bap (G.7a)
a3
fo=0.833 + 0.21e 325" (G.7b)
s
A, = 0.024(1 e ) (G.7c)
—21:31
B, = 24.2(1 _ et ) (G.7d)
fop
f = fO + Aze Bz (G?e)
sin(=")cosf,
o= ,(ZLGZ Q,B (G?f)
1+ sin(;7-cosByp)
2sin(—cosfhy)
Clim = 1 - ]. + Sinz(Licos/Bl ) (G?g)
ZLa 2B
dip
vy=1—fa where — < e€m (G.7h)
dap
. 0.85
d (cosL(/1 ) d
vy=01-fa)|l- (11;) Pn where =22 > e (G.71)
dab 2
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G.8. Qiu-Japikse slip model

(Qiu et al., 2011)

Bip = Pip —90° (G.8a)
Brmss = Bruss — 90° (G.8b)
By = Pop — 90° (G.8¢)
g = 2m (G.84)
L)
d
ZLa
/ d%b — d%b :
AM" =0.5 5 where Srasp is known (G.8f)
dBys _ By — Pruss -
ur = YL where Brarsp is known (G.8g)
AM' = 0.5(dgy, — dyp)  where Brarsp is not known (G.8h)
da! Y.
d%ﬁ = BQBAM%B where Srarsp is not known (G.8i)
(TN (T . ez djs .
F=1- szn(a)szn<z—m + B§B>0086§Bsznacg " scosd d]\zﬁ (G.8j)
o =1 Frcosfypsinacy F52¢/2 (G.8K)
ZLa 4cos 3
78.1657?(1,([323)}
€lim = € “La (G.81)
dip
v=o0y where — <F (G.8m)
dap
d _ lim
v =0y [1 (dz” > ] where -2 > F (G.8n)
1 — €1im 2
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H. Example monitor and residual plots

The following plots were typical monitoring points during a CFD run. The example is of a
127.215kg/s case. The first part of the graphs are a non-cavitating case, followed by the cavita-
tion model turned on and then the systematic reduction of suction pressure until a 3% reduction

of AH;, is observed.
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1.0e-02 o
] ]'I \,
o 4
§ 1.0e-03 A1 \ ~
y 1 "V \ A)
- i W\,’ )u? ,"b-. M\ﬂ/\ }‘:e‘é, W
§ 1004 —— ,‘_ e R A
1.0e-05 o
1.0e-08 —:
1.0e-07 = i
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
a 100 200 300 400 500
Accumulated Time Step
= RMS U-Mom (Bulk) RMS V-Mom (Bulk) =—=— RMS W-Mom (Bulk) RMS Mass (Water Liguid) === RMS Mass (Water Vapor)
Run HalfPump 007
Turbulence (KO)
1.0e+00 o
1.0e-01 |
1.0e-02 o {
o 1 \
=
2 1\ \
2 1.0e-03
) ]
2 J
1.0e-04 o
1.0e-05 o
1.0e-08 —
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
1] 100 200 300 400 500
Accumulated Time Step
—— RMS KTurbKE (Bulk) RMS O-TurbFreq (Bulk)

Suction recirculation mitigation in a double-suction centrifugal pump 148



School of Mechanical Engineering

‘ariable Value

Run HalfPump 007
User Points

20 —_
7|1
“u L e e —— ~
15 S -
- \'h
-
- "‘lh\“
10 -
5 —
D -
—_—— - —
0 100 200 300 400 500

Accumulated Time Step

Monitor Point: yPlusBlades —— Monitor Point: yPlusHub == Monitor Point: yPlusShroud

=== Monitor Point: NPSHa (Root Mean Sguare) [m] Monitor Point: NPSHa (Standard Deviation) [m]

Monitor Point: MPSHa [m]

‘ariable \Malue

‘ariable value

Run HalfPump 007

Head
340
320
300
] , I\
i i \/—\W
280 — 14 w
260
250 |||/
220
200
T T T T T T T T T T T T T T T T T T T T T T T T T T
a 100 200 300 400 500
Accumulated Time Step
Monitor Point: Head_Impeller [m] = Monitor Point: Head_Static [m] Monitor Point: Head_Total [m] Monitor Point: Target_StaticHead
Run HalfPump 007
Power

Ge+05 —
5.5e+05 —

Se+05 —
4,5¢-405 —| MM

4e+05 —

T T T T T T T T T T T T T T T T T T T T T T T T T T T
a 100 200 300 400 500
Accumulated Time Step

= Monitor Point: Power [W]

Suction recirculation mitigation in a double-suction centrifugal pump

149



LrlIJ NwWU " School of Mechanical Engineering

Run HalfPump 007

Efficiency
15
0.8 4
306+
T ]
o _
0
- E
20.4
0.2+
(1
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
] 100 200 300 400 500
Accumulated Time Step
= Monitor Point: Efficiency Monitor Point: Efficiency (Standard Deviation)
Run HalfPump 007
Balance
0.4
1%
0.2 <
g ]
ER Il R .
% [ = 12.-? e & . . .
- b
N
0.2 %
il
-0.4 4
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
a 100 200 300 400 500
Accumulated Time Step
====U-Mom Imbalance {3t) in Impeller {Bulk) W-Mom Imbalance (3%) in Impeller (Bulk) === W-Mom Imbalance {3t) in Impeller (Bulk)
U-Mom Imbalance {3%) in Volute_Discharge (Bulk) W-Mom Imbalance (3%) in Volute_Discharge (Bulk) —==W-Mom Imbalance (%) in Violute_Discharge (Bulk)
=== U-Mom Imbalance {3t) in Volute_Suction (Bulk) W-Mom Imbalance (3%) in Volute_Suction (Bulk) === W-Mom Imbalance {3t) in Volute_Suction (Bulk)
Run HalfPump 007
WearRingMassFlow
10 —
8-
2 6
T
o —
=}
S
2 44
2 -
o4
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
a 100 200 300 400 500
Accumulated Time Step

—— Monitor Point: WearRing_MassFlow [kg s~-1]

Suction recirculation mitigation in a double-suction centrifugal pump 150



y nwu

School of Mechanical Engineering

|. Best Efficiency Point CFD Data

Case 1: Best Efficiency Point flow rate
n = 2985RPM (clockwise), Q = 575m>/h (Q = 1150m3/h for full pump)

(a) Absolute pressure, Plane I

(c) Total pressure in stationary frame, Plane C*

40.000

30.000

20.000

10.000

0.000
[m s?-1]

(b) Velocity magnitude
Plane I

(relative/Stationary),

(d) Axial flow velocity in stationary frame, Plane
%

Figure I-1. Comparison of BEP (initial) conditions for Case 1
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Plane E

| Plane F

‘ Plane G

Case 1: Best Efficiency Point flow rate
n = 2985RPM (clockwise), Q = 575m3/h (Q = 1150m3/h for full pump)
Measured variable: ¢y, direction of normal flow: into page

OCaANWARUIDN®®©

E)
«
>

(a) Ring not installed

(b) Ring not installed

(c) Ring not installed

(d) Ring installed

(e) Ring installed

(f) Ring installed

Case 1: Best Efficiency Point flow rate
n = 2985RPM (clockwise), Q = 575m3/h (Q = 1150m3/h for full pump)
Measured variable: prg, direction of normal flow: into page

(g) Ring not installed

o9

Voo

(h) Ring not installed

(i) Ring not installed

(j) Ring installed

(k) Ring installed

(1) Ring installed

Figure I-2. Comparison of prs between different Cases and eye configurations
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Plane E | Plane F ‘ Plane G

Case 1: Best Efficiency Point flow rate
n = 2985RPM (clockwise), Q = 575m3/h (Q = 1150m3/h for full pump)
Measured variable: ppg, direction of normal flow: into page

(¢) Ring not installed

Ve @

(d) Ring installed (e) Ring installed (f) Ring installed

Figure I-3. Comparison of y; between different Cases and eye configurations

No Ring installed | Ring Installed

Case 1: Ring design flow rate
n = 2985RPM (clockwise), Q = 575m3/h (Q = 1150m3/h for full pump)
Measured variable: Inlet flow angle, 51

(e) Shroud (f) Shroud

Figure I-4. Comparison of impeller inlet flow angle between different Cases and eye configurations
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Case 1: BEP flow rate
n = 2985RPM (clockwise), Q = 575m3/h (Q = 1550m3/h for full pump)
Measured variable: p;, direction of normal flow: into page

Eddy Viscosity | Streamwise velocity | Conservative liquid volume fraction

1.469 .
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1286 Ri t installed 08 Ri t installed
1.194 8
17 (a) Ring not installe 0.898 (c) Ring not installe
1.010 i 0.837
0918 0806
0.827 0.776
0.735 0.745
0.643 0.714
0.551 0.684
0459 0653
0.367 0.622
0.276 0.592
0.184 0.561
0.092 0.531
0.000 0.500
[Pas]
(d) Ring installed (e) Ring installed (f) Ring installed

Figure I-5. Comparison of area-averaged, circumferential meridional data
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Case 1: Perforated ring not installed
Q = 575m3/h (Q = 1150m3/h)
n = 2985RPM (clockwise)

Case 1: Perforated ring installed
Q = 575m3/h (Q = 1150m3/h)
n = 2985RPM (clockwise)

(a) w; magnitude 2D, plane C

~ = 7 =

= ~ =

= = =

(¢) wy magnitude 2D, plane D

(e) wy magnitude 2D, Shroud

(g) Velocity magnitude 2D streamline, plane C

(d) w; magnitude 2D, plane D
=
— _ Z

= = =

(f) wy magnitude 2D, Shroud

—

(h) Velocity magnitude 2D streamline, plane C

Figure I-6. Comparison of 2D plane unmodified and modified impeller inlet geometry.
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