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Numerical Analysis of Vortices Behavior in a Pump Sump
Ayham Amin Alhabashna

Department of Mechanical Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Recently, designers and engineers of pump statieakzed that the efficiency and
performance of a pumping station does not depetdamnthe performance of selected pumps,
but also on proper design of intake structure. Mesturring problems faced in a pumping
station are related to the sump or intake desigrerahan pump design. International design
standards for a pump sump restrict undesirable flatierns up to a certain extent implication
of which does not guarantee a problem free sumpbmtides a basis for initial design. A
faulty design of pump sump can lead to form of bwird vortex, which reduce the pump
efficiency and induce vibration, noise, and caidgtat To reduce these problems and for the
advanced pump sump design with high performands,dssential to know the detailed flow
behavior in sump system. Swirl angle parameter wodices formation are important
parameters that determine the quality of flow ingédy sump. According to the swirl angle
parameter, the hydraulic institute prescribes thethod that needs to be employed for

estimating this parameter.

In this study, numerical analysis and experimetasi of pump sump were carried out

to predict vortex formation (free surface vorteileswall and submerged vortex) occurrence,
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location, and air entrance in details. A four blabro-pitch traditional swirl meter was
installed at the suction pipe to measure the flotgrisity by swirl angle calculations; the key
point is to obtain the average tangential veloaitygifferent suction pipe diameter. The other
part of this study is overall numerical analysis soimp model with a mixed flow pump
installed. Hydraulic performance of the mixed flguump for head rise, shaft power, and
pump efficiencies versus flow rate changed from %460 150% of the design flow rate were
studied by performances curves. In addition, acbasimerical simulation of cavitation

phenomenon in the mixed flow pump has been perfdrimecalculating the full cavitation

model with ke turbulence model.

Swirl angle and average tangential velocityneated by CFD simulation was in agreement
with experimental results obtained. The resulte alsow that submerged vortex strength was
almost proportional to the flow rate in the sumeTiree surface vortex had an unsteady
behavior as its location and duration drasticabyied. In addition, post processing results
showed the tangential velocity behavior and the fypes of free surface vortex (Surface
swirl, Surface simple, air bubbles and full air &dp intake) by changing the air volume
fraction values. In the mixed flow pump performarstedy, the efficiency without and with

sump model was 83.4% and 80.1% respectively ale¢bign flow rate.

Key words: Pump sump, Vortices, Swirl angle, Mixed flow pump, Computational Fluid

Dynamic (CFD)
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Chapter 1Introduction

1.1 Background

A pump sump or intake is simply defined as a hyfilrastructure with specific
dimensions used to contain the water which hasetqpiimped into the piping
system. Ideally, the flow of water into any sumpitake should be uniform,
steady and free from swirl, vortex, and entrainedTdhe Poor intake or wet well
design may result in submerged or surface vortisestl of flow entering the
pump, non-uniform distribution of velocity at thermp impeller and entrained air
or gas bubbles, even lead to excessive bearing, loaange clearances and
structure damage. There are some internationagmegiidelines for the specific
geometrical and hydraulic constraints of the pumrm® One of these standards is
ANSI/HI 9.8 for pump intake design, which suggestsrocedure to perform scaled
model tests assess the quality of flow in the iatpkpe using a swirl meter and
recommends the measured swirl angles to be linbitdéelss than a prescribed limit.
However the application of these standards doegemtrate a problem free sump
but provide a basis for the initial design. For gmgject, the model study is the
only tool for solving potential problem in new dgss and rectifying problems
observed in existing installations. The scaled rhoelgts are expensive and time
consuming, so alternative Computational Fluid Dymam(CFD) methods for
evaluating sump performance and flow analysis Hsaen developed. With rapid
process time in CFD, numerical simulation is regdréhs an effective tool in

solving fluid problems in pump sumps.

e - P
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1.2 Previousstudy

Many researchers studied the flow conditions andesmable phenomenon in
sump intake. Lee et. al. [1] had conducted numkraelysis for the flow
characteristic around pump intake by the unbalanveddcity in the direction of
flow passage. Kim et. al. [2] made comparative ysialof flow behavior around
intake entrance by PIV method and CFD analysigj hésstudied a swirl angle of
swirl meter at different types and location. Lucasfano et. al. [3] made an
experimental study on unstable free surface voeed gas entrainment onset
condition. The main purpose of his research waanerstand the influence of
different parameter on free surface vortex formafad evolution. Iwano et. al.[4]
have introduced numerical method for the submewgetkx by analyzing the flow
in the pump sump with and without baffles plat€h.H W [5] conducted a mixed
flow pump design optimization with specific parapretand compared the
numerical results with the experiments. Kim et.[@).made performance analysis
with numerical simulation for mixed flow pump anchproved the hydraulic

efficiency by modification of the geometry.

Cavitation phenomenon is considered as an undésipgdenomenon caused by
adverse flow condition. “Cavitation” is a proceggartial evaporation of liquid in
a flow system. A cavity filled with vapor is credt@/hen the static pressure in a
flow locally drops to the vapor pressure of thaiithdue to excess velocities, so
that some fluid evaporates and a two-phase flowaated in a small domain of the
flow field. With rapid formation, growth and collag of the bubbles, cavitation

manifests in the form of pump performance decreaeation, additional noise

2
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increase and even equipment damage. The cavifati@nomenon has been studied
by many researchers. Okamara et. al. [7] made twD Cavitation prediction
methods used in the pump industry manufactures, aeteinpts were made to
improve the cavitation performance. Li et. al. §@hducted numerical analysis on
the basis of the development liquid/vapor interfaeeking method to predict the
cavitation characteristics with a centrifugal pumpeller model. Moreover, there

are a number of correlated studies [9]-[11].
1.3 Study methodology

The first part of this study will suggest the fldsehavior in pump sump (swirl
angle estimation, vortices prediction). For swinbke, the objective is to estimate
the swirl angle as used by Hydraulic Institute Bxpl CDF, then comparison of the
results will be aimed at. For vortex predictione thim is to predict the different
types formation in the sunifree surface vortex, side wall and submerged xdrte
by occurrence, location, and air entrance in detdihe second part will be overall
numerical analysis for sump model with a mixed flgump installed. The
hydraulic performances of the mixed flow pump vii#é studied by performances
curves, without and with sump installation. In dgi, a basic numerical

simulation of cavitation phenomenon in the mixemMlpump has been performed

by calculating the full cavitation model withekturbulence model.
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Chapter 2 Pump Intake Design Theory and Vortices Formation

2.1 Introduction

For pumps to achieve their optimum hydraulic perfance across all operating
conditions, the flow at the impeller must meet #ipedydraulic conditions. The
ideal flow entering the pump inlet should be a amf velocity distribution without
rotation and should be stable over time. When aésiga sump to achieve a
favorable inflow to the pump or suction pipe be#lyious sump dimensions relative
to the size of the bell are required. Using théaadards of the distances to reduce
the probability of the occurrence of strong subredrgortices and free surface

vortices.
2.2 Importance of pump intake design

The specific hydraulic phenomena that have beefiroted can lead to certain

common operational problems. The main problemsanemarized as follows:

Nonuniform distribution of velocity in space anché at the impeller eye.
Entrained air or gas bubbles.

Preswirl magnitude and fluctuation with time.

Free surface vortices.

Submerged vortices.

The problems encountered in the pump sump willkcattee pump performance and
significantly increase the operational and maimeeacost. In order to identify
sources of particular problems and find practicéhtsons for it, the usual approach

is to conduct the laboratory experiments on a sigalg/sical model. Typical design
4
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objectives are to ensure that a pump station igyded according to best practice
and conforms to the requirements set out in the rigae National Standard for
pump intake design [12]. These standards resthiet degree to which above-
mentioned undesirable flow patterns may be preSdmd.negative impact of each
of these phenomena on pump performance dependsirap ppecific speed and
size. The application of these standards doesemtrgte a problem free sump but

provide a basic for the initial design.

High swirl in the pump intake can cause significahtinge in the operation
conditions for a pump, and effects on the flow caya power requirement and
efficiency. Also it is lead to occur free surfacedasubmerged vortices, which
influence the pump capacity, impose a fluctuatoaglon the pump impeller blade,

and may induce cavitation of the impeller blades.
2.3 Standard for Pump Intake Design ANSI/HI 9.8.

ANSI/HI 9.8 is an institute standard that definles product, material, process or
procedure with reference to one or more of the ifh\gevnomenclature, composition,
construction, dimensions, tolerance, safety, opeyatharacteristics, performance,
guality, rating, testing, and service for whichidesd. The purpose of the institute
is promote the continued growth of pump and intdksign knowledge for the
interest of the pump manufactures and to furtheritkerests of the public in such

matters that are involved in manufacturing ,engimnee

* To develop and publish standards for pumps.

* To collect and disseminate information of valadts members and to the

public.

K‘-\. '-I.---. — = \
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* To increase the amount and to improve the quafitgump service to the

public.
» To support educational and research activities.
In our study we used ANSI/HI 9.8 as a referenceafbpump sumps dimensions,
swirl meter location and installation sequences.

2.3.1 Recommended dimensions for a rectangular sump.

According to HI institute, the proportion of thdahstructure can be estimated. Fig.

2.1 and Table 2.1 shows the recommended dimen&oasrectangular sump.

A25D [ F iy '
2,250 /i' y I
et e : : ] eaz2so
. 0 i Wk
&S ez 11 Lod ff
[ T ! cnoss!&ow . .—H iy ™\ FILLER WALL TO
Wa ) =8
2 lzo VELOCITY, V. LT L-W-2D oamlu ;v =20
——ii X J ATPU
@ PUMP BAY VELOCITY, V, - .
0.5 mvs (1.5 fvs) MAX e W>2D—1.
gl
‘]r—-¢‘ 10°
OPTIONAL TRAVELING FILLER WALL HEIGHT .
e— B=0.75D THROUGH FLOW SCREEN (GREATER OF H SLOPE 45° TO OUTER WALL
£ ; OR 2.5D)
l— Y24D —=i i H ) \MIN LIQUID LEVEL
! H | =
s ! IR 1
LIQUID LEVEL : s 5 ee H
! ! 1A% H o P
1 i == . | 4 ' B _l
L 0 . &) '
0.30<C<0.50 | 10" < 10 YE— . — —
2,250 -
I-w =2 D"I
a) Recommended intake structure latout b) Filler wall details for prober bay width

Fig. 2.1 Recommended dimensionsfor rectangular sump. [12]
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Table 2.1 Recommended value for dimensionsvariable [12]
Dimension Descrintion Recommended
Variable P value
h Minimum height of constricted bay section near thé= (greater of H or
pump inlet bell 2.5D)
H Minimum Liquid depth H=S+C
A Distance from the pump inlet bell centerline to the A=5D minimum
entrance
a Length of constricted bay section near the purtgt ii 2.5D minimum
B Distance from the back ngl to the pump inlet bell 0.75D
centerline
C Distance between the inlet bell and floor 036D
D Inlet bell outside diameter Section 2.3.2
W Pump inlet bay entrance width W=2D minimun
w Constricted bay width near the pump inlet bell M=
X Pump inlet bay length 5D minimum
Distance from pump inlet bell centerline to the o
Y downstream face of through-flow traveling screen. 4D minimum
Distance from pump inlet bell centerline to divei o
Z1 5D minimum
walls.
72 Distance from pump inlet bell centerline to sloping 5 minimum
floor.
e Angle of floor slope -10°~10°
B Angle of wall convergence 0°~10°
) Angle of convergence from constricted area to bay 10° maximum
wall.
S Minimum pump inlet bell submergence S=D (1.64#)
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In a sump model a Froude number and Reynolds nuarbéhe most important non
dimensional parameters. The Froude number, refdiegethme ratio of inertial to

gravitational forces, can be defined for pump ietak:

|4 (2.1)
=Dy

Where:
Fp: Froude number at D (dimensionless)
V : Velocity at suction inlet = Flow/Area, based on D
D: Outside diameter of bell or inside diameter iplepinlet
g : Gravitational acceleration
The hydraulic institute put design sequences a$eaance for intake structures:

» Consider the flow patterns and boundary geometrthefbody of liquid
from which the pump station is to receive flow. Guare with the approach
of the body of liquid from which the pump statios tio receive flow.
Compare with the approach flow condition describé#dthe hydraulic

physical model study is required.

» Determine the number and size of pumps requireshtisfy the range of

operating conditions likely to be encountered.
* Identify pump inlet bell diameter. If final bellamneter is not available.

* Determine the bell-floor clearance. A good preliamyndesign number is

0.5D.

e - P
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» Determine the required bell submergence.

* Determine the minimum allowable liquid depth in thiake structure from

the sum of the floor clearance and the requirebsodimergence.

» Check bottom elevation near the entrance to thetstre and determine if
it is necessary to slope the floor upstream of lthg entrance. If the
resulting depth at the entrance to the intake strads shallow, then check

to ensure that gravity-driven flow is not restrittey the entrance condition.

* Check the pump bay velocity for the maximum singleap flow and
minimum liquid depth with the bay width set to 2Dbay velocity exceed
0.5m/s, then increase the bay width to reduce naamum flow velocity

of 0.5 m/s.

» Compare cross-flow velocity (at maximum system jldav average pump
bay velocity. If cross flow value exceed 50% of bay velocity, a physical

hydraulic model study is necessary.

* Determine the length of the structure and dividimglls, giving
consideration to minimum allowable distances tdopiag floor, screening
equipment, and length of dividing walls. If duabvl traveling screens or

drum screens are to be used, a physical hydrawdehstudy is required.

« If the final selected pump bell diameter and intetocity is within the
range given, then the sump dimensions need to doegeld and will comply

with these standards.
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2.3.2 Inlet bell design diameter

The geometry is generally defined in terms of thenp inlet diameter and Inlet
bell velocity, as shown in Table 2.2 and Fig. E. 2.3, the bell diameter can be

estimated based on an inlet pipe velocity.

Table 2.2 Acceptable velocity rangesfor inlet bell diameter [12]

Recommended Inlet :
. . ~"lAcceptable Velocity Rant
Pump Flow Range Q, (L/s)| Bell Design Velocity, P | 4 ‘
(m/s) (m/s)
Q<315 v=1.7 0.6 <V <27
315<0< 1260 V=1.7 09<V <24
Q = 1260 V=1.7 1.2<V <21
| Inlet bell design diameter |
i
| Submergence I
[ Clear Liquid } No |
YES | TT ol':nlcl:‘ | | Ro::tl:nl?ular | c|ir|ct.::-r |

T

L A
Rectangular Trancn type Formed uctuon unconlmed Circular
intake intake suction intake intake intake intake

NO Flow per pump
> 18.9 CMM
Flow > 378.5 CMM per \ YES [ Model test
Flow > 151 CMM per pump 7 __/ required

NO |
Fig. 2.2 Sump design process (ANSI/HI 9.8) [12]

10
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Fig. 2.3 Recommended inlet bell design diameter (ANSI/HI 9.8) [12]
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2.4 Mode€ test of intake structure

Actually, the flow behavior in a pump sump or irgals difficult to predict by
empirical formulae or traditional mathematics. Frge structures or those that
differ significantly from proven design, a modeldy is the only means to ensure
success. Usually, model study is used to identiyeese hydraulic condition and
derive remedial measures for approach flow pattgerserated by structures up
stream of the pump impeller. The objective of a ela&ludy is to ensure that the
pump intake structure generates favorable flow tmmdat the inlet to the pump

evaluation for the requirement of model test if:

* Sump or piping geometry that deviates from thegtestandard.

* Non-symmetric.or Non-uniform flow to the pump suests.

* The pumps have flows greater than 2250 L/s per pontpe total station
flow with all pumps running would be greater th&816 L/s.

« Situation that need ten times cost than model study
2.5 Similarity condition and scale effects
2.5.1 Similarity condition

In model test, geometric similarity at bell moutidasurrounding wall must be
maintained between prototype pumps and model puiiips.is to ensure that the
result obtained from the model study is well présénn order to predict full scale

behavior.

By the law of similarity, the Froude number sha# bqual in model and

prototype.

12
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Fr = = (2.2)

Where Fr is the Froude number, Lm is the charatteriength of model sump

and Lp the characteristic length of full scale sump
2.5.2 Scale effects

In sump model, Froude number (Fr) and Reynolds mun(Be) are the most
important non-dimensional parameters. But it is osgble to have all these
parameter the same with prototype. Some reductidRei should be introduced to
sump model. However, flow patterns are generally \w@milar at high Re. The
influence of viscous forces on vortex may be nelgligif the values of Reynolds
number in the model abovex 10* at the suction bell mouth [12]. No specific
geometry scale ratio is recommended, but the iegulimensionless numbers
must meet these values. For practically in obsgrfiow pattern and obtaining
accurate measurement, the model scale shall yie&y avidth of at least 300mm, a
minimum liquid depth of at least 150 mm, and puimetigh or suction diameter of
at least 80 mm in the model. In this study, baytivid 500mm, the liquid depth is
800mm, bell mouth diameter is 530mm, all satisfyimg HI standard requirement.
Table 2.3 shows parametric study of model Reynoldshber (Re) and weber
number (We) obtained in this study. Two non-dimenal numbers satisfy Hi

standards requirement for all cases, that's meastale effect.
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Table 2.3 Parameter study on Re and We number for all cases

~|Bell mouth
Case | Average axial | giameter Re We Remarks (HI
No velocity(m/s) - requirement)
m
1 217 70.1x10%  |26.3x103
0.55
2 14 x10* 1x103
Re > 6 x10*
3 111 0.530 °
28.1 x10* 4.2 x103 We > 240
1.66
4 42 x10% 9.5 x103
5 2.22
56.2 x10* 16.9x103

The bell intake Reynolds number (Re)+v
Weber number (We)w#pD /o
Where:

u : Average axial velocity (m/s: Bell mouth diameter (m): Kinematic viscosity

of liquid (m?/s)

o : Surface tension of liquid air interface (N/m).
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2.6 Vortices Formation around pump intake
2.6.1 Overview

In fluid dynamics, a vortex is a region in a flurdwhich the flow rotates around
an axis line, which may be straight or curved [I}}e plural of vortex is either
vortices or vortexes. Vortices form in stirred flg) and may be observed in
phenomena such as smoke rings, Pump intakes, @ritids surrounding a tornado

or dust devil.

Vortices are a major component of turbulent floweTdistribution of velocity,
vorticity (the curl of the flow velocity), as wedls the concept of circulation are
used to characterize vortices. In most vortices, fthid flow velocity is greatest

next to its axis and decreases in inverse propottdhe distance from the axis.

Cavitation phenomenon is considered as undesipbé&omenon caused by
adverse flow condition. “Cavitation” is a proces$gartial evaporation of liquid in
a flow system. A cavity filled with vapor is credt@/hen the static pressure in a
flow locally drops to the vapor pressure of thauitjdue to excess velocities, so
that some fluid evaporates and a two-phase floweaated in a small domain of the
flow field. With rapid formation, growth and collsg of the bubbles, cavitation
manifests in the form of pump performance decreaeation, additional noise

increase and even the equipment damage.
2.6.2 Vortices formation in pump sump

The function of an intake is basically to withdrawater safely from the source and

divert this water to an intake conduit. The drawatev is mostly used for flood

15
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control (spillway), irrigation, electric power geaéon and water supply. Flow
through the intake is a complicated type of flonheTdesign of an intake is
basically consists of the direction, the locatiowl ahe size of the intake structure.
If the intake is close to the water surface to oedihne cost, there occurs the risk of
air-entraining vortex formation. If the intake stture is close to the bottom to
increase the amount of water available to withdrévere occurs the risk of
sedimentation blockage. Consequently, while desgyran intake structure, an

optimization must be reached between the costtysarfal efficiency.

Fig. 2.4 Free Surface Vortex

There are various investigations that provide imsighto the fundamental
processes leading to the development of vorticeth o experimental and
numerical simulation. Shin et. al. [14] demonstlat®wo basic mechanism lead to
inlet vortex formation. The first mechanism invadvihe development of an inlet
vortex due to the amplification of ambient vortycih the approach flow as vortex
lines are convicted into the inlet. The second raam involves the development

of a trailing vortex in the vicinity of the intakas a result of the variation in
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circulation along the inlet. For this second caseortex can develop in a flow that
is irrotational upstream, and the vortex developntlearefore does not depend on
the pressure of ambient vorticity. Shin et. alestgation on kinematic parameters,
indicate that the strength of an inlet vortex ailiing vortex system Increase with
decreasing distance from the surface. However, aorinlet in an upstream
irrotational flow, two counter rotating vorticesrcatill trail from the rear of the

inlet.
2.6.3 Classification of vortex type

As illustrate in Fig. 2.5, vortices in the viciniof pump intakes may be adjacent to
the channel bottom or a channel wall (i.e. subrekrgetices) or they may appear

adjacent to the free surface (i.e. free surfaceexpr

Vortex Vortex
type type Surface
1 @ . 2 — dimple
Surface swirl Coherent

swirl

core to hvd Vortex pulling
3 intake: 4 = Qf" floating trash
coherent swirl but not air
throughout N
[

water column Trash N

AN

Vortex pulling Full air core

5 = air bubbles to 6 to intake
intake
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N\

Vortex 1 Swirl 2 Dye core 3 Air core or
type bubbles

Fig. 2.5 Classification of vortex types[12]

Many researchers focused on the numerical theodetect the inception of a
visible vortex. As the diameter of vortices arealumuch smaller compared with
the computing grid size, to compensate for the latkvortex resolution in
numerical simulation, a stretching vortex modebpplied to the local flow field
around semi-analytically identified vortex positifitb][16]. The explanations was

as follow:
1) Free surface vortex

Equations (2.3) and (2.4) show the method usee@t®rchine the visible inception of

a free surface vortex.

fe > 1
Py (2.3)
s 4 R, (2.4)

Where R is the pressure drop at the vortex core and Ehe static head at the vortex

element, and &&he drag force acting at a unit length of watefase vortex dimple,
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based on Stokes approximation and caused by the dlow. Further Fb is the
force acting on the bubble in the direction frora thigh pressure region to the low

pressure region.
2) Submerged vortex

The visible inception of a submerged vortex detaedi by the following

equation:

AP. P, — P.
= >1
Po =Py Po— Py (2.5)

Where Pc the static pressure at the vortex @&yés the atmospheric pressure

andP,, the critical cavitation inception presuure.
2.6.4 Acceptance Criteria

* Dye-core coherent swirl is not allowed to the pgroppump sump. Thus,
no free surface vortex stronger than surface dimpitex is permitted.

* Submerged vortex which starts from the sump wallae vibration and
noise problems.

« Dye core submerged vortices extending into the pbeipmouth is not

allowed.

The details of acceptance criteria are shown befowable 2.4 according to HI

standard.
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Table 2.4 Vortices Acceptance criteria [12]

Classification of vortex

Acceptable criteri

3| Veliyci

(1) free surface vortices

* Surface swirl (Class A-1)

e Surface dimple coherent

swirl (Class A-2)
* Dye core to intake: Cohere

swirl (A-3)

nt

O

@)

X(less than 10% of &1.5 Froude number

observation time )

Same Froude Number

(2) Sub-Surface Vortices

* Dye core to intake: Cohere

Swirl (Class B-2)

nt

X (less than 10% of

observation time)

Same Froude Number

(O : Acceptable, X: Not acceptable)For more details refer to HI standard

2.6.5 Preventive measures for vortex problem in pump sump

The preventive measures will mention in thin thistgs just some knowledge

and experience gained over many years of improvey hydraulics of intake

structure for pump intake. Corrections describegkinehave been effective in the

past, but may or may not result in a significanpliovement in performance

characteristics for a given set of site-specifindibons. Also other remedial fixes

not provided herein may also be affective.
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2.6.6 Approach flow patterns

The characteristics of the flow approaching ankatatructure are one of the
foremost considerations for the designer .unfotelgalocal ambient flow patterns

are often difficult and expensive to characterize.
1. Free surface vortices

» Surface vortices may be reduced with increasinghdep submergence of
the pump bells.

* Many manufactures offers a corrective option fauation bell by adding a
suction umbrella, the must effect use of suctiorbrethas is for pumps in
drainage.

» Curtain walls, create a horizontal shear plane ihaterpendicular to the
vertical axis of rotation of surface vortices, gm@vent the vortices from

continuing into the inlet.
2. Submerged vortices

The geometry of boundaries in the immediate viginitthe pump bells is one of
more critical aspects of successful intake strecugsign. It is in this area that
most complicated flow patterns exist and flow mosike the most change in
direction. Fig. 2.6 shows a sampling of various idey to address subsurface
vortices, these and other measure may be useddndlly or in combination to

reduce the probability of flow separation and sutyed vortices.
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L

i - Wall splitter plate ii - Floor splitter plate iii - Floor cone

0.50

050 0.5D
iv - Backwall v - Corner fillets vi - Backwall filiet

0.50

2L

vii - Sidewall fillets viii - Center splitter ix - Strainer with
guide vanes

Fig. 2.6 Methodsto Reduce Submerged vortices[12]
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2.7 Cavitation phenomena

2.7.1

Overview

As we know one of the main problems faced by rowhrery equipment,

especially in pumps and turbines is cavitation,avhis caused by the fact that

these machine operate with suction pressure muolwlibe atmospheric pressure.

On the other hand nowadays cavitation phenomensidgman important subject

for almost researchers and engineers around thé& woavitation is not only

undesirable phenomena, recently many technologgfeids on cavitation shows

the advantages of this phenomena [17-19]:

x['_

Cavitation bubbles are used in remarkable of satgand medical
proceduresteduction of kidney and gall stones.

Schematic of cancer treatment with liposomes atrdsdund.

Head injuries and wounds: when the head subjeantexternal impact,
head injuries are often compounded by cavitatiothefcerebral fluid.
SupercavitationUse of cavitation effects to create a bubble gagle a
liquid large enough to encompass an object trangeltinrough liquid (less
friction, very high speed). Cleaning the equipmespecially for under
water cleaning. Removing substances from pillatevsides, ships and
other underwater surfaces (safer and more efficient

Food industry: Ultrasonic cleaning in new techngl@applied to wash
vegetable and fruit in food industry, the frequeéwltra sound causes

reaction by cavitation (more healthy)
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¢) Food industry d) Underwater cleaning

e) Super cavitation

Fig. 2.7 Technologies depend on cavitation [17-19]

In this chapter we will briefly explain the cavitat and important issues associated.
2.7.2 Bubbles implosion

When a vapor bubble is transported by the flow intmes where the local
pressure exceeds the vapor pressure, the phadérmgui is disturbed and the

vapor contained in the bubble condenses sudderlend of the implosion the
24
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bubble near wall reaches very high veloditwhich can calculate from Rayleigh’s

equation [20].

C= P ) (26)
Where:p is pressure in the surrounding liquid

pg: Pressure in the bubblps> p)

R. : The bubble radius at the start of implosion

Re: The bubble radius at the end of implosion

From water hummer equatio®i = p * a, * C; the pressure can exceed 1000 bar,

and may consequently surpass the strength of theriada used in the pump.
2.7.3 Net positive section head (NPSH)

Hydraulic machinery engineers have used an exmredsr a long time which
compares the local pressure with vapor pressurevaich states the local pressure
margin above the vapor pressure. Fig. 2.8 showsadhation of liquid pressure in
the suction region of the pump. The parameter whiescribes this expression is
called net positive suction head (NPSH) and alsswknas the net positive suction
energy (NPSE). Two definitions are used, that whielates to the pressure
presented to machine by system (NPSHa) and theajedeby the dynamic action

of the machine (NPSHTr), for more details refereference [20].
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Fig. 2.8 Variation of liquid pressurein the suction region of a pump [20]
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Chapter 3 Computational Fluid Dynamics (CFD) Analysis and

Experimental setup

3.1 Introduction to CFD

Computational Fluid Dynamics (CFD) is the analysisystems, which involves
fluid flow, heat transfer and other related physmacesses by means of computer
based simulation. It works by solving the equatioh#luid flow over a region of
interest, with specified boundary conditions of tthagion. ANSYS CFX is
generalpurpose CFD tool, which is used for the numerigaugtion analysis that
combines an advanced solver with powerful pre amstgrocessing capabilities.
This is capable of modeling: steady state and igahdlows, laminar and turbulent
flows, subsonic, transonic and supersonic flowst transfer and thermal radiation,
buoyancy, nofNewtonian flows, transport of nemeacting scalar components,
multiphase flows, combustion, flows in multiple rfras of reference, particle
tracking, etc. Furthermore, this includes, an adedncoupled solver that is both
reliable and robust, with full integration of prel definition, analysis, and results
presentation and an intuitive and interactive sebupcess, using menus and

advanced graphics features.

The CFX consists of five software modules that ghesinformation required to
perform a CFD analysis. These are the mesh geoersditware, the prprocessor,

the solver, the solver manager, and the-postessor.
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3.2 Governing equation
The governing equations of fluid flow, which deberi the processes of

momentum, heat and mass transfer, are known abldakier - Stokes equations.

There are three different streams of numericaltswiitechniques: finite difference,
finite volume method and spectral methods. The nesostmon, and the CFX is

based, is known as the finite volume techniquethia technique, the region of

interest is divided into small subregions, called control volumes. The equations

are discretized, and solved iteratively for eachtiad volume. As a result, an
approximation of the value of each variable at Bmeoints throughout the
domain can be obtained. In this way, one deriv&dlaicture of the behavior of

the flow.

The continuity equation:

ap _ 3.1
2 4+9.(p.U) =0 (3.1)

Themomentum equation:

d(p.U)
ot

+V.(p.UQU) ==V, +V.7+ Sy (3.2)

Wherert is the stress tensor (including both normal arehslscomponents of the

stress).
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These instantaneous equations are averaged fouléantbflows leading to
additional terms that need to be solved. WhileNlagier-Stokes equation describe

both laminar and turbulent flows without additi@nrs.

Different turbulence models provide various ways dbtain closure.in this
investigation. Shear Stress Transport model (SSAJ & - model were
utilized .the advantage of SST model is that coebithe advantage of other

turbulence models.
3.3 Turbulence modds

Two-equation turbulence models are widely used to peow ‘closure’ to the
time averaged Navigstokes equations. Two principle closure models texis
commercially, are the ke<(k-epsilon) model and the shear stress transport (SST)
model. The two equation models are much more sbphied than the zero
equation models. In these equations both the wgl@nd the length scale are
solved using separate transport equations. Thelsletgarding these aspects are

not considered here. These details are availabANBYS 13.0 user guide [22].

The k = model has proven to be stable and numericallysobaod has a well-
established regime of predictive capability. Fongratpurpose simulations, the k
—& model offers a good compromise in terms of acquean robustness. However,
it can lack prediction accuracy for complex flowuc8 complexities include rapid
variations in flow area, flows with boundary laysparation, flows with sudden
changes in the mean strain rate, flows in rotaflings, flows over curved surfaces

etc. A Reynolds Stress model may be more apprepf@t flows with sudden
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changes in strain rate or rotating flows, while 88T model may be more

appropriate for separated flows.
3.3.1 Kk —¢ turbulence model

k —s model introduce kr?/s?) as the turbulence kinetic energy an@n?/s3)

as the turbulence eddy dissipation.the continugyagion remains the same :

2 +.(p.U) =0 (3.3)

The momentum equation changes, as shown by equatin
(p.U) _ T
==+ V.(p.U®U) = =V, + V. (e (VU + (VU))) + Sy (3.4)

WhereS,, is the sum of body forceg. s is the effective viscosity accounting for

turbulence and p is the modified pressure. The knedel uses the concept of eddy

viscosity giving the equation for effective visagsas shown by equation:
MHerr= Ut

U; is the turbulence viscosity is linked to the te tluirbulence kinetic energy and

dissipation by the equation (3.5):

— k?
e =Cup— (3.5)

WhereC,, is constant.

The value for k and come from the differential transport equations fbe

turbulence kinetic energy and the turbulence dadgp rate.

The turbulence kinetic energy equation is giver@sation (3.6):
30

r --.. '-I.---. — = \
Collection @ kmou



0
T V. (pUR) = V.[(u+5) VK] + pictpigy -p € (3.6)

Pk

The turbulence dissipation rate is given by equati7):

5}
T2+ V. (pUe) = V. [(u + Vel + 1 (CaPtpen) -C2pe)  (3.7)

Where,,, Cy,, p&, pk are constant.

px 1S the turbulence production due viscous forcekiamodeled by the equation:

px =1 YU.(VU +VUT) =2 V.UBw V.U + pk) (3.8)
When the buoyancy term is added to the previoustery the buoyancy term,,

is model as:
. Nl
Prp= Pop g. Vp (39)

3.3.2 Shear stress transport model

The disadvantage of the Wilcox model is the stremgsitivity to free-stream
condition. Therefore a blending of theukmodel near the surface and thes kn
the outer region was made by Menter [23] which ltedun the formulation of the
BSL k-w turbulence model. It consists of a transformatbthe k-¢ model to a k-

w formulation by a blending function F1 and the sfanmed k-¢ by another
function F2. F1, F2 is a function of wall distanteing the value of one near the
surface and zero outside the boundary layer). @aitsie boundary and on the edge

of the boundary layer, the standarcknodel is used.

SST model is combination of the k-epsilon in theefrstream and the k-omega
models near the walls. It does not use wall fumstiand tends to be most accurate
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when solving the flow near the wall. The SST madtets not always converge to
the solution quickly, so the k-epsilon or k-omegadels are often solve first to

give good initial condition.

The k-w based Shear Stress Transport(SST) model of mevasr applied for
turbulence treatment. The transport equations lier 3ST model are expressed
below where the turbulent kinetic energy k and wieht frequency or dissipation

per unit turbulent kinetic energy are computed by using the following equation :

For the turbulence kinetic energy.
ok
m + V. (Uk) = pr — B'kw + V.[(V + o, vr) VK (3.10)

Wherep, is the production limiter.
For specific dissipation rate,

Jw 1
T V.(uw) = aS? — fw? + V.[(v+ o,vr)Vw] + 2(1 — Fy)o,,, ZVk. Vo (3.11)

The first blending function F1 is calculated from

F1 = tanh{{min [max (\/— SOOV) 209wz K

/\
B*’ y2w/ CDyyy? ]}

Y is the distance to the nearest wall and v iskthematic viscosity.
3.4 Cavitation models

The tendency for a flow to cavitate is charactetiby the cavitation number,

defined as:
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_b—DPy

a lpu2

(3.12)

Where p is a reference pressure for the flow ¢scample, inlet pressurgy, is the
vapor pressure for the liquid, and the denomingpresents the dynamic pressure.
Clearly, the tendency for a flow to cavitate ina®s as the cavitation number is

decreased.

Cavitation is treated separately from thermal phelsenge, as the cavitation
process is typically too rapid for the assumptidntteermal equilibrium at the
interface to be correct. In the simplest cavitatiwodels, mass transfer is driven by
purely mechanical effects, namely liquid-vapor puge differences, rather than
thermal effects. Current research is directed td&/anodels that take both effects

into account.

In CFX, the Rayleigh Plesset model is implementethe multiphase framework
as an interphase mass transfer model. User-defimedels can also be

implemented.
For cavitating flow, the homogeneous multiphase ehatypically used.
* Rayleigh Plesset Model

The Rayleigh-Plesset equation provides the basishi® rate equation controlling
vapor generation and condensation. The RayleigbsBteequation describing the
growth of a gas bubble in a liquid is given by:

d’RB 3 . dRB 20 Dy—D
+ ) T
dt? 2~ dt PfRB pr

RB (3.13)
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Where RB represents the bubble radjys,is the pressure in the bubble (assumed
to be the vapor pressure at the liquid temperatpres the pressure in the liquid
surrounding the bubblgf is the liquid density, and is the surface tension

coefficient between the liquid and vapor. Note tlthis is derived from a
mechanical balance, assuming no thermal barridosittble growth. Neglecting the
second order terms (which is appropriate for lowiltzgion frequencies) and the

surface tension, this equation reduces to:
dRB _ [|2Pv=p
& A3 o (3.14)

The rate of change of bubble volume follows as:

Ve -4 4 pB3) = g H o=
dt  dt (3 TRB”) =4fRB 3 py (3.15)

and the rate of change of bubble mass is:

dmpg

— avg _ 4 2 2py=p
at = pg? =47 (g RB pg ey (316)

3Pf

If there areVy bubbles per unit volume, the volume fractipmay be expressed as:
7y Vs Ng = TRB*Np

and the total interphase mass transfer rate pevalume is:

Ii’l‘ -N de_3r.‘ng z P\,-p (3 17)
J9=B dt = R \3 Ps

This expression has been derived assuming bubbletiyr(vaporization). It can be

generalized to include condensation as follows:
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. 3r.(1p( 2 |p‘,_p|
ms=F R, . \’§ pr sgn(pv—p) (3.18)

Where F is an empirical factor that may differ tmmdensation and vaporization,
designed to account for the fact that they may oatdifferent rates (condensation
is usually much slower than vaporization). For mioge purposes the bubble

radius B will be replaced by the nucleation site radiusd?

To obtain an interphase mass transfer rate, fugbgumptions regarding the bubble
concentration and radius are required. The RaylPighset cavitation model

implemented in CFX uses the following defaultstfog model parameters:

* Rnuc=1um
* Rnuc =5E -4
e Fvap =50

* Fcond = 0.01

3.5 Description of model cases
3.5.1 Creating the geometry

The three dimensional models of the geometry fershmp fluid domain were
made using the commercial code Unigraphics NX 6ddmling to available design.
In our study two main Geometries have been desigwedrding to cases study,
first one is a scale two phase sump model withlswater installed at suction pipe.

Other one full scaled sump model with mixed flowrguinstalled at suction pipe.
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3.5.2 Geometry of scaled sump model

Fig. 3.1 shows the shape and dimension detailsrapanodel, it consists of one
channel, Non uniform flow distributor and traditarswirl meter. The width of
intake channel W is 500mm and the length L is 4000mhme center of suction bell
is located at 200 mm (B), 250mm (L1) and 100mm fre@r wall, side wall and
bottom respectively. The gaps between each columilow distributer increasing
from 10mm up to 55 mm, the aim of distributor isgenerate a non-uniform flow
which helped to control and more prediction forefreurface vortex types and
strength. The model (scale ratio1:10 to prototypa$ applying the Froude number

similarity principle.
S=D (1.0+2.3Fr) according to ANSI/HI. While Fr =i§¥. 5 .0) (gD) (3.19)

Where S=Minimum pump inlet bell submergence, D etliblell outside diameter, Fr

=Froude number, Vb= velocity at suction inlet, gravitational acceleration

All design parameter was adopted from the guidslidietated by ANSI/HI 9.8

standards.
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Fig. 3.1 Two phase pump sump modeling
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3.5.3 design of mixed flow pump

Table 3.1 shows the design specifications of mikad pump. The flow rate at
the design point is 217083 /h, the total head is 23 m, and the rotation speed is
423 rpm, the numbers of blades and diffusor 5 amdspectively. In multistage
pump design, the definition of the meridian for tis¢or and diffusor is required
and has a great effect on pump efficiency. Figa3%Bows the shape of meridian

that is commonly using in fluid machinery design.

Table 3.1 Design specification of the mixed flow pump

Volume flow rate fn3/h] 21,700
Rotational Speed [rpm] 423
Total head [m] 23
Number of rotor blade(stator vane) 5(9)
Impeller inlet diameter [m] 1.096

Fig. 3.2 General meridional geometry for turbomachinery
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The blade profile of the mixed flow pump is createdladeGen. Fig. 3.3b shows

the 3D geometry of the mixed flow pump.

a) Meridional geometry for mixed flow pump

Diffusor vane

Rotor blade

b) 3D geometry of mixed flow pump

Fig. 3.3 Meridional and 3D geometry of mixed flow pump
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As illustrate in Fig.3.4, the total flow directidength of the model is 30m, the width
and height of channel are 4.0m, 7.1m respectividhg center of the intake bell is
located at 1.8m, 2.0m and 0.7m from rear wall, svdél and bottom, respectively.

All the dimensions referred the recommended valuél standard.

4000 mm 0 19&7—%

30000 mm

7100 mm

4693 mm

700 mm

1800 mm

Fig. 3.4 2D drawing for pump sump with mixed flow pump
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b) Structure modeling for mixed flow pump

Fig. 3.5 Fluid domain and structure modeling for mixed flow pump
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3.6 Mesh generation

ANSYS AIM enables you to mesh structural and flurdedels. The primary

tools for meshing are Meshing tasks and Volume ti@nedasks.

To begin any study, we can set up a simulationge®dy launching a template
that provides pre-set tasks and values for a gpleysics type, or can start a
simulation process manually by importing and/orfoaning geometry and then
adding the desired tasks. Consider this informagioout which tasks to add if you
are defining the simulation process manually. Roncsural simulations, or for
fluid flow simulations where the flow volume hagesdy been defined, add a

Meshing task to mesh the output of the import arfigoiration task.

ANSYS AIM uses part-based meshing to mesh theeeptart or assembly of parts
in parallel. By default, it attempts to mesh swéddpdnodies with hexahedrons and
provides a tetrahedral mesh on bodies that arewme¢pable or if the quality of the
hexahedral mesh is poor. The mesh includes prismesits if inflation layers are

generated. For other fluid flow simulations, addadume Creation task to:

» Define ("extract") a flow volume
* Group bodies into a single flow volume

» Simplify a body that has many surface patches

In this study ICEM CFD was used to generate thehnoéshe sump fluid domain

mixed flow pump domain.

By ICEM CFD we can generate several types of meshesding tetrahedral,

hexahedral or even hybrid meshes. Tetra hedral eseale generally less time
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consuming to build whereas hexahedral meshes movale accurate results that

the mesh quality is high.

The flow domain for two phase sump model was ddidato a number of
smaller region for two reasons. Firstly, it imprdvmesh quality and secondly it
enabled named selection to be created. The meshtyguas improved by
separating the floe domain in regions from compd@ometrical shapes. Name
selection were utilized to specify boundary comis and to facilitate results

viewing.

As the overall mesh shows, the scaled two phase sonodel is divided into several
parts to employ hexahedral mesh. The total nodesbeuis about 2.43 millions.
Fig. 3.6 shows the overall mesh of sump domainamsptex fluid domain was
divided into 5 parts. The grid details of bell moaind sump domain are shown in
Fig. 3.7. Whereas Fig. 3.8 and Fig.3.9, show theethiflow pump and sump top

view grid generation. The mesh information of vasoparts is summarized in

Table 3.2.
Table 3.2 Mesh infor mation for impeller and diffuser
ltem Number of nodes Mesh type
Impeller domain 1,050,000 Tetra-Hedral
Diffuser domain 1,400,000 Tetra-Hedral
Inpart Domain 1,300,000 Tetra-Hedral
Total 3,750,000
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Fig. 3.7 The grid details of bell mouth and sump domain
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Fig. 3.9 Mixed flow pump mesh generation
The numerical analysis of three-dimensional stesdie turbulent flow based on
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the Reynolds-averaged Navier-stokes equations bas performed to get good

3.7 Numerical approach



convergence result to predict the flow conditiomeTphysics of the simulation
domain was defined in CFX-Pre, the preprocessinguteoof ANSYS CFX.All
simulation were performed using ANSYS CFX with HFPMDistributed Parallel

model.

A free surface is an interface between a liquid amghs in which the gas can
only apply a pressure on the liquid. Free surfaees generally excellent
approximations when the ratio of liquid to gas dees is large. Most CFD codes
include the volume of fluid (VOF) technique, whialas originally developed by

Hirt and Nichols[24].

In our study, for the two phase model, both thespba(air and water) were
distinctly defined by giving initial volume fractioas either Zero or one. Initial free
surface was the separation of the sump water doamirair domain. The top of air
domain is assigned as opening condition with edaaktmospheric pressure.
Buoyant reference density of air is assigned talathains.VOF is used to model
the interaction between the two phases. The tabtevs the CFX pre setup

parameter for two phase model.

For the full size pump sump model, the sump andbisthuid domain are
stationary components while pump rotor is the nogatcomponent. As for a
boundary condition, the total pressure was spektif¢ the inflow boundary,
whereas the mass flow rate was specified at thietosgction of the pump stage.
All computations have been carried out using watés’ C as a working fluid. All
the outer walls of the flow region and the intesnalalls were specified as the

boundary type wall with flow condition as no sliphe ANSYS CFX-solver was
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used to obtain the solution of the CFD problem. Bbéver control parameters
were specified in the form of solution scheme aodvergence criteria .High
resolution was specified for the solution while tmmvergence the residual target

for RMS values was specified as< 107°.

For the cavitation phenomena study, the workingifla changed to two phases
(water and water vapor @5 C). Rayleigh Plesset model is selected for the
cavitation model and the required parameters, Sadurpressure is set to the value
of 3574 Pa, and the mean nucleation site diametspecified as the default value
of 2.0e7% m. The initial condition in fluid setting shoulde water volume fraction

of 1 and water vapor volume fraction of 0.
3.8 Experimental setup

The experimental setup carried out in Korea Magtiamd Ocean University, as
shown in Fig. 3.10 the water is circulated throwgie channel with the help of
55kW pump. An inverter is applied to control thergurpm and hence the mass
flow rate. A four blade zero-pitch swirl meter, whiis supported by a low friction
bearing, installed at about four suction pipe digmnéd) downstream from the
pump suction to measure swirl angle of pump appriogcflow. For the swirl
meter, the tip to tip blade diameter is 0.75d dralength in flow direction is 0.6
and one of the four blades is painted yellow asference to count revolution. The
swirl angle analysis and vortices prediction checke each case and as flow swirl
usually un steady the observation time of swirlenshould be a continuous period

of time comparison together. As show in Table 8\& cases have been studied,
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the cases sequence started from the maximum fi@n&8.5m3/h and, afterward

the flow was decreased to minimum vaBge7 m3/h .

Table 3.3 Study cases

Case No Flow rate (m3/h)
Case 1 153.5
Case 2 30.7
Case 3 61.4
Case 4 92.1
Case 5 122.8

Fig. 3.10 Experimental setup
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The experimental test details carried out by thiefong operation procedure:

1) Before start, all instruments have been checkeédcalibrated and found

ready to use.

2) Pump sump have been inspected for cleanlinessafatraing to the the

design specification.

3) Fill slowly the pump intake with clean waters slighuntil the standard

water level by adjusting the valve in the water@ygine.
4) Supply clean water to the priming line.

5) Before running the pump, ensure that no air in plenp by open

ventilation valve on pump casing.
6) Run the pump sump with the control valve in thesdipe closed
7) Set the required capacity by adjusting the conable.
8) Chang the capacity by inverter and repeat stepb2 t
3.8.1 Measuring Instruments
1) Flow Meter (Electro-magnetic Flow Meter)
. Maker: Korea Flowmeter Company.
. Model No : KTM-900
. Range of current: From 0.3m/s to 10m/s
. Fluid : water

. Accuracy: F.S+0.5%
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2) Control Valve
. Maker :joying, Korea
. Valve type: Ball Valve
. Ball Material : Plastic
. Operation: Manual

3) Pump

Type : Centrifugal

Maker: Hyosung Goodsprings, INC.

Capacity: 550m”3/h

Head : 18m

Motor Power :45 KW

4) Inverter

5)  Swirl Meter

. Maker : Shinhan Precision, Korea
. Blade No : 4 flat Blade

. Material : Stainless steel

. Support : Low friction bearing
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Chapter 4 Swirl angle analysis

The Swirl angle predicts the intensity of the flowotation, and considers an
important parameter to determine the quality ofwflongested by sump. The
Hydraulic institute prescribes the method that seedoe employed for estimating
this parameter. High Swirl in the pump intake canse significant change in the
operation conditions for a pump, and effects on flesv capacity, power
requirement and efficiency. The instrumentationsprided by ANSI/HI 9.8-2012

for measure the swirl angle is swirl meter.
4.1 Swirl meter rotation

The swirl meter in our study represent by rigid y@d free rotation around Z
axis, which all the particles of the body excepation along circular bath. General
when a body is rotating about a fixed axis, anynp®i located in the body travels
along a circular bath. The motion of the body isal®ed by angular motion which
involves three basic quantities: angular positigh),(angular velocity ¢) and

angular acceleratior{), described as follows [21] :

e Angular motion
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Fig. 4.1 Angular Motion [21]

* Angular Veocity. If 8 is the angular position of a radial line r locaiad

some representative plane of the body, the angelacity w has magnitude

asw Z—(:; direction along the axis of rotation and sensealioéction either

clockwise or counterclock wise.

dw

« Angular Acceleration. The angular acceleratianhas magnitude = — =

dze . . . . . . .
—7» Its sense of direction depends on whethés increasing or decreasing.

In next chapter more details will explain about CEBalysis for Swirl meter

rotation method.
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4.2  Swirl angle method

Fig. 4.2 depicts the schematic view of therksmieter and its installation, a four
blade zero-pitch swirl meter, which is supportedablpw friction bearing, will be
installed at about four suction pipe diameter (dyvd from the pump suction to
measure swirl angle of pump approaching flow. Fa $wirl meter, the blade
length in flow direction is 0.6d, the tip to tipdole diameter is 0.75d. One of the
four blades is painted yellow as a reference tmmtoevolution. As flow swirl is
usually unsteady, the observation time of swirl eneteading should be a

continuous period of time.

SWIRL METER
(with low friction
bearing)
0.6d L/]
0.75d
4d
(approx)
d
VELOCITY
TRAVERSE ~ S ) e

]

Fig. 4.2 Typical swirl meter [12]
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170 @ = tan‘lﬁ
/ VZ (4.1)
-1 VE V :@
V @ = tan 2 6 60 (4.2)
z z
0 V= ;QZ (4.3)

Where:
V, : flow rotation speed at swirl meter (m/s).

Vz: Average axial velocity at swirl meter (m/s).
n: revolution per minute (rpm)

d: Diameter of pipe at swirl meter(m)

Q: flow rate(m3/s)

For the swirl angle calculating method by CFBe key point is to obtain the
average tangential velocity, so the swirl checkleiwere created as illustrate in
Fig. 4.3. The swirl check circle is located at s®etion of 4d height with diameter

of 0.25d, 0.5d and 0.75d respectively.
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N N N
D Vo INEY NV IN+Y VN
Vg - 1 025i 1~ 05i 1~ 075 X 2 (4 4)
Where:

V,: Average tangential velocity (m/s)

V: circumferential velocity of check point in checkcle, respectively (m/s)
N: check point total numbers in single check circle

4.3 Rigid body motion
In our study the swirl meter set in CFX pre sedgpa rigid body with free rotation
about Z axis with 2 degree of freedom (2DOF) andraaslation movement. In

general, ANSYS CFX computes the position and oaigo of a rigid body using
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equations of motion. These equations can provideougix degrees of freedom (6

DOF), up to three translational and up to threatrohal degrees of freedom.

In the context of rigid bodies in ANSYS CFX, anemiation is represented by a
collection of three Euler angles that follow the XYconvention. Under this
convention, a reference coordinate frame is retgterso that it acquires the

orientation of interest as follows [22]:

« Euler Angle Z modifies the initial orientation by a rotation aibdhe Z

axis (using the right-hand rule to determine threction).

« Euler AngleY then further modifies the orientation by a rotatabout the

(modified) Y axis (using the right-hand rule to el@hine the direction).

+ Euler Angle X then further modifies the orientation by a rotatabout the
(twice modified) X axis (using the right-hand rute determine the

direction).

Fig. 4.4, shown the same rigid body after beirayiemted. The mounting system
has pairs of pins at each pivot location. The atige¢ develops between a pair of
pins at a given pivot is the Euler angle associatitk the axis on which the pivot

was initially located.
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Fig. 4.4 Rigid body reoriented with Euler

4.4 Swirl angleresults

As mentioned in chapter, swirl angle is predictihg intensity of flow rotation.
Table 4.1 shows the swirl angle results both in Ca&id experiment .for
experiment the rotation of swirl meter is recoradeer 10 minutes .As shown in
Fig. 4.5, the two ways used to estimate the swigle by CFD method showed
good agreement with an experimental result. Fi§. shows tangential velocity
profile for each case. If we analyze one of theses we find that minimum value
for average velocity occurs at 0.25d and 0.75d iz af the no slip condition and
the maximum value at the center of swirl meter.&t0Aso the higher expected
fluctuation for tangential velocity indicates goagreement with high swirl angle

calculation results.

58

Collection @ kmou



Table 4.1 Swirl angle results

Pump Average Swirl angle results
Case No | Operation | Velocity Experimental | CFD rigid |CFD circles
(m*h™) (ms™) (deg) body (deg)| check(deg)

Case 1 153.5 0.48 18 18.3 19.1
Case 2 30.7 0.07 15.5 13.1 14
Case 3 61.4 0.12 15.9 15.3 16.9
Case 4 92.1 0.23 17.2 16.2 15.8
Case 5 122.8 0.35 18.1 19 17.5

CFD Rigid body * : This way used to find the swarigle depend on swirl meter rotation (swirl meter

setup as rigid body) ,its available directly by ritmnthe change in Euler angle with time step inXCF

solver.

CFD tangential velocity *: the details of this mathin section 4.2 (equation 4.4).

25
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®
v
S 15 4 » g v
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2 3
'g 10 -
Case1- 153.5 m*3/h
5 | Case2-153.5m*3/hx08 e Exp
Case3-153.5m*3/h x06 © CFD-Rigid Body
Cased-153.5m*3/hx04 v CFD-Tangential Velocity
Case5-153.5 m*3/h x02
0 Ll L] T L) T

0 1 2 3 4 5 6
Case

Fig. 4.5 Swirl angle comparison (Exp & CFD)
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Chapter 5 Results and Discussion

In this section two model cases results will becalssed. First case is vortices
prediction (free surface vortex, submerged and sid# vortex) in details, by
location, occurrences and air entrance. In secesdlts, hydraulic performances of
the mixed flow pump for head rise, shaft power, gnonp efficiency versus

different flow rate studied by performances curvénand without sump.
5.1 Vortices Results
5.1.1 Free surface vortex

By the experimental test and CFD the four type m@fefvortex have been
observed as shown in Fig. 5.1, the way free sunackcity was observed by CFD
depends on specifying different air volume fractioneach type. It was observed
that 0.001-0.005 was a good range to observe tnéace vortex. The first stage of
vortex formation which was observed at 0.005 ailunee fraction. The flow
behaves as a constant swirl of surface and venyl steéormation of surface
curvature. Type 2 shows surface dimple and defoomaind this type was
observed at 0.002 air volume fraction value. Ire/p and 6 air entrainment starts
to occur and pull air bubbles under the liquid scef and enters together with
liquid via the hole up to the bell mouth. The minimm air volume fraction was
observed at these cases. Generally the free swiatsx is unsteady behavior with

various locations and duration.
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In present study for all cases the free surfacéices was near to sidewall 2
around bell mouth area and had a clockwise rotatan 5.2 shows the front view

contour details of air volume fraction for typetdéferent time step.
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Type 2

air bubbles

fe -

Type 2 (Exp) Type 5 (Exp)

Fig. 5.1 Free surface vortex types ( Exp & CFD)
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Fig. 5.2 Air volume fraction plane for free surface vortex (type5) at different time step
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From Fig. 5.3 we can see are reduced pressure mupaieel near side wall
region. This means water particles are concentratédat point where pressure is
less or vortex is created at low pressure regiantduwater particles flows towards
less pressure area with increased velocity. Framedegure we can see the helical
path of streamlines for vortex formation. This da also seen with the help of
velocity stream lines which are shown in Fig. 54g. 5.5 shows the tangential
velocity plane for free surface vortex which is ensely proportional to vortex

radius.

Free surface
Vortex

Prossure. Gradent
Piana 1

'9757@
9750500 i
Forsmm -

l 9754 500
9752000

g m*25%2

Pressure distribution plane

Fig. 5.3 Free surface vortex, helical path and pressure distribution
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Fig. 5.4 Velocity stream line at top surface

Side wall 2

=

. -
— —
» 02 -

Intake pipe
Fig. 5.5 Tangential velocity Plane
5.1.2 Submerged and sidewall vorticity

Fig. 5.6 show the vortex core region for two phagep model. The vertex core

region is revealed by iso-surface of swirling sgtnwhich represents the strength
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of the local swirling motion. Vortex structure oceog from the bottom and side

wall can be observed.

TS
: P >
$ )
W
l//,HH‘“\\
:

Bell mouth Diameter D

Figure5.7 Velocity plane for submerged vortex

Fig. 5.8 shows the vorticity of sump width directiat different flow rate. We
can observe from this figure that submerged vaytiaimost proportional to the

flow rate in pump sump.
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Fig. 5.8 Vorticity of sump width direction at different flow rates
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5.2 Resultsof mixed flow pump sump model

Table 5.1 shows the hydraulic performance anakhgsiglts of mixed flow pump
with and without sump installation, the performaraealysis is performed by
changing the flow rate range from 50% to 150 %h&f tlesign value, while the

rotor speed kept constant.

The following equations were used to calculatedtfieiency of mixed flow pump:

P
flow
=—— 5.1
Pshaft ( )
Pflow:mepnght (5.2)
Pspare = Torque X 1ps (5.3)
Pti - Pto
hy = —— (5.4)
" pg

Wheren,, represent the efficiency of the pump which exprdsas the ratio of
flow rate power to the shaft power.mQrepresent the mass flow rate and
p , g represent the fluid density and gravity respecyivéhe head trepresent by

the parameter of inlet pressure and outlet pressstown in equation.

Fig. 5.9 shows the hydraulic performance curvesilt®esby the numerical
analysis of mixed flow pump with and without summstallation according to the
data in Table 5.1. We can see from this Fig. 5s%ha flow rate increase the head
of the pump decreases for cases, the shaft poveeefficiency increase first and

then decrease. The efficiency of the pump with asttlout sump installation is
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80.1% and 83.4 % respectively which means the itapoe of the sump structure

analysis and its impact on pump efficiency.

Table5.1 Hydraulic performance analysis results of mixed flow pump

Flow rate n3/h) | Shaft Power (kW) Head (m) Efficiency (%)
Casel Case 2 Casel Case2 Casel Case2 (asel Case 2
50% 13,900 | 13,900 1608 1568 30.1 28 65 64|2
60% 16,700 | 16,700 1641 1620 28.2 27.6 69,1 68.3
70% 19,400 | 19,400 1802 1751 25.3 24 77.2 74(2
80% 22,200 | 22,200 1857 1781 24.2 23.7 80 761
90% 25,000 | 25,000 1892 1792 22 21.8 82.p 798
(Design
Flow
rate) 27,780 | 27,780 1910 1804 22.5 20.5 83.4 80,2
100%
110% 30,600 | 30,600 1887 1724 204 191 82)7 79.3
120% | 33,300 | 33,300 1805 1787 17.2 17 80.1 71.5
130% | 36,100 | 36,100 1787 1747 16.3 16 72 68
140% | 38,900 | 38,900 1702 1695 15.7 144 7116 6b
150% 41,700 | 41,700 1648 1635 15 12.3 69.8 61.4
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Performance curve with sump

100
20 Efficiendy=80.1 %
3:] 4
2400 4 =
_ 20
z
e
—nd - 80
= £ 21 Head=20m
z =
ﬂc_’ 1800 g
= I | 40
g 1600 |
10 4 Shaft Power =1804kw
1400 - 5
—&— Howvs head
1200 —&— Howvsshaftp Design floaww=27,780
—#— Howvsefficency
1000 0 : i i . 0
0 10000 20000 30000 40000 50000
Vdurmre flow rate [ n1'3h]
Performance curve without sump
100
00 Efficiency=83.4 %
30 4
2400 - ™
2200 4
E- 201 T o - 60
3 1800 ]
= 1 8
= 3 5 s - 40
T e Shaft Pawer =1910kw
w
10
1400 - ”
—&— Flowvs head
1200 4 —&— Howvs shaft p Design flow=27,780
—&— Howvs dificiency
1000 0 . ‘ . . 0
0 10000 20000 30000 40000 50000

\olume flow rate [ m'3/h ]

Fig. 5.9 Performance curve of mixed flow pump without and with sump
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5.3 Cavitation phenomena analysis

As we mentioned before, the cavitation is the pssad vapor bubbles formation
within a liquid where flow dynamics cause the lowegsure. With the rapid
formation, growth and collapse of the bubbles, tedin manifests in the form of
pump performance reduction, vibration, additionaise and even equipment

damage.

Fig. 5.10 shows the cavitation area in the mixexvflpump. The cavitation
observed when the local pressure of the flow drelpv the vapor pressure of the
liquid. The following equation has been used talmtethe cavitation performance

depends on NPSH analysis:

NPSH (Net Positive Suction Head)Pz— B,/pg where P, is the total pressure of
the impeller inlet suctiomb, is the vapor pressure, g the gravity acceleradimtp

the fluid density.

‘‘‘‘‘

Fig. 5.10 Cavitation Region inception

72

Collection @ kmou



In general, Pumps are tested for their cavitatiedfgpmance by reducing the
NPSH whilst maintaining the pump speed and flowstamt. Fig. 5.11 shows the
cavitation performance characteristics at desigw ftate. When the inlet pressure
is higher enough, cavitation not occurs and thallremains constant, as the inlet
pressure decreases, the NPSH approaches the NBfeHravitation occurs and
spread on impeller blade. The point which at whiddh performance is stated to be
un acceptable is when the head drop by 3% or 5U#llys3 % for standard pumps
as laid down by American institute), and this paalled a critical value (point 1).

As shown in figure below the NPSHr for design floate is 11.9.

30

25 4

20 ol

15

Head [m]

10 4

31 NPSHr=11.9m

—e— 1.00Q

0 T T T T T T T
5 10 15 20 25 30 35 40 45

NPSH [m]

Fig. 5.11 Cavitation performance curves of mixed flow pump
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Fig. 5.12 Vapor volumefraction distribution on blade surface

To see clearly the cavitation phenomenon in flowspges of the mixed flow
pump, the vapor volume fraction distribution atigesflow rate condition versus
different NPSH is plotted in Fig. 5.12 (point 1a@d 3). Cavitation starts to appear
on the blade suction surface where the leading edgets the tips as NPSH
decreases. As we see in Fig. 5.12 at point 1 (NRZH=m) there are slight
cavitation bubbles on suction surface whose affecthe pump performance is
negligible, we can consider this point as a sa#atynt for cavitation appearance.
When the NPSH drop under NPSHr like point 2, thatation starts to appear and
spread on the surface suction area, the samehhjpyens at point three with larger

area of cavitation region.
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Chapter 6 Conclusions

The method ware carried out to estimate the swigleaand vortex prediction in
a scaled pump sump model. The second part wasexalbmumerical analysis for
full scaled sump model with a mixed flow pump itis At this part the
Hydraulic performance of the mixed flow pump wasd#d. In addition a basic

numerical simulation of cavitation phenomenon ie thixed flow pump has been

performed by calculating the full cavitation moaeth k-¢ turbulence model. The
following results were obtained:

1. The five cases that were studied showed gooeeatent for swirl angle
results between CFD and an experimental. By arsalifse tangential velocity
profile for each case, we found that minimum vdireaverage velocity occurred
at 0.25d and 0.75d of suction diameter. This istdutae no slip condition and the
maximum value at the center of swirl meter at 0.Atko the higher expected
fluctuation for tangential velocity indicates goagreement with high swirl angle

calculation results.

2. From the experimental and CFD results, fdur type of free vortex have
been observed. The observation of the free sudadicity by CFD depends on
specifying different air volume fraction for eagjpé. It was observed that 0.001-
0.005 was a good range to observe free surfacexoriype 1 is the first stage of
vortex formation which was observed at 0.005 ailunee fraction. The flow
behaves as a constant swirl of surface and venyl steéormation of surface
curvature. Type 2 shows surface dimple and defoomaind this type was
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observed at 0.002 air volume fraction value. Ire/p and 6 air entrainment starts
to occur and pull air bubbles under the liquid scef and enters together with
liquid via the hole up to the bell mouth. The miom air volume fraction was

observed at these cases. Tangential velocity & furface vortex is inversely
proportional to radius. The dynamic pressure iselstwin the core region, and
increases as one moves away from it. Generalljrégesurface vortex is unsteady

behavior with various locations and duration.

3. In the mixed flow pump performance stuithyg efficiency without and with
sump model was 83.4% and 80.1% respectively aleés@n flow rate. This means
the importance of pump sump analysis and studylalaebehavior inside it. Based
on the observed cavitation results, when the iptessure is higher enough, the
cavitation not occurs and the head remains consharihe inlet pressure decreases,
the NPSH approaches the NPSHr, the cavitation ecand spread on impeller

blade.
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