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Abstract

Centrifugal pumps, which are the most common type of pumps, are
widely used in various industrial applications. Centrifugal pumps often
operate at off-design conditions as well as at the design condition to
meet various ranges of pressure rise and flow rates required. At off-
design conditions, more complex and unsteady flows develop inside pumps
making an accurate prediction of the flow challenging. Commonly used
Reynolds-averaged Navier-Stokes (RANS) turbulence model often inac-
curately predict turbulent flow inside centrifugal pumps at off-design con-
ditions. Therefore, more accurate numerical method like large eddy sim-
ulation (LES) is demanding.

In part I, we perform LES to investigate turbulent flow inside a volute-
type centrifugal pump for the design and off-design condition. Along the
pressure and suction sides of impeller blades, separation bubbles are gen-
erated. At the off-design condition, the blade pressure side near the tongue
contains a larger separation bubble with highly unsteady characteristics

due to the impeller-volute interaction. The trailing vortices shed from



rotating blades strongly interact with those from the following blade at
the off-design condition, generating stronger vorticity field in a wider re-
gion inside the volute. On the other hand, this mutual interaction of
vortices shed from consecutive blades is weak at the design condition.
Triple decomposition of pressure fluctuations along the impeller periph-
ery demonstrates that turbulent fluctuations are small at the design con-
dition, whereas they become significant at the off-design condition espe-
cially near the tongue. Flow separation also occurs at the volute tongue.
At the off-design condition, a large amount of volute flow does not fol-
low the main stream to the discharge pipe but re-enters into the volute
upstream near the tongue. This pressurized fluid forms a high adverse
pressure gradient on the blade pressure side, resulting in strong unsteady
separation there. Also, a high pressure gradient in the axial direction at
the radial gaps is formed especially near the tongue, creating the leak-
age into the cavities. Inside the volute, secondary vortices grow along
the volute passage. A secondary motion induced by these vortices also
significantly affects the leakage to the cavities. All of these flow losses
show unsteady features that are strongly influenced by impeller-volute
interactions, especially at the off-design condition.

In part II, we conduct unsteady Reynolds-averaged Navier-Stokes
(URANS) simulation and compare the flow characteristics with that by
LES. URANS overpredicts the head coefficient and efficiency of the pump,
whereas LES shows very good agreement with experiments. Vorticity
fields inside the impeller and volute show that URANS does not resolve
the instantaneous nature of turbulent flows. Rather, URANS displays sim-
ilar magnitude and distribution of vorticity to phase-averaged fields by

LES, indicating it provides phase-averaged flow features to some degree.
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Inside the impeller passage, for the design condition, LES and URANS
show similar characteristics for pressure and skin friction between five
blades. On the other hand, along the blade pressure side for the off-design
condition, LES reveals that higher pressure is induced near the tongue
than the other four blades, delaying the reattachment of the separation
bubble there. However, URANS does not show this larger separation bub-
ble near the tongue. Along the impeller periphery, pressure fluctuations
by LES and URANS are compared. For both flow conditions, URANS pre-
dicts periodic fluctuations well, whereas turbulent fluctuations are largely
underestimated. Therefore, total fluctuations by LES and URANS ex-
hibit satisfactory agreement at the design condition, whereas those at
the off-design condition shows significant difference because of increased
turbulent fluctuations for the latter condition. The time-averaged total
pressure coefficient by LES and URANS shows good agreement at the
design condition inside the volute. However, at the off-design condition,
total pressure decreases at the volute upstream due to flow separation at
the tongue. URANS does not predict these losses, overestimating total
pressure there. Inside the discharge pipe for the present pump, strong
flow separation and swirls are observed by LES due to the curvature and
area expansion of the pipe. The losses by these swirls are larger for the
design condition because of the higher mean flow rate. However, URANS
does not capture strong swirls and subsequent losses, resulting in over-

prediction of the pressure rise and efficiency.

Keywords: centrifugal pump, large eddy simulation (LES), unsteady Reynolds

Navier-Stokes equations (URANS), LES vs. URANS, impeller-

volute interaction
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Part 1.

Large eddy simulation of turbulent flow

in a centrifugal pump

This part is based on “Kye, B., Park, K., Choi, H, Lee, M, Kim, J.. 2018, Int.
J. Heat Fluid Flow, Flow characteristics in a volute-type centrifugal pump using large

eddy simulation”.



Chapter 1

Introduction

A centrifugal pump, which is one of the most commonly used turboma-
chines, is widely utilized in residential buildings as well as in industries.
In centrifugal pumps, the close interaction between the impeller and vo-
lute tongue causes complex three-dimensional flows, making numerical
simulations challenging. centrifugal pumps often operate at various flow
conditions as they are required to meet various ranges of pressure rise and
flow rates. Therefore, understanding flow physics at off-design flow rates
as well as the design flow rate is necessary to design better pumps. At
off-design conditions, the flow characteristics inside centrifugal pumps be-
come more complex than those at the design condition. Commonly used
Reynolds-averaged Navier-Stokes (RANS) turbulence models often inac-
curately predict the flow inside centrifugal pumps at off-design conditions
(Byskov et al. 2003; Posa et al. 2011). For this reason, a large eddy simu-
lation (LES) technique is a promising alternative to predict such complex

flow phenomena inside centrifugal pumps.



Kato et al. (2003) performed LES to simulate the flow in a mixed-
flow pump at various flow conditions, where the standard Smagorinsky
model (Smagorinsky 1963) together with the van Driest damping func-
tion near the wall was used to model a subgrid-scale (SGS) stress tensor.
The results from LES were compared with those measured by a laser
Doppler velocimetry (LDV). LES predicted the phase-averaged merid-
ional and tangential velocity accurately. Byskov et al. (2003) studied the
flow in a shrouded six-bladed centrifugal pump impeller at design and
off-design conditions using the localized dynamic Smagorinsky model (Pi-
omelli & Liu 1995). They showed that, at an off-design condition, LES
predicts complex flow phenomena, such as steady nonrotating stalls and
flow asymmetry between impeller passages, better than RANS. Although
most of previous LESs of flows in centrifugal pumps used the standard
Smagorinsky model or simulated flow only in rotating parts, LESs us-
ing a more advanced subgrid-scale model such as a filtered structured
function model (Posa et al. 2011) or a wall-adapting local eddy-viscosity
model (Posa et al. 2015, 2016) were also performed to study turbulent
flow in a centrifugal pump including all rotating and stationary parts.
They showed that LES accurately predicts unsteady flow features, such
as separated flow near the blade surfaces, back flow near the shroud sur-
face and rotor-stator interaction, at design and off-design conditions. Feng
et al. (2009b) performed a detached eddy simulation (DES) for the flow
in a radial diffuser pump at low flow rates. The results from DES showed
good agreements with those from particle image velocimetry experiments,
capturing flow separation and back flows inside the impeller.

Although a number of successful LESs have been conducted to predict

flow inside centrifugal pumps, LESs of the flow in volute-type centrifu-



gal pumps including both the impeller and volute casing have been fairly
limited. Instead, RANS has been employed to investigate the impeller-
volute interaction (Gonzélez et al. 2002; Asuaje et al. 2005; Barrio et al.
2010; Cheah et al. 2011) and to improve the volute-type pump efficiency
by optimizing the geometries of the impeller and volute (Barrio et al.
2008; Spence & Amaral-Teixeira 2009; Alemi et al. 2015). Volute-type
centrifugal pumps, which operate without diffuser vanes, show complex
flow features near the tongue due to direct interactions between the im-
peller and volute tongue. Recently, Zhang et al. (2016) performed an
LES using a commercial software to analyze the flow in a volute-type
centrifugal pump, where the standard Smagorinsky model was used as a
subgrid-scale model. They reported that the impeller-volute interaction is
dominated by vortex shedding in the wake of the blade trailing edge and
pressure pulsations are strongly associated with the corresponding vortic-
ity magnitude inside the pump. However, detailed flow features such as
flow separation, leakage flow, trailing vortices shed from rotating blades
and impeller-volute interaction inside the volute-type centrifugal pump
have not been fully investigated. Thus, in the present study, we perform
an LES of flow in a volute-type centrifugal pump including both the im-
peller and volute casing to understand the flow characteristics. The flow
characteristics and losses at the off-design condition as well as the design

condition will be discussed.



Chapter 2

Numerical details

2.1. Pump specifications and operating conditions

The pump under consideration is a 4kW commercial in-line circula-
tion pump (Dooch DP 50-34/2) which is employed to circulate water for
a heating and cooling system of buildings. The pump is a volute-type cen-
trifugal pump (without diffuser vanes), and is comprised of a shrouded
impeller with five backswept blades and a surrounding volute casing. Fig.
2.1 shows the two-dimensional views of the pump, where the blade posi-
tion angle ¢ is defined by the azimuthal angle from the volute tongue to
the trailing edge of the preceding blade suction side. We include the cavi-
ties between the impeller and volute to examine the leakage flow through
radial gaps.

The pump specifications and operating conditions are summarized
in table 2.1. The present centrifugal impeller is driven by an induction
motor, and the rotational speed varies from 361 to 371 rad/s depending
on the flow rate. Because the difference in the rotational speed over flow

conditions is small (less than 3%) and it is known the dynamic similarity



is little affected by rotational speeds of pumps (Dixon & Hall 2014), we
fix the rotational speed of the impeller §2 at 367 rad/s (i.e., 3500 rpm) and
consider both design and off-design conditions (the difference in Reynolds
numbers between experiments and simulations are less than 2%). The
Reynolds number of the pump is Re = 1,740,000 based on the radius of
the impeller blade Ro and blade tip velocity Us. To compare numerical
results with experimental data measured at various rotational speeds, we
compute the non-dimensional parameters such as the flow coefficient ¢,
head coeflicient 1, and efficiency 7:

Q AP _ARQ

= SRty ¥ T 0502 1T 1O

(2.1)

where @ is the flow rate, by is the impeller outlet width, p is the water
density, AP; is the total pressure rise of the pump, and T is the torque

on the impeller.

2.2. Governing equations and computational setup

We solve the spatially filtered continuity and Navier-Stokes equations

in a non-inertial reference frame that rotates with the centrifugal im-

peller (Fig. 2.2). The Navier-Stokes equations in this rotating frame are

formulated in a strongly conservative form (Beddhu et al. 1996), and all

variables are normalized by the impeller radius Ry and the blade tip speed
Us:

V-i—-qg=0 (2.2)

ou 1

f+V~[(u—v)u+uv]:—Vp+Re

o Via-V.-1+f (2.3)

whereu =w + v=RTu,, v=Q x x. u, w, and x are the absolute ve-

locity, relative velocity, and position vectors in the cylindrical coordinates



with the non-inertial reference frame, respectively. u, is the absolute ve-
locity vectors in the inertial reference frame, R is the rotational matrix.
Q, t, and p are the angular velocity of the impeller, time, and pressure,
respectively. ¢ and f are the mass source/sink and momentum forcing to
meet the no-slip boundary condition and mass conservation for the cell
containing the immersed boundary in the non-inertial frame, respectively
(Kim & Choi 2006). The detailed procedure for determining ¢ and f is
given in Kim et al. (2001). The tilde (%) indicates a spatial filter, and
T = uu — uu is the subgrid-scale (SGS) stress tensor. As in Kumar &
Mahesh (2017), an approximation of uv = uv in the non-inertial frame is
used. We adopt a dynamic global model for the SGS stress tensor (Park
et al. 2006; Lee et al. 2010). The model coefficient, which is volume-
averaged, is determined dynamically without any ad hoc clipping.

In the present study, we adopt the non-inertial frame of reference
which is fixed to the rotating impeller. Thus, the boundary layers near
the impeller surfaces are resolved more accurately because the grid nodes
on and near the impeller are fixed in time. On the other hand, the vo-
lute casing and discharge pipe rotate in the opposite direction of the im-
peller rotation. This makes grid nodes for momentum forcing and mass
source/sink be updated at every computational time step (but the grids
do not change in time because of the use of IB method).

For the time advancement, the computational domain is decomposed
into the inner and outer regions in the radial direction. The interface
location is r/Rs = 0.72 at which rA#/Ar (the ratio of circumferential
to radial grid spacing) is about 1. For each region, a second-order semi-
implicit fractional step method is applied (Akselvoll & Moin 1996): the az-

imuthal derivative terms in the inner region and radial derivative terms in



the outer region are integrated in time with the Crank-Nicolson method,
while other derivatives in the inner and outer regions are integrated with
a third-order Runge-Kutta method. All the spatial derivative terms are
discretized by the second-order central difference scheme in a staggered
grid. The same numerical method was applied to turbulent flows in an
axial fan (Park et al. 2019) and a volute-type centrifugal pump (Kye et al.
2018).

The computational domain ranges —0.36 < x/Ry < 1.74, /Ry < 6,
and 0 < 0 < 27 in the axial, radial, and azimuthal directions, respectively.
The origin of the computational domain is defined at the center of the
impeller inlet (Fig. 2.1(a)). A top-hat velocity profile with a constant
flow rate (¢g = 0.0845 and ¢og = 0.0483 for the design and off-design
conditions, respectively) is provided at the duct inlet (x/Re = —0.36,
r/Ry < 0.51), and the reference pressure is defined at the center of the
duct inlet (/R = —0.36, /Ry = 0). The Neumann boundary condition
is applied at the lateral boundary (r/Ry = 6). u = 2 x x and u = 0
are enforced with the immersed boundary method on the rotating and

stationary surfaces, respectively.

2.3. Resolution studies and comparison to experiments

For a grid convergence test, we use four grid systems, where the finest
mesh has approximately 512 million grid points (table 2.2). Fig. 2.3 de-
scribes the axial and radial grid distributions of LES3 (we use uniform
grids in the azimuthal direction). In the axial direction, dense grids are
placed in the impeller and discharge pipe, while the grid spacing in the
radial direction is smallest at the location of the volute tongue where

strong impeller-volute interaction occurs. The smallest axial and radial



grid spacings are Ax/Ry = Ar/Ry = 0.002. Between the blade tips, 284
grid points are assigned in the azimuthal direction. In the radial direction,
40 grid points are allocated between the blade tip and volute tongue. Fur-
ther description on the grid systems was given in our earlier work (Kye
et al. 2018).

To initialize flow fields of LES2 - LES4, solution of LES1 at tUs /Ry =
547 (corresponding to 27 impeller revolutions) is used. Simulation with
LES3 is then performed with a constant CFL (Courant—Friedrichs-Lewy)
number of 1.2 until tUs/Ry = 167 (corresponding to 8 impeller revolu-
tions), and is further continued at a constant time step size of AtUs/ Ry =
7 /1500 (corresponding to 3,000 time steps per impeller rotation) to collect
turbulence statistics. For the LES3 grids, 512 processors (Intel Xeon Phi
7250) at the KISTI supercomputing center are utilized for MPI parallel
computations.

To verify the simulation results, experiments are conducted on a test
rig as shown in Fig. 2.4(a). The experiments followed the international
standard ISO 9906 and Korean standard KS B 6301 which describe proce-
dures to evaluate performance of centrifugal pumps. The flow rate, pres-
sure rise, torque, and efficiency of the pump are measured in experiments
to obtain the non-dimensional performance parameters. Note that the
experimental setup has an in-line layout where the inlet and outlet pipes
keep a straight line, and the pump is installed between them. However,
in the numerical simulation, the inflow is induced through the straight
pipe below the impeller. The wear-ring clearance is also not included in
the present simulation, and thus there is zero leakage from the bottom
cavity (front chamber) to the pump inlet. Barrio et al. (2008) considered

a volute-type centrifugal pump with a non-dimensional specific speed of



ws = QV/Q/(gH)%™ = 0.47, and reported that about 4% of the flow rate
passed through the wear-ring clearance at the design condition. Although
Zhang et al. (2016) (ws = 0.358) reported considerable leakage (about
10% of the flow rate) through the wear-ring clearance, we expect that
the present centrifugal pump (ws = 0.5) is more analogous to the pump
studied by Barrio et al. (2008) and thus the effect of leakage through
the wear-ring clearance is less severe than that of Zhang et al. (2016).
Zero leakage configuration for simulation of turbulent flow in centrifugal
pumps are also considered in other previous studies (Barrio et al. 2010;
Stel et al. 2013; Gonzélez et al. 2006; Kato et al. 2003; Posa et al. 2016).

Fig. 2.4(b) shows the head coefficient and efficiency from LES at the
design and off-desgin conditions (¢q = 0.0845 and ¢og = 0.0483, respec-
tively), together with those by experiments. Two performance parameter
of LES converge to experimental ones with increasing grid resolution.
The agreements of the pump performances by LES are excellent even for
the off-design condition. With LES3, differences in two parameters are
less than 1% for the design condition. At the off-design condition, the
differences in the head coefficient and efficiency are about 1% and 4%,
respectively. Since the pump performances by LES3 are nearly the same

as those by LES4, we present the results from LES3 in the following.
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Number of blades, Ny,
Rotational speed, 2

Impeller inlet radius, Ry
Impeller outlet radius, Rs
Volute base circle radius, R3
Impeller outlet width, by
Discharge pipe diameter, Dpipe
Blade tip speed, Us

Reynolds number, Re

Design flow coefficient, ¢q
Off-design flow coefficient, ¢og

Dimensionless specific speed, wy

5

367 rad/s
32.5 mm
69 mm
75 mm
10.5 mm
50 mm
25.3 m/s
1,740,000
0.0845
0.0483
0.5

Table 2.1: Pump specifications and operating conditions

N, x N, x Ny
LES1 193 x 433 x 768
LES2 257 x 481 x 1024
LES3 257 x 641 x 1536
LES4 385 x 769 x 1728

Table 2.2: Grid systems of numerical simulations
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Figure 2.1: Schematic diagram of the impeller and volute casing: (a) front

view; (b) top view (¢ = 54°). The windows W1 and W2 represent specific

regions of our interest.
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Figure 2.2: Schematic diagram of the coordinates, computational domain,

and boundary conditions
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Figure 2.4: Experimental setup and performance curves: (a) schematic

diagram of a pump test rig; (b) pump performances versus flow coefficient:
(O, W) experiments; (O, @) LES1; (O, ®) LES2; (O, @) LES3; (O, @) LES4.
In (b), solid and open symbols denote the head coefficient and efficiency,

respectively.
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Chapter 3

Results and discussions

3.1. Overall flow structures in a centrifugal pump

To understand the overall flow features in a centrifugal pump, we
explore instantaneous three dimensional streamlines together with the
pressure coefficient inside the impeller passage in Fig. 3.1. The pressure

coefficient is defined by:

P — P
Cp = 3.1
P 0.5pU2 (3:1)

where po is defined at the center of the duct inlet (z/Ry = —0.36, r = 0).
Owing to the centrifugal acceleration driven by the impeller rotation,
pressure increases rapidly inside the impeller passage. This relatively large
pressure increase allows centrifugal pumps to be widely used to transport
fluid for various applications. However, depending on the pressure gra-
dient inside the passage, flow separation can occur as shown along the
pressure side of the blade. The pressure rise is higher at the off-design con-
dition (lower flow rate) because of the characteristics of backward-swept
impeller blades than that at the design condition. The relative streamlines

look similar but recirculation zones on the blade pressure side is larger at

15



the off-design condition than those at the design condition.

Figure 3.2 shows instantaneous streamlines together with the cons-
tours of pressure coefficient at the volute mid-span. Fluid discharged from
the impeller flows through the volute and exits to the curved discharge
pipe. Pressure further increases in the volute but the increment is not as
large as in the impeller. At the design condition, the pressure rise inside
the volute is moderate. On the other hand, at the off-design condition
which has lower flow rate, the pressure increases rapidly because area
expansion in the volute is larger than outflow from the impeller. This
rapid pressure rise at the off-design flow rate inside the volute induces
leakage through the radial gap between the impeller and tongue, which
causes strong interaction between the impeller blade and volute tongue
(Kye et al. 2018). This strong blade-tongue interaction for the off-design
condition generates highly unsteady flow structures near the tongue like
leakage, flow separation, and pressure fluctuations. These will be further
discussed throughout this paper.

Figure 3.3 shows the instantaneous vortical structures at the design
and off-design conditions. At both conditions, vortical structures develop
from the leading edge of the blade suction side (denoted as « in this fig-
ure) and grow along the blade suction side. Vortices also develop from
the leading edge of the blade pressure side (), and interact with those
developed from the suction side. These vortices travel over the separa-
tion bubble, and exit from the blade suction side. Unlike these vortices,
vortical structures are hardly found inside the separation bubble on the
blade pressure side. Vortices are also shed from the blade trailing edge
(7), and they interact with the volute tongue when they pass, creating

strong vortices there (§). At the off-design condition, the incidence angle
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of flow becomes small at the impeller inlet and vortices from the leading
edge of the blade pressure side () grow weaker. Also, vortical structures
along the blade suction surface becomes weaker than those at the design
condition because of lower flow rate (but the rotational speed is same
to that of design condition; see Table 2.1) at the off-design condition.
Nevertheless, the vortices along the volute and near the tongue are much
stronger at the off-design condition than those at the design condition due
to stronger impeller-volute interaction for the former case. Unlike for the
design condition (about 14% of ¢q), about 26% of the flow rate (¢ofr) goes
through the gap between the impeller and volute tongue (leakage; Barrio
et al. 2010) at the off-design condition, which causes strong interaction

between the impeller blade and volute tongue.

3.2. The flow characteristics inside the impeller
3.2.1. Relative eddy and equations of motion in a non-inertial frame

Before analyzing the flow characteristics inside the impeller, we ex-
plain the concepts of the relative eddy and reduced pressure which are
helpful to understand impeller flows. The relationship between the ab-
solute vorticity and the vorticity observed in the non-inertial reference

frame is provided as follows (Greitzer et al. 2004):
W = Wy + 290 (3.2)

where w and wye designate absolute and relative vorticity, respectively.
In general, absolute vorticity of the inflow to the impeller is assumed to
be small. Thus, in the non-inertial coordinate system, flow rotating in the
direction opposite to the impeller’s rotation is induced inside the impeller,

which is called the relative eddy. Thus, flow in an impeller is accelerated
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along the blade suction side and decelerated along the blade pressure side
by the relative eddy. A similar explanation was also given in literature
(Greitzer et al. 2004; Dixon & Hall 2014).

Next, we consider the momentum equations for incompressible flows

in the non-inertial frame of reference (Kim & Choi 2006):

Dw 1
A B V4 .
Dt |, P Re

Viw—Qx (Qxr)—2Q xw (3.3)
Equation 3.3 represents momentum equations with source terms in the
non-inertial reference frame. All variables are non-dimensionalized by the
characteristic velocity and length scales. For the incompressible flow, cen-

trifugal force can be absorbed into the pressure gradient, producing the

reduced pressure p,:

Dw 1

—| =-Vp + Vw20 xw 3.4
Dt |, Pr¥ Re (3:4)
where p, = p— %921"2. To examine the behavior of the relative flow inside
the impeller passage, we investigate the reduced pressure instead of the

actual pressure because the gradient of the reduced pressure affects the

boundary layer behavior of the relative flow (Greitzer et al. 2004).

3.2.2. Qualitative analysis of flow structures inside the impeller

To examine flow features inside the impeller passage, we define the
blade centerline coordinate s from the blade leading edge (s = 0) to
trailing edge (s = 1) as shown in Fig. 3.4(a). Filleted part of the blade
leading edge and blunted trailing edge are not included in the coordinate
s. 100 points are equally placed from the blade leading edge to trailing
edge on the blade pressure and suction surfaces. In Fig. 3.4(b), the blades

are numbered from 1 to 5 in the clockwise direction, where the blade 1 is
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the first blade from the volute tongue. Black dots represent monitoring
points for pressure which will be discussed in section 3.3.

Figure 3.5 shows the contours of the instantaneous pressure on the
impeller surface. The pressure is lowest near the hub and increases inside
the impeller passage. The pressure on the blade surface is nearly uniform
in the axial (z) direction (not shown). The pressure contours on the im-
peller surface are not circular but distorted from the pressure to suction
side, meaning that at a given radial location the pressure on the blade
pressure surface is larger than that on the suction surface. This is because
the pressure gradient from suction to pressure side develops in a rotating
passage to balance the Coriolis force. Unlike for the design condition, for
the off-design condition, the pressure on the pressure surface of the blade
near the volute tongue (i.e., blade 5) is much lower than those on other
four blades 1 - 4 except near the trailing edge, indicating that the pressure
rise along the impeller surface is impeded by the impeller-volute interac-
tion. On the other hand, the pressure near the trailing edge of blade 5
rapidly increases owing to re-entering of high-pressure fluid from the vo-
lute at the off-design condition (section 3.3.1), which clearly deteriorates
the performance of the centrifugal pump.

Figure 3.6 shows the instantaneous streamlines inside the impeller
passage together with the contours of instantaneous radial velocity for the
design and off-design conditions, respectively. The investigated impeller
passages are one near the tongue (between blade 1-5 in Fig. 3.4(b)) and
ones far from the tongue (between blade 2-3 and between blade 3-4). To
identify flow separation regions near the impeller surface, only two color
(red and blue) contours of the radial velocity are drawn for positive and

negative values, respectively: in this way, the blue areas represent about
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half of separation bubbles near the surface. For the design condition (the
left column of Fig. 3.6), the blade suction and pressure sides contain
small (“A” near the hub) and large (“B”) separation bubbles, respectively.
Streamlines and separation zones on passages away from the tongue do
not notably differ from those on the passage near the tongue, indicating
that for the design condition the impeller-volute interaction is weak and
thus similar flow patterns are observed in all the impeller passages.

On the other hand, for the off-design condition (the right column
of Fig. 3.6; lower flow rate than the designed one), another separation
bubble (“C”) appears on the blade suction side. Especially, along the
passage near the volute tongue, much larger separation bubble (“B”) is
generated and persists near the end of the impeller passage due to strong
impeller-volute interaction (see section 3.2.3 for further discussion). The
separation bubbles, “A” and “C”, remain relatively uniform in all the
blade passages even at the off-design condition. These separation bubbles,
especially the one on the blade pressure side (“B”), narrow the impeller
passage and thus impede the pressure rise through the impeller passage.
Flow separations inside the impeller passage at lower flow rates than at
the designed one have been reported by previous studies (Byskov et al.
2003; Pedersen et al. 2003; Posa et al. 2015, 2016).

We investigate instantaneous blade-to-blade velocity distribution at
constant radius r/Ry = 0.75 between the blade 1-5, 2-3, and 3-4 in Fig.
3.7. Radial velocity distribution is higher near the blade suction side be-
cause of the potential flow effect of the relative eddy explained earlier.
This higher radial velocity distribution along the blade suction surface
contributes to strong vortical structures inside the impeller. Low and even

negative radial velocity region is shown indicating large recirculation zone
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on the blade pressure side. For the design flow rate, blade-to-blade radial
velocity exhibits relatively uniform distribution in all impeller passages
even near the tongue. On the other hand, for the off-design flow rate,
negative radial velocity region becomes larger near the tongue than those
in other passages. This clearly shows that strong blade-tongue interaction
induces highly unsteady flow features even inside the impeller passage for

the off-design condition.

3.2.3. Quantitative analysis of flow characteristics inside the impeller

To investigate the behavior of the relative flow inside the impeller
passage, we compute coefficients of the reduced pressure and skin-friction
along the blade centerline coordinate s. They are defined by the following

equations:
(p) = 0.5p2°% — pos Tw

Cp, = Cp=—2_
Pr 0.5pU2 T 05002

(3.5)

where 1, = pd (ws) /On. 1, and ws are wall shear stress along the blade
centerline and velocity in the coordinate s. Reference pressure po, is de-
fined at the center of the duct inlet. (-) indicates the phase averaging

operator. The phase averaging is performed as

1= 2 5

(e} = 7 X2 st + ) (36)

where 500 instantaneous flow fields on LES3 are phase-averaged for the
present study (corresponding to 100 impeller revolutions).

Figure 3.8 exhibits coefficients of the reduced pressure and skin-friction
along the blade centerline. As flow rates increase, a stronger pressure gra-
dient is created between the pressure and suction side of a blade to bal-
ance the increased Coriolis force. Thus, the pressure difference between

the blade pressure and suction surfaces is larger for the design flow rate
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than that for the off-design flow rate (¢og = 0.57¢q in the present study).
As a result, the larger torque is required as more fluid is pumped.

At the design condition along the blade pressure side (solid lines of
Fig. 3.8(a)), fluid experiences adverse pressure gradient after passing the
blade leading edge. The corresponding skin-friction coefficient indicates
that flow is decelerated and eventually separates due to the adverse pres-
sure gradient. Note that the actual pressure keeps increasing along the
blade centerline because of the centrifugal acceleration in contrast to the
reduced pressure. The adverse pressure gradient decreases, and flow reat-
taches forming a large recirculated region, ("B” in Fig. 3.6). At the trail-
ing edge, pressure difference between the pressure and suction side is
decreased and the Coriolis force drives the relative flow in the direction
opposite to the impeller rotation. This results in curvature of the relative
streamline and low pressure at the trailing edge of the blade pressure
side generating steep favorable pressure gradient. Because of the favor-
able pressure gradient near the trailing edge, fluid is accelerated with
increasing skin-friction coefficient.

Along the blade suction side (dash-dotted lines of Fig. 3.8(a)), small
area of steep adverse pressure gradient is located creating a small re-
circulation zone ("A” in Fig. 3.6) after the leading edge of the blade.
Following the adverse pressure gradient, relatively moderate favorable
pressure gradient is observed up to nearly the trailing edge. This results
in well-attached flow and moderate variation of the skin-friction along
the blade suction surface. Note that coefficients of the blade pressure and
suction side do not meet at the leading and trailing edge because the
filleted leading edge and blunted trailing edge are not included in the

centerline coordinate s. For the design condition, similar characteristics
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between five blades are found except for the pressure along the blade
pressure side. Due to the blade-tongue interaction, the larger pressure
gradient along the blade pressure side is observed near the tongue (i.e.,
blade 5) than the others.

For the off-design condition, wall flow characteristics shows similar
aspects with that for the design condition. The strong adverse pressure
gradient along the blade pressure surface induces large recirculated area.
Steep favorable pressure gradient with increasing skin friction is observed
near the blade trailing edge. Along the blade suction surface, small region
of adverse pressure gradient and flow separation are also generated near
the blade leading edge. Smaller pressure gradient and skin friction for
the off-design condition than those for the design condition are observed
indicating the effect of the lower mean flow rate for the former condition.
Due to the strong blade-tongue interaction for the off-design condition,
the pressure on the blade pressure side near the tongue (i.e., blade 5) is
much lower than those on other four blades except near the trailing edge.
On the other hand, the pressure near the trailing edge of blade 5 rapidly
increases owing to re-entering of high-pressure volute flow through the ra-
dial gap between the impeller and the tongue, delaying the reattachment
of the separation bubble (section 3.3.1). This produces highly unsteady

separation bubbles on the blade pressure side for the off-design condition.

3.3. Impeller-volute interaction
3.3.1. Trailing vortices shed from blades and flow separation at the tongue

The contours of the instantaneous vorticity magnitude at the volute
mid-span on window W2 are shown in Fig. 3.9 for the design and off-

design conditions. For the design condition, trailing vortices are shed
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from the rotating blade, and the vortices near the blade suction surface
advect downstream and interact with the trailing vortices in the volute.
But these vortices do not interact with those from the following blade.
At the off-design condition, the vortices from the blade suction surface
are much weaker than those observed for the design condition due to
the lower mean flow rate. Nonetheless, the vortices shed from the blade
trailing edge are quite strong, convect more in the azimuthal direction
than those of the design condition, and interact with the ones from the
next blade, creating a wider distribution of strong vortices in the volute.
These vorticity distributions in the volute were also observed by previous
experiments (Paone et al. 1989; Dong et al. 1992; Chu et al. 1995; Dong
et al. 1997). Especially, Paone et al. (1989) reported that vortices become
stronger and more widely distributed with decreasing flow rate, which is
well represented in the present study.

Fig. 3.10 shows the contours of the instantaneous vorticity magnitudes
at the volute mid-span near the volute tongue. At the design condition,
trailing vortices shed from rotating blades and near-wall vortices along the
blade suction side are observed. Vorticity distribution near the tongue is
modest indicating the weak interaction between the flow and the tongue.
At the off-design condition, strong vortices in broader areas are found in
the volute. Also, vortices near the tongue interact with boundary layer
flows of the blade pressure side. The strong blade-tongue interaction in-
duces high levels of vorticity magnitude and highly turbulent flow near
the toungue.

Fig. 3.11 shows the time evolutions of the instantaneous vorticity mag-
nitude and streamlines near the volute tongue for the design and off-design

conditions. At the design condition, the vortices shed from the blade trail-
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ing edge start to interact with the volute tongue when they pass (Zhang
et al. 2016), but the interaction is weak and thus causes relatively weak
vortices near and downstream of the volute tongue. At the off-design con-
dition, the interaction is very strong, producing strong vortices near and
downstream of the volute tongue. This difference between two operating
conditions is caused by the flow entering into the gap between the volute
tongue and impeller from the volute. That is, for the case of design condi-
tion, most flow from the volute exits to the discharge pipe (although there
is a small separation bubble on the outer surface of the volute tongue),
whereas a large amount of volute flow enters into the gap (as mentioned
above) and the flow even separates on the volute upstream side at the
off-design condition. According to Barrio et al. (2010) and Zhang et al.
(2016), the discharged fluid from the volute flows smoothly along the
volute tongue without flow separation at the design condition, but, at
higher flow rates, the flow separation occurs and separated flow moves
toward the discharge pipe. The present LES shows that with the present
pump configuration flow separation at the volute tongue still occurs even
at the design condition and separated flow moves toward the discharge
pipe. This result suggests that a flow rate slightly lower than the designed

one may have no separation at the present volute tongue.

3.3.2. Pressure fluctuations along the impeller periphery

Pressure fluctuations, which are primary causes of noise and vibration
of a pump, are widely investigated via experiments (Gonzélez et al. 2002;
Chu et al. 1995; Barrio et al. 2011; Gao et al. 2017), URANS (Majidi
2005; Gonzalez et al. 2002; Shi 2001; Barrio et al. 2011), and LES (Zhang
et al. 2019; Posa & Lippolis 2019; Posa 2021). Although there have been
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extensive studies on pressure fluctuations inside centrifugal pumps, inves-
tigation on pressure fluctuations using the triple decomposition (Hussain
& Reynolds 1970; Reynolds & Hussain 1972) has been rarely done. There-
fore, we perform the triple decomposition of the instantaneous pressure
as follows:

p(x,t) = p(x) + p(x,t) + p'(x, 1) (3.7)

where p, p, p’ are the time-averaged, time-periodic, and turbulent fluctuat-
ing components, respectively. Then, the periodic component is computed
by:

p={(p)—p (3.8)

where the phase average is defined by the equation 3.6. To investigate

pressure fluctuations, we measure instantaneous pressure at constant r / Ry =

1.03 on the volute mid-span as seen in Fig. 3.4(b). The pressure signal
is collected during 100 revolutions on LES3 grids. In the present study,
we obtain a fluctuating pressure p which is filtered in space. As noted by
previous studies Hussain & Reynolds (1970); Reynolds & Hussain (1972),
fluctuating components of the periodic motion and turbulence are uncor-

related, thus following is satisfied:

PAp?=0+0)2=(— D2 (3.9)

Fig. 3.12 shows the distributions of the rms pressure fluctuations, p,
P/, and p+p’ at r/ Ry = 1.03 along the azimuthal direction. For the design
condition, p/,. . is much smaller than p,,,s, but becomes large near the
tongue (£ = 0°). On the other hand, p,,s shows the modulated azimuthal
distribuition with five (i.e., the number of the blades) local maxima and

minima, agreeing with previous studies (Barrio et al. 2010; Gonzélez et al.
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2002; Parrondo et al. 2002). Especially, Parrondo et al. (2002) stated that
two major sources of pressure fluctuations along the impeller periphery
are pertubations induced by continuous blade rotation and wave prop-
agation caused by the interaction between the flow and the tongue. At
peaks, the mutual effect of these two sources become strong, generating
strong pressure fluctuations. The triple decomposition clearly shows this
modulated pattern of pressure fluctuations originate from periodic fluctu-
ations. For the design condition, p/, . is smaller than p,,,s even near the
tongue. Hence, total fluctuations are mainly determined by p. For the off-
design condition, p.,,, increases rapidly near the tongue and is dominant
there, and pyps is larger than pl, . . elsewhere. pp,s shows the modu-
lated azimuthal distribuition with larger peak-to-peak difference indicat-
ing stronger impeller-volute interaction for the off-design condition. Total
fluctuations are mainly determined by the turbulence near the tongue and

by both fluctuations elsewhere.

3.3.3. Leakage through the radial gaps

Many centrifugal pumps have cavities between the impeller and vo-
lute casing for structural stability and cost reduction, and thus suffer from
leakage through radial gaps (Fig. 2.1(a)) into these cavities (Giilich 2008).
However, due to high Reynolds number flow and complicated shapes of
centrifugal pumps, studies on this leakage have been limited. To under-
stand the characteristics of this leakage, we first investigate the cross-
plane flow inside the volute.

Fig. 3.13 shows the instantaneous cross flows on four different cross-
flow (z-r) planes for the design and off-design conditions. The cross-plane

flow inside the volute is much stronger for the off-design condition than
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that for the design condition. For the off-design condition, right after the
volute tongue (on F1 plane) at the current blade positions, the flow from
the impeller impacts on the volute casing and generates strong clockwise
(viewed from upstream-to-downstream direction) vortex inside the volute,
inducing a strong reverse flow from the bottom cavity to the volute (i.e.
reverse leakage). This secondary vortex grows in size as the flow moves
downstream (F2 and F3 planes). On F3 plane, the center of the secondary
vortex moves towards the radial gap between the impeller and volute
casing, and thus the reverse leakage is blocked by this secondary vortex.
Complex interactions between the flows from the impeller and volute are
observed in between the upper and lower radial gaps. On F4 plane (which
locates 5°ahead of the volute tongue), strong leakage flows occur on both
gaps mainly due to strong pressure gradient formed in this region, as
discussed in the below. This secondary vortex is also observed for the
design condition but its development is much slower than that for the
off-design condition.

Figs. 3.14(a) and (b) show the contours of the instantaneous pressure
and axial velocity on F4 plane, respectively. At the design condition, the
pressure increases slowly in the radial direction from impeller passage to
the volute casing, and the pressure field is more or less homogeneous in
the axial direction. Therefore, the leakages to top and bottom cavities are
low. However, at the off-design condition, the pressure rapidly increases
in the radial direction and the volute pressure is much higher than that
at the design condition, resulting in also high pressure gradient in the
axial direction at the radial gaps. The leakages to the cavities, therefore,
are quite large and create a significant loss in the pump performance.

Fig. 3.15 shows the contours of the time-averaged pressure on the
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volute mid-span for the design and off-design conditions. At the design
condition, the pressure rise in the volute is relatively mild. On the other
hand, at the off-design condition, the pressure normalized by the blade-
tip rotating velocity rapidly increases along the volute passage, and a
considerable amount of leakage occurs especially upstream of the volute
tongue due to high pressure inside the volute exit area. To quantitatively
analyze the leakage, the azimuthal distribution of leakage is computed as
1 [0+580 (Ro
U tear () = ~ / / iy rdrdd (3.10)
AJo-1no Jr
where R; and R, are the radial distances to the impeller and volute casing,
respectively (see Fig. 3.14(a)), A is the integration area, and a, is the
time-averaged axial velocity at the radial gap.

Fig. 3.16 shows the distributions of the leakage flow on the upper
and lower radial gaps in the azimuthal direction for the design and off-
design conditions. Note that the leakages on the upper and lower radial
gaps to the cavities correspond to positive and negative axial velocities,
respectively. As shown, the leakage is strongest near the volute tongue,
and the flow from the cavities to the volute area (i.e. reverse leakage)
also exists, especially downstream of the volute tongue, because of the
continuity (see also Fig. 3.13). At the off-design condition, most of the
leakage is formed near the volute tongue, and the leakage is very strong
such that its magnitude is up to 20% of blade-tip rotating velocity. The
amount of leakages through the upper and lower radial gaps is about
27% of the flow rate ¢q for the design condition, whereas, for the off-
design condition, the leakages to the cavities are quite large, amount to
67% of ¢o. These leakages come back to the volute area because of the

continuity; see the areas of reverse leakage (positive and negative axial
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velocities on the lower and upper radial gaps, respectively) in Fig. 3.16.
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(b)

Figure 3.4: Blade centerline coordinate s and impeller blades 1-5 for the
blade position angle of ¢ = 54°. In (a), PS and SS represent the blade
pressure and suction surfaces, respectively. In (b), 36 black dots denote

monitoring positions at /Ry = 1.03.

Figure 3.5: Contours of the instantaneous pressure on the impeller surface
(plan view) : (a) design condition; (b) off-design condition. Here, red
dashed curves correspond to the circles with the radii of 0.5, 0.7 and

0.9Rs.
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Figure 3.6: Instantaneous streamlines for the design (left) and off-design
(right) conditions: (a) between blade 5-1; (b) between blade 2-3; (c) be-
tween blade 3-4 (Fig. 3.4(b)). Here, red and blue colors on the streamlines

denote positive and negative instantaneous radial velocities, respectively.
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Figure 3.7: Contours of the instantaneous radial velocity at r/Ra = 0.75
for the design (top) and off-design (bottom) conditions: (a) between blade
5-1; (b) between blade 2-3; (c) between blade 3-4 (Fig. 3.4(b))
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Figure 3.8: Reduced pressure (top) and skin-friction (bottom) coefficients

(¢ = 54°): (a) design condition; (b) off-design condition. along the
pressure side; - - - - - , along the suction side; , blade 1; ———, blade
2; ——, blade 3; ———, blade 4; ——, blade 5.
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Figure 3.9: Contours of the instantaneous vorticity magnitude at the vo-

lute mid-span on window W2 (Fig. 2.1(b)): (a) design condition; (b) off-

design condition

LYY
0 60

Figure 3.10: Contours of the instantaneous vorticity magnitude at the
volute mid-span on window W1 (Fig. 2.1(b)): (a) design condition; (b)

off-design condition
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Figure 3.11: Time evolutions of the instantaneous vorticity magnitude and
streamlines near the tongue at the volute mid-span for the design (left)
and off-design (right) conditions: (a) ¢ = 0% (b) ¢ = 18°%; (¢) ¢ = 36
(d) ¢ =54°
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Figure 3.12: Distributions of the rms pressure fluctuations at /Ry = 1.03

on the volute mid-span: (a) design condition; (b) off-design condition.
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F1

F4

(a) (b)

Figure 3.13: Instantaneous cross-flow vectors on cross-flow planes, F1 -
F4, inside the impeller-volute passage: (a) design condition; (b) off-design

condition
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Upper radial gap

Lower radial gap Volute casing

Figure 3.14: Instantaneous leakage flows on plane F4 (Fig. 3.13) at the
design (top) and off-design (bottom) conditions: (a) pressure; (b) axial

velocity
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Figure 3.15: Contours of the time-averaged pressure at the volute mid-

span: (a) design condition; (b) off-design condition
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Figure 3.16: Azimuthal distributions of the time-averaged leakage through
radial gaps: (a) lower radial gap; (b) upper radial gap. —— design

condition; - - - -, off-design condition.
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Chapter 4

Summary and concluding remarks

In the present study, we performed LES with an immersed boundary
method in a non-inertial reference frame (Kim & Choi 2006) to investi-
gate the flow charactristics in a volute-type centrifugal pump operating
at the design and off-design conditions at Re = 1,740,000. Both the
impeller and volute casing were considered. Separation bubbles were ob-
served inside impeller passages at both flow conditions, but larger sep-
aration bubbles, especially near the blade pressure side, formed at the
off-design condition in addition to a new separation bubble on the blade
suction side. Reduced pressure and skin friction along the blade centerline
were investigated to the behavior of the relative flow inside the impeller
passage. Adverse pressure gradient was observed along the pressure and
suction side of the blade generating separation bubbles.

Strong blade-blade and impeller-volute interactions occurred at the
off-design condition. Vortices were shed from the blade trailing edge both
at the design and off-design conditions. However, at the off-design condi-

tion, these vortices interacted with those from the following blade, causing

43



broader areas of stronger vortices inside the volute. At the design con-
dition, most flow from the volute passage exited to the discharge pipe
and only a small section went back to the volute. Therefore, the impeller-
volute interaction was relatively weak. However, at the off-design condi-
tion, a large amount of flow went back to the volute and flow separation
occurred at the volute upstream, creating high vorticity region near the
tongue and strong interaction with the vortices shed from the blade trail-
ing edge.

Triple decomposition of the pressure fluctuation along the impeller pe-
riphery was performed. For the design condition, turbulent fluctuations
increased near the tongue but were still smaller than periodic fluctuations.
Periodic fluctuations exhibited the modulated distribution in azimuthal
direction contributed by continuous blade rotation and blade-tongue in-
teraction. On the other hand, for the off-design condition, turbulent fluc-
tuations increased rapidly near the tongue becoming much larger than
those by periodic components. Thus, total fluctuations were mainly deter-
mined by the turbulence near the tongue due to the strong impeller-volute
interaction.

Leakage flow to the cavities existing between the impeller and vo-
lute is another flow loss. At the design condition, the pressure rise from
the impeller to volute was relatively small and the pressure was homo-
geneous in the axial direction, resulting in small leakage to the cavities.
However, at the off-design condition, the pressure rise from the impeller
to volute was quite large and thus a large pressure gradient existed in the
axial direction, producing large leakage to the cavities. At the off-design
condition, most leakage occurred near the volute tongue due to strong

impeller-volute interaction. On the other hand, azimuthal vortices were
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observed inside the volute at both flow conditions, and they grew along
the volute passage. A secondary motion caused by these vortices also sig-
nificantly affected the leakage to the cavities, especially for the off-design
condition.

In the present study, we identified various flow losses in the volute-
type centrifugal pump at the off-design condition, such as large separation
bubble on the blade pressure side, secondary motion inside the volute,
separation at the volute tongue, leakage to top and bottom cavities exist-
ing between the impeller and volute, leakage of fluid near the volute exit
returning to the gap between the volute tongue and impeller, and interac-
tion of blade wakes. Most of these losses are caused by the impeller-volute
interaction with larger losses for the off-design condition due to the strong

impeller-volute interaction.
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Part 1I.

LES vs. URANS: turbulent flow in a

centrifugal pump
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Chapter 1

Introduction

Centrifugal pumps, which are the most common type of pumps, are widely
employed for various industrial applications and consume a lot of electric-
ity worldwide. According to the European Commission (Reeves 2001),
14% of the total electricity in industry and commerce of the EU is spent
by pumps, of which centrifugal pumps account for around 73%. Also,
World Pumps (2020) reported that more than 300 TWh of electricity,
out of about 3,300 TWh of total European electricity consumption per
year, is used by electric pumps. The energy consumption corresponds to
the output of 30 large coal-fired power plants. With growing interest in
energy saving, understanding the flow characteristics and losses inside
pumps is getting more and more important.

Although centrifugal pumps have been utilized and studied for long
time, an accurate prediction of the flow is still difficult due to complex
three-dimensional flow phenomena caused by high speed rotation of the
rotor and rotor-stator interaction. Examples of those flow phenomena

include flow separation, pressure fluctuations, secondary flow, back-flow,
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and interaction of blade wakes.

To predict the unsteady flow characteristics inside pumps, simulation
with unsteady Reynolds-averaged Navier-Stokes equations (URANS) has
been widely used. Barrio et al. (2010) investigated pressure pulsations
associated with the impeller-volute interaction at various flow rates in a
volute-type centrifugal pump. The largest pressure pulsations occurred
near the volute tongue because of the strong blade-tongue interaction.
Although agreement between numerical and experimental data was good
around the design flow rate, significant differences were observed at off-
design conditions.

Feng et al. (2009a) studied turbulent flows in a centrifugal pump
with diffuser vanes for the design flow rate by URANS, particle image
velocimetry (PIV), and laser Dopper velocimetry (LDV). They observed
the jet-wake flow pattern near the impeller outlet where high relative
velocity with low turbulence region on the pressure side and low relative
velocity with high turbulence region on the suction side were developed.
Although their numerical results predicted the pump head accurately
and captured the overall trend of the relative velocity and turbulence
intensity inside the pump, quantitative comparison revealed considerable
discrepancy between simulation and experiments exists especially for the
turbulence intensity.

Yan et al. (2017) added splitter blades to the impeller and changed the
double volute of trapezoidal cross section to single volute of circular cross
section with an increased radial gap between impeller and volute tongue.
They simulated flow in redesigned pump reporting improved efficiency
and reduced pressure pulsations. In addition to these studies, URANS has

been used to study the impeller-volute interaction (Gonzalez et al. 2002;
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Asuaje et al. 2005; Cheah et al. 2011; Tan et al. 2015), impeller-diffuser
interaction (Shi 2001; Stel et al. 2013), unsteady impeller force (Gonzalez
et al. 2006; Barrio et al. 2011), and to enhance the pump performance by
modifying pump geometry (Barrio et al. 2008; Spence & Amaral-Teixeira
2009).

However, as noted by previous studies (Iaccarino et al. 2003; Strelets
2001; Shimada & Ishihara 2002), URANS performs well for flows where
periodic fluctuations are dominant but worse for highly turbulent flows.
Decreased performances of URANS for turbulent pump flows at off-design
conditions are also reported by previous studies (Barrio et al. 2008, 2010;
Feng et al. 2009a; Gonzélez et al. 2002, 2006). Therefore, with recent ad-
vances in computing power, large eddy simulation (LES) has been adopted
to accurately simulate turbulent flows inside pumps for off-design condi-
tions as well as for the design condition.

Kato et al. (2003) simulated the flow in a mixed-flow pump at var-
ious flow rates using the standard Smagorinsky model with Van Driest
damping function. The predicted pump head by LES showed good agree-
ment with experiments but the stall point was predicted at a somewhat
lower flow rate than experiments. The phase-aveaged distributions of the
meridional and tangential velocity by LES were in good agreement with
those measured by a two-dimensional LDV.

Byskov et al. (2003) conducted both LES and steady RANS of flows
in a six-bladed centrifugal pump impeller at design and off-design condi-
tions, and compared the results with PIV data. The radial and tangential
velocity profiles in the impeller mid-height by LES exhibited satisfac-
tory agreement with PIV, whereas those by RANS showed substantial
disagreement. Especially for the off-design condition, RANS did not re-
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produce the stall phenomena which was resolved in LES.

Posa et al. (2011) conducted LES using the standard Smagorinsky

model (Smagorinsky 1963) and the filtered structure function model (Ducros

et al. 1996) in a centrifugal pump with diffuser vanes. They compared
the numerical resutls with PIV data (Boccazzi et al. 2009). The phase-
averaged velocity distribution at the diffuser mid-span by the latter model
was in good agreement with experimental data, whereas that by the for-
mer model failed predicting flow separation accurately resulting in consid-
erable velocity mismatch near the wall. The increased turbulent kinetic
energy and flow separation inside the impeller and diffuser at the off-
design condition were also studied by LES (Posa et al. 2015, 2016) with
the wall-adapting local eddy-viscosity model (Nicoud & Ducros 1999).
Posa & Lippolis (2018, 2019) rotated the diffuser vanes around their
mid camber to study the effect of the diffuser incidence angle and the
impeller-diffuser gap on turbulent flows like flow separation, turbulent
kinetic energy, and pressure fluctuations. With the modified diffuser ge-
ometry, the pump efficiency was improved with decreased flow separation,
turbulent kinetic energy, and pressure fluctuations for the off-design con-
dition. However, the modification resulted in lower performance at the
design condition. More recently, Posa (2021) rotated the diffuser vanes
around their leading edge to separate the effect of the diffuser incidence
angle from the impeller-diffuser gap. Their results revealed, at the off-
design condition, the lower incidence angle over the diffuser vanes is the
main source of higher pressure rise, whereas the larger impeller-diffuser
gap is the main source of the reduced pressure fluctuations.

In our previous study (Kye et al. 2018), LES was conducted to study

turbulent flows in a volute-type centrifugal pump at design and off-design
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conditions. Pressure rise predicted by LES showed very good agreement
with experiments even for the off-design condition. Unsteady flow losses
such as flow separation, secondary flows, vortices shed from the blade
trailing edge, and leakages to cavities were investigated. Most of these
losses were increased at the off-design condition due to the strong impeller-
volute interaction.

These previous studies have shown LES can be a better alternative to
URANS which predicts the flow well at the design condition but does not
at off-design conditions (Byskov et al. 2003; Lucius & Brenner 2010; Posa
et al. 2011). However, a systematic comparison to investigate whether
LES is necessary to predict turbulent flows in pump has been very lim-
ited. As mentioned above, Byskov et al. (2003) compared LES results in
a centrifugal impeller to steady RANS solutions, and showed that LES
accurately predicted unsteady stall at the off-design condition better than
RANS did. However, their studies neglected the stationary volute casing,
and thus did not include the impeller-volute interaction.

For the design flow condition, Torner et al. (2017) simulated flow in
an implantable axial pump utilized as a ventricular assist device using
LES and URANS. They revealed that LES and URANS exhibited anal-
ogous results for integral quantities and mean velocity fields, but showed
substantial discrepancy in the turbulent kinetic energy.

Nagahara et al. (2005) investigated the flow in a four-stage centrifugal
pump with diffuser vanes at the design condition using LES and URANS.
The computed pump head, velocity distribution at the impeller inlet and
diffuser outlet by LES and URANS demonstrated reasonable agreement
with experiments. However, URANS did not capture vortices in the dif-

fuser passage which were observed by LES.

51



In spite of these studies, the prediction capabilities by LES and URANS

for the flow in a centrifugal pump have not been thoroughly investi-
gated, especially at the off-design condition. In the present study, we
conduct both LES and URANS for flow in a volute pump for the design
and off-design conditions, respectively. The present volute pump include
the impeller, volute, and discharge pipe. Important flow phenomena are
described in detail from LES, and they are compared with those from
URANS. From this comparison, we suggest what flow phenomena URANS
can and cannot predict for flow inside a pump, and when and why LES

is required for this flow.
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Chapter 2

Numerical details of URANS

The detailed information on the pump specification and computational
setup of the LES are given in part I. Therefore, in this chapter, we
only provide explanation on the computational setup of the URANS. For
URANS, we use a commercial software (Ansys CFX 2020 R1) with k —w
SST turbulence model (Menter 1994), in which unstructured grids are
used. Second-order backward Euler method is used for temporal integra-
tion. For spatial discretization, high resolution scheme (Barth & Jespersen
1989; ans 2020) is used. The scheme uses non-linear blending function
such that the discretization behaves like central difference in regions with
low gradients and upwind difference in regions with high gradients. In
URANS, the same computational domain size as LES is adopted (i.e.,
—0.36 < /Ry < 1.74, /Ry < 6, and 0 < 0 < 27 in the axial, radial, and
azimuthal directions, respectively). However, in URANS, the computa-
tional domain is divided into a rotating zone enclosing the impeller and a
stationary zone including the rest. The reference pressure is defined at the

center of the duct inlet same as LES. For boundary conditions, Dirichlet
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boundary condition with a uniform velocity profile is imposed at the in-
let and average static pressure is set to zero at the outlet. Although the
average outlet pressure is assigned zero for URANS, the reference pres-
sure is defined at the center of the duct inlet same as LES for analysis.
u = x x and u = 0 are applied on the rotating and stationary surfaces,

respectively.
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Chapter 3

Results and discussions

3.1. Resolution studies and comparison to experiments

The detailed explanation for the resolution study on LES is given in
part I. Thus, we mainly provide information on URANS resolution study
with comparison to LES. For the adequacy of grid resolution, we test four
and three grid systems for LES and URANS; respectively (Table 3.1). The
finest meshes (LES4 and URANS3) have approximately 512 million and
13 million grids, respectively.

In URANS, steady simulation is first carried out with a frozen ro-
tor interface, where the relative position between the impeller and volute
casing is fixed. Once steady simulation converges, unsteady simulation
starts. A transient rotor-stator model is applied to consider the relative
motion between the impeller and volute casing in the unsteady simulation.
URANS simulation is performed at AtUs/Rs = /1000 (corresponding
to 2,000 time steps per impeller revolution) which is comparable to the
temporal resolution of LES (i.e., AtUs/Ry = /1500 for LES3). 512 pro-
cessors (Intel Xeon Phi 7250) and 20 processors (Intel Xeon 6148) at the
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KISTI supercomputing center are utilized for MPI parallel computations
of LES and URANS, respectively.

To verify the results from numerical simulations, their head coeffi-
cient and efficiency are compared with experimental data. The detailed
information on experiments is given in part I. Fig. 3.1 shows the head
coefficient and efficiency from LES and URANS at the design and off-
desgin conditions (¢q = 0.0845 and ¢og = 0.0483, respectively), together
with those by experiments. In URANS, the pump performances little vary
with grid resolution, and do not match the experimental ones very well.
However, in LES, they converge to experimental ones with increasing
grid resolution. The agreements of the pump performances by LES are
excellent even for the off-design condition. With LES3, differences in two
parameters are less than 1% for the design condition. At the off-design
condition, the differences in the head coefficient and efficiency is about 1%
and 4%, respectively. URANS overpredicts the pressure rise even at the
design condition, and thus overestimate the efficiency. For example, with
URANS3, the differences in the head coefficient and efficiency are about
11% and 20% at the design condition, respectively, and approximately
4% and 16% at the off-design condition, respectively. It is interesting
to note that the prediction by URANS at the design condition is worse
than that at the off-design condition for the present problem. Since the
pump performances by LES3 are nearly the same as those by LES4, we
present the results from LES3 in the following. We also present results

from URANSS3, to see how LES predicts flow differently from URANS.
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3.2. Flow near the interface between the impeller blade and

volute

Fig. 3.2 shows the contours of the instantaneous and phase-averaged
vorticity magnitude at the volute mid-span for the design and off-design
conditions by LES and URANS, respectively. The phase averaging is per-
formed as

1 3= 2mn

(Fxt) =+ Z x,t+ e (3.1)
where f(x,t) is a flow variable. The contour levels of the instantaneous
flow fields by LES are different from those of the phase-averaged ones
by LES and of the instantaneous ones by URANS, because the first is
much stronger than the latter. Solid black circles near the impeller tip in
URANS (Fig. 3.2(c) and (f)) indicate the interface between the rotating
and stationary frames. Due to interpolation errors evolved from this inter-
face, solutions are locally discontinuous there. In LES, we solve governing
equations in a single frame of reference using the immersed boundary
method (Kim & Choi 2006), thus no interpolation errors at such inter-
face occur. Advantages of immersed boundary methods in simulations of
complex turbomachinery flows were well clarified in the previous litera-
ture (Posa et al. 2011).

Let us first discuss the instantaneous vorticity fields obtained by LES.
For the design condition (Fig. 3.2(a)), trailing vortices are shed from the
rotating blade, and the vortices near the blade suction surface advect
downstream and interact with the trailing vortices in the volute. At the
off-design condition (Fig. 3.2(d)), the vortices from the blade suction sur-
face are much weaker than those observed for the design condition due to

the lower mean flow rate. Nonetheless, the vortices shed from the blade
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trailing edge are quite strong, convect more in the azimuthal direction
than those of the design condition, and interact with the ones from the
next blade, creating a wider distribution of strong vortices in the volute
(see also part I and Kye et al. 2018).

Now, let us discuss the phase-averaged vorticity field by LES. For both
design and off-design conditions (Figs. 3.2(b) and (e)), strong vorticity is
observed only near the trailing edges of the blades and do not appear in
the volute region, which is significantly different from the instantaneous
vorticity fields. This is because vortices from the blade trailing edge are
shed irregularly in the radial direction and thus the averaged vorticity
becomes much weaker than the instantaneous ones. It is interesting to
note that the phase-averaged vorticity fields are rather similar to those
by URANS (Figs. 3.2(c) and (f)), indicating that URANS may provide
phase-averaged flow features to some degree. However, it is clear that
URANS completely miss the instantaneous nature of turbulent flow in
the impeller and volute.

The strong vortices in the volute induce considerable turbulent kinetic
energy inside the pump (Fig. 3.3). The instantaneous turbulent kinetic
energy fields are drawn instead of the phase-averaged turbulent kinetic
energy fields to explore the instantaneous nature of turbulent flow as ex-
plained above. The fluctuating velocity u’ is computed by subtracting
the phase-averaged velocity (u) from the instantaneous velocity u (i.e.,
u' = u— (u)). It is clear trailing vortices from the rotating blade and vor-
tices from the blade suction surface induce highly turbulent flows inside
the impeller and volute. Turbulent kinetic energy is much stronger at the
off-design condition in the impeller as well as in the volute than those at

the design condition indicating vortices for the former case are highly un-
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steady. The present pump has higher fluctuations along the blade suction
surface than along the pressure surface, agreeing with the previous results
from three-dimensional centrifugal impellers (Posa et al. 2015, 2016; Ped-
ersen et al. 2003; Feng et al. 2009a, 2011). Although there were previous
studies reporting higher fluctuations along the blade pressure side than
along the suction side of centrifugal impellers (Abramian & Howard 1994;
Ubaldi et al. 1998), their experiments did not consider volute casings thus

neglecting the impeller-volute interaction.

3.3. Flow characteristics inside the impeller

We investigated the flow characteristics inside the impeller simulated
by LES in part I. In this section, we compare the flow characteristics by
LES and URANS inside the impeller. The blade centerline coordinate is
introduced again as in part I (Fig. 3.4). Blades are numbered from 1 to
5 in the clockwise direction, where the blade 1 is the first blade from
the volute tongue (Fig. 3.4(b)). The reduced pressure and skin-friction
coefficients are defined as

_ (D) =050 —pe , _ Tw
" 0.5pU2 © T 05pU2°

C, (3.2)

where 7, (= pd(ws)/0n) is the wall shear stress along the blade centerline,
ws is the velocity in the s direction, p, is the pressure at the center of the
pump inlet, () denotes the phase averaging, and n is the surface-normal
direction.

Before we compare the wall flow characteristics by LES and URANS,
we examine flow sturctures inside the impeller passage briefly. Fig. 3.5 dis-
plays the instantaneous streamlines (based on the relative velocity) inside

the impeller passage (near the volute tongue) together with the contours
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of the instantaneous radial velocity for two flow rates. The instantaneous
radial velocity are drawn by two color (red and blue) contours for posi-
tive and negative vales, respectively. The blue areas on streamlines exhibit
about half of separation bubbles near the impeller surface. At the design
condition, small ("A”) and large ("B”) recirculated zones are found along
the blade suction and pressure sides, respectively. For the off-design con-
dition, stronger and larger recirculated zone (“B”) is observed than that
for the design condition, and another separation bubble (“C”) forms on
the blade suction side. The strong impeller-volute interaction for the off-
design condition induces highly unsteady flow separation on the blade
pressure surface with much larger separation bubble near the tongue (see
also part I and Kye et al. 2018).

The detailed characteristics of the wall pressure and skin-friction coef-
ficient by LES for the design and off-design conditions is explained in part
I. Thus, in this section, we focus on the comparison of the wall pressure
and skin-friction by LES and URANS. Fig. 3.6 shows the reduced pres-
sure and skin-friction coefficients computed by LES and URANS for the
design condition. The agreement between the two numerical methods is
relatively good. Along the pressure surface, Both LES and URANS cap-
tures adverse pressure gradient after the blade leading edge and favorable
pressure gradient before the trailing edge. A relatively large separation
bubble ("B” in Fig. 3.5(a)) is also represented by both numerical meth-
ods. Along the suction surface, steep adverse pressure gradient and a small
separation bubble ("A” in Fig. 3.5(a)) are observed, followed by the mod-
erate skin friction variation. The similar flow characteristics of the wall
pressure and skin-friction between five blades is well predicted by LES

and URANS with the exception of the pressure along the blade pressure
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side near the tongue. For the blade near the tongue, larger pressure gra-
dient is induced inside the passage due to the blade-tongue interaction.
The skin-friction at the trailing edge of the blade pressure side by URANS
demonstrates somewhat unrealistic drop because of the interpolation er-
ror between the two different computational domains (i.e., rotating and
stationary).

Fig. 3.7 shows the reduced pressure and skin-friction coefficients com-
puted by LES and URANS for the off-design condition. The similarity
between the five blades are not conserved at the off-design condition.
A large amount of fluid leaks to the volute upstream part through the
impeller-tongue gap forming high pressure region near the trailing edge
and much larger separation bubble ("B” in Fig. 3.5(b)) along the blade
near the tongue. In LES, this results in the clear difference for the blade
near the tongue from the other four blades. The evolution of the wall
pressure and skin friction along the other four blades show very similar
characteristics each other. However, URANS does not resolve the differ-
ence between the blade near the tongue and the other four blades. The
pressure and skin friction along the five blades show very different as-
pect each other. Along the blade pressure side near the tongue, URANS
also exhibits high pressure but this is largely underpredicted compared
with that by LES. The larger separation bubble along the blade near the
tongue is not observed in URANS. Moreover, no flow separation occurs
along the centerline of the blade 3 for both blade pressure and suction
sides. This comparison shows URANS predicts the evolution of the wall
pressure and skin friction along the blade centerline well at the design
condition but not at the off-design condition.

So far, we have visited the flow characteristics along the blade cen-
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terline coordinate s. Although it reveals detailed information along the
blade surface, overall flow features in the impeller passage are hardly
predictable. Therefore, we investigate radial velocity distribution at con-
stant radius /Ry = 0.7 between the blade 1 and 5 simulated by LES
and URANS in Fig. 3.8. The radial position corresponds to the blade
centerline coordinate s = 0.63 approximately. Blade-to-blade flow fields
of LES and URANS display similar radial velocity distribution even for
the off-design condition. However, unsteady nature of turbulent flow in-
side the impeller passage is not fully resolved in the URANS. Rather,
URANS exhibits similar velocity distribution to the phase-averaged flow
fields of LES. Higher radial velocity for the blade suction side and lower
radial velocity for the blade pressure side are observed following the po-
tential flow effect of the relative eddy explained in part I. Low and even
negative radial velocity region is induced on the blade pressure side due
to the large separation bubble there. Although URANS does not fully re-
solve instantaneous feature of turbulent flow, it captures overall velocity

distribution well inside the impeller passage for both flow conditions.

3.4. Radial thrust and pressure fluctuations along the im-

peller periphery

The radial thrust is the force acting on an impeller in the radial direc-
tion (Brennen 1994). In a volute-type centerifugal pump, the radial thrust
is generated due to the interaction between rotating and stationary parts.
This force may lead to shaft failure due to fatigue (Agostinelli et al. 1960)
and high levels of vibration and noise (van Esch 2009). Thus, an accurate
prediction of the mean and maximum radial thrusts is important. Fig.

3.9 shows the instantaneous and mean radial thrusts, together with root-
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mean-square (rms) thrust fluctuations on the polar diagram. The volute
angle ¢ is defined as the azimuthal angle in a clockwise direction from
the volute tongue (i.e., zero at the tongue), denoting the direction of the
radial thrust. The distance from the origin represents the magnitude of
the thrust.

At the design condition, weak radial thrust is imposed to the impeller,
whereas that at the off-design condition, which is about 57% of the de-
sign flow rate, becomes much stronger and is directed toward the volute
upstream. This strong radial thrust toward the volute upstream for the
off-design condition results from rapid pressure rise in the volute and
subsequent nonuniform pressure distribution in the azimuthal direction
(Agostinelli et al. 1960; Baun & Flack 1999; Barrio et al. 2011). Strong
impeller-volute interaction at the off-design condition causes highly un-
steady radial thrust. Hence, stronger fluctuations of radial thrust are ob-
served. Although fluctuations of the radial force are relatively well pre-
served, the instantaneous and mean radial thrust are largely underesti-
mated in URANS. The underestimation of the radial thrust can lead to
false design of the impeller and early fatigue failure. Therefore, it is wise
to adopt LES for pumps of which the radial thrust is important design
consideration.

To our knowledge, there has been no study comparing pressure pul-
sations predicted by LES and URANS in centrifugal pumps. Thus, we
measure pressure along the impeller periphery and perform the triple de-
composition (Hussain & Reynolds 1970; Reynolds & Hussain 1972) of the

instantaneous pressure as follows:

p(x,t) = p(x) + p(x, 1) + p'(x, 1) (3-3)
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where p, p,p’ are the time-averaged value, contribution of the organized
wave, and contribution of the turbulence, respectively. Then, the periodic

wave component is computed by:

p=(p)—p (3.4)

where the phase average is defined by the equation 3.1. To investigate
pressure fluctuations in LES and URANS, we measure pressure at con-
stant /Ry = 1.03 on the volute mid-span as seen in Fig. 3.4(b). The
pressure signal is collected during 100 revolutions on LES3 and 20 revo-
lutions on URANS3. In the present study, we obtain a fluctuating pressure
p which is filtered in space for LES and ensemble-averaged for URANS.
As noted by previous studies (Hussain & Reynolds 1970; Reynolds & Hus-
sain 1972), fluctuating components of the periodic motion and turbulence

are uncorrelated, thus following is satisfied:

PAp?=0p+p)2=(—D)? (3.5)

The results are provided in Fig. 3.10. Pressure fluctuations by LES
are examined in part I. Therefore, we focus on comparing those by LES
and URANS in this part. For the design condition, fluctuations by the pe-
riodic blade rotation are larger than turbulent fluctuations even near the
tongue, hence total fluctuations are mainly determined by contribution of
the periodic fluctuation. In URANS, agreement in periodic fluctuations
(in terms of the magnitude) is good but contribution of the turbulence
is largely underpredicted. Thus, periodic and total fluctuations collapse
in one curve. Also, the modulated distribution of the periodic component
(see also part I) is not well maintained in URANS. Although LES shows

five (i.e., the number of blades) peaks for periodic fluctuations, URANS
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shows more peaks. At the off-design condition, turbulent fluctuations in-
crease rapidly near the tongue by LES (not by URANS), and is dominant
near the tongue. Total fluctuations are mainly determined by the turbu-
lent fluctuations near the tongue and by both fluctuations elsewhere. Pe-
riodic contribution shows the modulated pattern along the circumference
both in LES and URANS. In URANS, turbulent fluctuations are not neg-
ligible but still fairly underestimated especially near the tongue. Overall,
URANS does not predict turbulent fluctuations for both flow condition.
This is not surprising given that URANS solves the ensemble-averaged
flow instead of the instantaneous flow. For the design condition, where
turbulent fluctuations are small, URANS estimates total fluctuations well
(in terms of magnitude). On the other hand, for the off-design condition
near the tongue, URANS significantly underestimates total fluctuations

owing to the inaccurate prediction for turbulent fluctuations.

3.5. Flow features inside the volute

So far, we have examined how the flow structures inside or around the
impeller appear in LES and URANS. Here, we examine the flow charac-
teristics in the volute simulated by two different numerical methods. Fig.
3.11 presents the contours of vorticity magnitude at the volute mid-span
for the near-tongue region at the design and off-design conditions. Again,
different contour level is adopted for instantaneous flow fields of LES. At
the design condition (Fig. 3.11(a)), vortices shed from the blade trailing
edge and near-wall vortices along the blade suction side are identified.
Relatively weak vorticity distribution develops near the volute tongue
owing to the weak blade-tongue interaction. At the off-design condition

(Fig. 3.11(d)), strong vortices in broader areas are found along the vo-
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lute. Vortices near the tongue interact with boundary layer flows near
the trailing edge of the rotating blade. A large amount of volute fluid
enters into the volute upstream causing considerable flow separation and
vortices (see also part I). This induces high vorticity magnitude and high
pressure fluctuations near the tongue (Fig. 3.10(b)). The phase-averaged
vorticity fields for both flow conditions (Fig. 3.11(b) and (e)) identify
overall features of the instantaneous flow fields. Strong vorticity magni-
tudes along the blade suction side, blade trailing edge and volute tongue
are observed. At the design condition (Fig. 3.11(c)), URANS displays
strong vorticity magnitudes at the tongue along the side of the discharge
pipe, which implies that the incidence angle of the flow to the tongue
is predicted differently from that by LES. The vorticity magnitude at
the blade trailing edge is also underpredicted. At the off-design condition
(Fig. 3.11(f)), somewhat unrealistic vorticity distribution is found along
the impeller periphery (solid black line) due to the interpolation error
between rotating and stationary domains.

Although URANS does not resolve instantaneous nature and turbu-
lent fluctuations of unsteady flows in a centrifugal pump, it has been
shown to provide reasonable agreement with phase-averaged flow fields
of LES inside the impeller and volute. We further extend comparative
analysis to time-averaged total pressure along the volute, which is one of
the most important flow variables in centrifugal pumps. To compare total
pressure variation quantitatively, x is defined by the equation 3.6 for the
plane of the volute mid-span (see Fig. 3.12b). Ryolute i the radial distance
from the impeller axis to the volute wall at the volute mid-span. The time-
averaged total pressure coefficient is also given in the equation. In LES,

pressure and velocity are time-averaged in the inertial frame of the refer-
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ence on LES3 grids for 10 revolutions, corresponding 30,000 timesteps. In
URANS, solution is time-averaged on URANS3 grids for one revolution
to calculate total pressure coefficients, corresponding 2,000 timesteps.

r—Ry . _p+05pu - ps
Rvolute - R2’ pe 05pU22

X = (3.6)

Fig. 3.12 depicts time-averaged total pressure coefficients at the vo-
lute mid-span computed by LES and URANS. For the design condition,
the overall agreement between LES and URANS is surprisingly good.
Contours of the time-averaged total pressure coefficient also exhibit good
agreement between LES and URANS inside the volute. The distribution
of the total pressure shows monotonous variation inside the volute due to
the weak impeller-volute interaction. Fluid discharged from the impeller
travels inside the volute without severe losses.

On the other hand, for the off-design condition, considerable losses
occur along the upstream portion of the volute in LES. This can be at-
tributed to the flow separation and intense turbulent fluctuations near the
volute tongue. URANS, which does not resolve strong turbulent fluctu-
ations particularly near the tongue, overpredicts the time-averaged total
pressure coefficient in the near-tongue region. Despite the discrepancy
near the tongue, URANS shows good agreement with LES for the rest
of the volute area. Contours of the total pressure coeflicient also indicate
URANS predicts total pressure rise in the present pump well inside the
impeller and volute except for the near-tongue region. LES demonstrates
substantial drop in the total pressure coefficient occurs in the upstream
part of the volute.

To predict the mean flow quantities inside an impeller and a volute,

URANS can be a good alternative for LES with significantly less compu-
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tational cost except for the near-tongue region of the off-design condition.
However, performance comparison of Fig. 3.1 reveals that URANS over-
predicts pressure rise of the pump especially for the design condition. This

implies appreciable losses occur inside the discharge pipe for the present

pump.

3.6. Flow characteristics inside the discharge pipe

Most of previous studies have focused on investigating flow charac-
teristics in an impeller and a volute, and flow in the discharge pipe is
probably one of undisclosed areas in the centrifugal pump research. Al-
though URANS does predict mean flow characteristics in the impeller and
volute of the present pump to some degree, it overpredicts pressure rise of
the present pump compared to LES and experiments (Fig. 3.1). To iden-
tify losses which are not resolved in URANS, we inspect flow structures
in the discharge pipe simulated by LES and URANS.

Fig. 3.13 demonstrates schematic diagram of the present pump and
discharge pipe. The cross-sectional area of the discharge pipe increases
from the volute throat to the discharge flange. The pump flow trav-
els through the curved discharge pipe. The geometry with curvature
and increasing cross-sectional area is expected to develop complex flow
phenamena and losses in the discharge pipe. The variable ( is defined as
the distance of the straight pipe from the discharge flange. The Reynolds
numbers based on the mean streamwise velocity and pipe diameter are
about 250,000 and 140,000 for the design and off-design conditions, re-
spectively.

Fig. 3.14 reveals the time-averaged streamlines and contours of the

streamwise velocity inside the discharge pipe. LES and URANS flow fields
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exhibit clear differences. At the design condition, LES shows large-scale
swirl flows developing after the curved part of the discharge pipe. Flow
separation is observed at {/Dypipe = 0 caused by the strong curvature and
expansion. This flow separation contributes to the strong swirls which is
much stronger than typical secondary flows developing inside the pipe
bend. The contours of the streamwise velocity also display the influence
of the curvature. Low velocity region forms at the inner part of the cur-
vature and high velocity regions are observed at the outer part of the
curvature. The streamwise velocity shows distorted distribution caused
by the curvature and subsequent swirls. At the off-design condition, flow
separation becomes weaker owing to the low mean flow rate. However,
intense swirl flows still develops inside the discharge pipe as indicated by
the three-dimensional streamlines. Contours of the streamwise velocity
also demonstrate distorted distribution.

On the other hand, URANS does not predict flow separation and
strong swirls caused by the curvature and expansion ratio of the dis-
charge pipe. Smooth streamlines and homogeneous velocity distribution
are observed inside the discharge pipe compared to those of LES for both
flow rates. Although pumped fluid moves through the curved pipe with
substantial expansion ratio, flow fields of URANS are not largely affected
by the geometrical effects.

To compare losses occurring in the discharge pipes quantitatively, we
present the area-averaged total pressure coefficients along ¢ in Fig. 3.15.
The time-averaged total pressure is area-averaged along the cross-section.
Strong swirls originated from the diverging discharge pipe with curvature
produce significant losses in LES. At the design condition, stronger swirls

and larger losses occur due to higher flow rates than that at the off-design
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condition. The total pressure drops inside the discharge pipe significantly.

On the other hand, URANS does not capture strong swirl flows and
consequent losses in the discharge pipe. The total pressure of URANS
deviates from that of LES as fluid travels further downstream. Further-
more, pressure drop predicted by the Darcy friction factor for the smooth
straight pipe collapse well with those of URANS results, indicating the
effect of the curvature and area expansion is nearly disregarded. The
discrepancy between LES and URANS for the design condition, where
larger losses arise due to higher mean flow rate, is larger than that for the
off-design condition. To our knowledge, this is the first research report-
ing large-scale swirl flows and subsequent losses in a discharge pipe of a
centrifugal pump. This is because URANS has been dominantly used in
pump research and most experiments have focused on examining flows in
impellers and volutes. Centrifugal pumps including diverging discharge
pipes with strong curvatures should be carefully designed and examined

by high-fidelity simulation like LES.
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LES1
LES2
LES3
LES4

URANSI1
URANS2
URANS3

N, x N, x Ny

193 x 433 x 768
257 x 481 x 1024
257 x 641 x 1536

385 x 769 x 1728

Number of total mesh elements
3,284,644

6,505,524

12,675,688

Table 3.1: Grid systems of LES and URANS
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Figure 3.1: Pump performances versus flow coefficient: ((J, W) experi-
ments; (O, @) LESI; (O, ®) LES2; (O, @) LES3; (O, ®) LES4; (2, 4)
URANSI; (A, A) URANS2; (A, o) URANS3. Solid and open symbols

denote the head coefficient and efficiency, respectively.
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Figure 3.2: Contours of the vorticity magnitude at the volute mid-span
on window W2 (Fig. 2.1(b) in part I) predicted by LES3 (a, b, d, €) and
URANSS3 (¢, f) for the design (left) and off-design (right) conditions: (a,
d) instantaneous flow; (b, e) phase-averaged flow; (¢, f) instantaneous

flow
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Figure 3.3: Contours of the instantaneous turbulent kinetic energy by
LES3 at the volute mid-span on window W2: (a) design condition; (b)

off-design condition

(b)

Figure 3.4: Blade centerline coordinate s and impeller blades 1-5 for the
blade position angle of ¢ = 54°. In (a), PS and SS represent the blade
pressure and suction surfaces, respectively. In (), the red arc between
blades 1 and 5 corresponds to /Ry = 0.7, and 36 black dots denote

monitoring positions at r/Rs = 1.03.

74 S



Volute tongue

Figure 3.5: Instantaneous streamlines inside the passage near the tongue
(between blades 1 and 5 of Fig. 3.4(b)) for the design (top) and off-design
(bottom) conditions. Here, red and blue colors of the streamlines represent

positive and negative radial velocities, respectively.

75 et



0.1 0.1

-0.1F

/"W'P‘J:Ev‘." -
02f L/ o,

/ e

-0.3F

044 L L L L " 0.4

1.6E-41

1.2E-41

(a) (b)

Figure 3.6: Reduced pressure (top) and skin-friction (bottom) coefficients

(¢ = 54°) for the design condition: (a) phase-averaged flow by LES; (b) in-
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Figure 3.7: Reduced pressure (top) and skin-friction (bottom) coefficients
(¢ = 54°) for the off-design condition: (a) phase-averaged flow by LES;
(b) instantaneous flow by URANS.

along the pressure side; - - - -,
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Figure 3.8: Contours of the radial velocity along the constant radius
r/Ry = 0.7 (Fig. 3.4(b)) between the blade 1 and 5 predicted by LES (a,
b) and URANS (¢) for the design (left) and off-design condition (right):
(a, ¢) instantaneous flow fields; (b) phase-averaged flow fields. The blade

position angle is ¢ = 54°
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Figure 3.10: Pressure pulsations at constant radius r/Ro = 1.03 on the
volute mid-span computed by LES (red) and URANS (black): - - - - fluc-
tuations of periodic motion (p); - - - - - , turbulent fluctuations (p'); ——

total fluctuations (p+ p’). (a) design condition; (b) off-design condition.
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Figure 3.11: Contours of vorticity magnitude at the volute mid-span on
window W1 (Fig. 2.1(b) in part I) predicted by LES (a, b, d, e) and
URANS (¢, f) for the design (top) and off-design (bottom) conditions:
(a, d) instantaneous flow fields; (b, e) phase-averaged flow fields; (¢, f)

instantaneous flow fields
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Figure 3.12: Evolution of the time-averaged total pressure along the volute
angle (a, d), and contours of the time-averaged total pressure (b, ¢, e, f)
at the volute-midspan: (a) x = 0.5; (d) x = 0.75; (b) design condition in
LES; (c) off-design condition in LES; (e) design condition in URANS; (f)
off-design condition in URANS. In (a, d), results of the design and off-
design conditions are described by red and blue, respectively. The solid

and dashed lines represents LES and URANS results, respectively.
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Discharge flange
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Figure 3.13: Schematic diagram of the pump and the discharge pipe: (a)

top view; (b) side view. Only blades are shown in the impeller.



ugtsep-go pue (doj)

OSIMUIRDI)S POFRIDAR

SUOIYIPUO0d (U0330q)

ussep oyy 10§ (p ‘q) SNVUN pue (2 ) ST Aq pagorperd g pue ‘10 = *Mg/5 ye Loopea

QUi 9} JO sInojuod pur odrd 931eyDSIp oY) OPISUL SOUIWROIIS POSRIOAR-OWI) O T, :f "¢ 9INS1q

S0°0-

T0-

m W

”
I
L

84



1.2j

29--@--@--@--@--@--@--@--@-@-—9——@——@r—e—e—r@—re——@——o
® ® o 0 @
1.1 ® 00 44
L o9
® ) ® ® *

: ®
R B B G R e B VR A IRy e S I o

P 1j. ® 9 ® 9 o o

L ° .

I Ce, .

L ®
0.9_ ® .

L ]

0.8_| L 1 1 1 L L 1 1 L L 1 1 L L 1 1 1 L 1 L L 1

0 1 2 3 4 5

¢/ Dyipe

Figure 3.15: The area-averaged total pressure coefficients along ¢ for the
design (red) and off-design (blue) conditions. Solid and open circles in-
dicate results of LES and URANS, respectively. The dashed line denotes
pressure drop in the smooth straight pipe predicted by the Darcy friction

factor.

PR
85 et "

|

I

1L



Chapter 4

Summary and concluding remarks

In this paper, we performed LES and URANS computations to investi-
gate turbulent flows in a volute-type centrifugal pump. We considered
two flow conditions: the design (¢q) and the off-design (¢og = 0.57¢q)
conditions. The Reynolds number of the pump is 1,740,000 based on
the blade tip velocity and radius of the impeller blade. LES was con-
ducted in a single reference frame, i.e., the non-inertial reference frame,
with an immersed boundary method. In URANS, rotating and station-
ary computational domains were used to simulate flows in the impeller
and elsewhere, respectively. This resulted in local discontinuity in the
vorticity field at the interface between two domains. LES predicted the
pressure rise and efficiency of the pump accurately, while URANS showed
considerable differences with experiments. Flow characteristics inside the
impeller, volute, and discharge pipe was compared thoroughly between
LES and URANS.

URANS did not resolve instantaneous nature of turbulent flows in the

volute pump. The instantaneous flow field of LES exhibited small-scale
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turbulent structures of vortices shed from the blade trailing edge and
developing along the boundary layer flow of the blade suction surface.
The vorticity field for the off-design condition showed stronger magnitude
in extensive volute area than that for the design condition due to strong
impeller-volute interaction for the former condition. The phase-averaged
vorticity fields showed much weaker vorticity distribution than that by
the instantaneous vorticity fields becuase of irregulary shed vortices from
trailing edges of blades. URANS demonstrated similar traits to the phase-
averaged flow field of LES, indicating that it provides phase-averaged flow
features to some degree. Therefore, URANS missed the instantaneous
nature of turbulent flow in the impeller and volute.

Inside the impeller passage, the reduced pressure and skin-friction
along the blade centerline were investigated. Adverse pressure gradient
developed along the blade surface generating separation bubbles espe-
cially for the blade pressure side. For the design condition, wall flow char-
acteristics showed similar characteristics between five blades. These char-
acteristics were also well identified by URANS. On the other hand, for
the off-design condition, pressure and skin friction on the blade pressure
side near the tongue displayed different aspect presenting larger separa-
tion bubble than along the other four blades. However, URANS showed
different characteristics between each blades. Larger separation bubble,
along the blade pressure side near the tongue, and similarity between the
other four blades were not found.

Also, URANS did not predict the radial thrust and turbulent fluc-
tuations along the impeller periphery. Although URANS predicted the
rms fluctuations of the radial thrust on the impeller, it substantially un-

derestimated the mean and maximum thrust for both flow conditions.
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This may lead to false design of the impeller and early fatigue failure.
The triple decomposition of pressure fluctuations was conducted along
the impeller periphery. For the design condition, the turbulent fluctua-
tions were smaller than the periodic fluctuations even near the tongue.
On the other hand, for the off-design condition, turbulent fluctuations
increased significantly especially near the tongue. Compared with LES,
URANS predicted periodic fluctuations well but largely underpredicted
turbulent fluctuations. Therefore, URANS represented comparable total
fluctuations with LES for the design condition but failed to predict pres-
sure fluctuations accurately for the off-design condition.

Although instantaneous flow features and turbulent fluctuations were
not accurately predicted in URANS, URANS captured mean flow char-
acteristics inside the impeller and volute especially for the design condi-
tion. The blade-to-blade radial velocity distribution by LES and URANS
showed similar distribution. Higher radial velocity on the blade suction
side than that on the blade pressure side was represented by both numer-
ical methods. Although instantaneous flow features were not managed in
URANS, overall agreement between LES and URANS was satisfactory for
both flow conditions. Inside the volute, the time-averaged total pressure
coefficient was compared. URANS predicted the evolution of the total
pressure coefficient inside the volute well at the design condition. At the
off-design condition, significant losses occurred at the volute upstream
because of flow separation at the tongue. URANS did not resolve these
losses and overestimated the total pressure there. However, it showed
good agreement with LES for the rest of the volute area.

The fluid exited the volute traveled through the curved and diverging

pipe in the present pump. Because of the curvature and area expansion,
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flow separation developed at the inner corner of the discharge pipe and the
large-scale swirl flows grew creating considerable losses. The larger losses
were observed for the design condition because of the higher mean flow
rate. However, URANS failed to embrace the influence of the curvature
and area expansion of the discharge pipe and overpredicted the pressure
rise and efficiency consequently.

In the present study, we compared various turbulent flow charac-
teristics inside the volute-type centrifugal pump by LES and URANS.
Through this comparative study, we aimed to comprehend when LES
is necessary or URANS is adequate. The study suggests that URANS
can be a desirable tool to predict mean flow characteristics varying pe-
riodically by the impeller rotation, especially at the design condition.
However, URANS does not accurately predict instantaneous nature and
fluctuations of unsteady flows mainly because it does not resolve turbu-
lent fluctuations. Thus, LES is necessary to investigate the instantaneous
features and turbulent characteristics of flow such as unsteady flow sep-
aration inside the impeller at the off-design condition, flow separation
at the tongue, pressure fluctuations, trailing vortices shed from rotating
blades. Also, URANS inaccurately predicts even mean flow characteris-
tics for highly unsteady flows like strong swirls in the discharge pipe and

flow separation at the tongue.
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Appendix A

Modified volute casing to reduce the

leakage to cavities

As investigated earlier, axial pressure gradient in the volute especially
near the tongue induce strong leakage to top and bottom cavities. This
generates significant losses and decreases pump efficiency. The present
pump has large cavity area and suffers from substantial leakages especially
at the off-design condition (part I). The axial clearances of top and bottom
cavities for the present pump are much larger than the one proposed by
Gdilich (2008), which is from 0.03 Rz to 0.08 Rs. Lei et al. (2015) considered
even smaller clearances from 0.001Ry to 0.005R2 reporting that pump
with smaller clearance shows higher pump efficiency.

In the present study, we modify the volute casing by reducing cavity
area between the impeller and volute casing to increase the pump effi-
ciency. Figure A.1 shows the schematic diagram of the base pump and
modified pump with smaller cavity area. The axial clearances of the top
and bottom cavity are designed to be about 0.02Ry and 0.03R3, respec-

tively. These are adopted considering both hydrodynamic efficiency and
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mechanical design. Figure A.2 shows the magnitude of the instantaneous
cross flow velocity at the off-design condition on z-r plane at 5° ahead
of the volute tongue. Considerable leakages to top and bottom cavities
occur in the base pump, whereas those are notably weakened in the mod-
ified pump. The pump efficiency is increased by 4.4% and 6.7% at design
and off-design conditions, respectively. The increase in pump efficiency is
larger for the off-design condition than for the design condition because

of larger leakage at the former condition.
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(a) impeller—l top cavity (b) impeller

volute volute

bottom cavity

Figure A.1: Schematic diagram of the base pump and the modified pump:
(a) base pump; (b) modified pump

Figure A.2: Contours of the cross flow velocity magnitude at the off-design
condition on z-r plane at 5° ahead of the volute tongue: (a) base pump;

(b) modified pump
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Appendix B

Circumferential grooves to reduce the

leakage to the pump inlet

As examined so far, leakage produces considerable losses in a pump. Espe-
cially, part of leakage to bottom cavity travels to the pump inlet through
the wear-ring clearance between the impeller and volute casing. In this
section, we consider the wear-ring clearance and leakage to the pump in-
let. Figure B.1 shows the schematic diagram of pump with two different
wear-ring clearances. To reduce the leakage to the pump inlet through the
wear-ring clearance, we apply circumferential grooves as in figure B.1(b).

Due to the pressure difference between the bottom cavity and pump
inlet, the pump with the original wear-ring clearance suffers from substan-
tial leakage by about 6.7% and 12% at design and off-design conditions,
respectively. This is shown in figure B.2(a). The leakage has azimuthal
velocity due to the impeller’s rotation. The circumferential grooves ob-
struct the flow through the wear-ring clearance decreasing the amount
of leakage. Consequently, leakage to the pump inlet diminishes to about

3.7% and 6.9% at design and off-design conditions, respectively. This is
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approximately half of leakage through the original wear-ring clearance.
Consequently, the circumferential grooves improve the pump efficiency
by about 2.5% and 2.3% at design and off-design conditions, respectively.
Together with the modified pump with reduced cavity in appendix A, we
could improve the pump efficiency by approximately 7.0% and 9.2% at

design and off-design conditions, respectively.
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impeller

volute

impeller

volute casing W =9s
6 =

wear-ring clearance I heg=73s
5=0.0036R,

s . .
circumferential
grooves

(a) (b)

Figure B.1: Schematic diagram of pumps with two different wear-ring
clearances: (a) the original wear-ring clearance; (b) the wear-ring clear-

ance with circumferential grooves

leakage

=

grooves

7

(a) (b)

Figure B.2: Instantaneous streamlines through wear-ring clearances: (a)
the original wear-ring clearance; (b) the wear-ring clearance with circum-

ferential grooves
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