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ABSTRACT

In the design of a pump impeller blade, it is
required to predict the pump performance
rapidly and accurately from a viewpoint of cost
reduction. In the present study, a practical short
time prediction of the suction specific speed of
axial flow pumps was realized by using a
numerical cavitating flow simulation. In the
simulation, the cavitation was modeled as a lot
of tiny bubbles that swelled in a low-pressure
region in the flow. The simulation was applied
to five two-dimensional hydrofoils constituting
an impeller blade. The total head of a pump
was calculated from the cavitation
performances of the five hydrofoils. The
cavitation performance of the pump at each
flow rate was obtained within a computational
time of about four hours. The predicted suction
specific  speed was compared with
experimental data on six pumps with different
blade profiles, blade angles, and number of
blades. An ‘averaged attack angle’ was defined
as the weight-average of the attack angles to
the five hydrofoils. When the weight-average
of the attack angles to the five hydrofoils was
used in the simulation, the predicted suction

specific speed and the experimental one had a
proportional relation. This relation made it
possible to predict the suction specific speed of
an axial flow pump in a practical short time.

INTRODUCTION

Every year, many typhoons and tropical
storms hit Japan and deposit a lot of rain in a
short time. In big cities like Tokyo, many
pumps are used to drain the rainwater to rivers
or the sea. However, under concentrated heavy
rain that is severer than expected, the amount
of water exceeds the draining capacity of the
pumps, resulting in flooding. To avoid such
floods in cities, extra pumps at key positions
are planed to be installed. However, there is
not necessarily enough space to install these
extra pumps in the overcrowded cities in Japan.
It is therefore important to develop a small-size
and high-rotation-speed pump.

When a pump is scaled down while
keeping the required flow rate, reduction of
cavitation performance becomes a significant
problem. Recently, numerical simulations on
the cavitation in the rotating machinery such as
pumps, inducers, and water turbines have been



available (Hirschi, 1997; Song, 1999; Mahesh,
2000; Hofmann, 2001; Visser, 2001; Medvitz,
2001; Tamura, 2002). Effective utilization of
such numerical simulations saves development
time and thus contributes to the cost reduction.

The ‘homogeneous media model’ and
‘bubble flow model’ are representatives of the
cavitation models used in the numerical
simulation of cavitating flow. The former
regards the actual two-phase flow as a quasi-
single-phase flow. The cavitation is expressed
by the reduction of the mixture density of the
liquid and the gas. Several variations of this
model have been used to predict cavitation
performance (Song, 1999; Mahesh, 2000;
Hofmann, 2001; Visser, 2001; Medvitz, 2001;
Okita, 2002; Iga, 2002).

The latter model assumes a lot of tiny
spherical bubbles initially in the flow (Kubota,
1992; Tamura, 2002). When the bubbles enter a
low-pressure region in the flow field, the
pressure difference between a bubble and the
liquid increases the bubble radius. The
variation of the bubble radius is described with
Rayleigh-Plesset equation. The void fraction is
obtained from the bubble radius and the
number of bubbles in a unit volume. The
increase in the void fraction is regarded as a
measure of the cavitation. Since the bubble
flow model directly treats the microscopic
bubble motion, it is thought that it would be
able to simulate the cavitation erosion caused
by the collapse of the cavitation bubbles.

In the present study, a numerical
simulation (including the bubble flow model)
of cavitating flow was used to predict the
suction specific speed of several axial flow
pumps. The bubble flow model was selected
because it can predict the cavitation erosion in
the future. To reduce the computational time,
two-dimensional simulation was applied to
five hydrofoils constituting an impeller blade.

To predict the cavitation performance, six -

pumps — with different blade profiles, blade
angles, and number of blades — were evaluated.

NOMENCLATURE
A - cross section

C : axial velocity or coefficient
d : diameter of cross section
D : diameter of blade tip
H: head
g: acceleration due to gravity
1: chord length of hydrofoil

N : rotating speed

NPSH : Net Positive Suction Head

flow rate

pressure

bubble radius

Reynolds number (Re= oul/x)
suction specific speed
pitch of cascade or time
surface tension

velocity

peripheral velocity
relative velocity

attack angle or flow angle
B=nl2—a

head coefficient
efficiency

viscosity

deflection angle

density

cavitation number
stagger angle
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Subscripts

ave : average

cal : calculated

exp : experimental
bubble
drag
:  gas phase
hub : hub
section number (from 1 to 5)
x and y directions
liquid phase or lift
design point
three-percent drop
theoretical
vapor
casing
inlet
outlet
infinity
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SPECIFICATION OF PUMP

Table 1 summarizes the specifications of
six axial flow pumps that operate at middle or
high specific speed. The flow rates are
specified at each design point. The pumps have
one of four kinds of blade profiles (Fig. 1). The
NACA series of profiles (cases 1, 2, 5, and 6)
has a high load distribution between the
leading edge and the center of the hydrofoil. In
cases 3 and 4, the hydrofoil profile was
designed by using the inverse design method



Table 1 Design specification of pumps
Case Blade Numberof | Setting angle { Flow rate
profile blades | at blade root | (m3/min)
1__INACAG64 4 51.2 164
2 NACAG3 4 41.3° 712
3__JInverse Designed 4 68.0° 4.5
4 |Inverse Designed -3 68.0° 4.5
S5__INACABS 4 58.9° 241
68 _INACASBS 4 61.9° 241

(c) Cases 3 and 4
(Inverse Designed)

Fig. 1

(d) Cases 5 and 6 (NACA65)

Impeller blade profiles near blade tip

(Zangeneh, 1996). The inverse designed
hydrofoil has a high load distribution between
the trailing edge and the center of the hydrofoil.
The number of blades is the only difference
between cases 3 and 4, while cases 5 and 6
have different setting angles at the blade root.
In all cases, the blade-tip diameter and the hub
diameter are 280 mm and 102 mm,
respectively.

PREDICTION METHOD
Simulation Cede

In the simulation code (Tamura, 2002),
there are three main assumptions.

* The liquid phase is incompressible and the
gas phase is compressible.

* No collision and coalescence occurs. The
spherical bubbles are filled with vapor and
non-condensable gas.

* The effects of evaporation and condensation
on the bubble surface are modeled according
to the pressure variation of the non-
condensable gas. Non-condensable gas
pressure varies with isothermal expansion
and adiabatic contraction (Takemura, 1994).

The governing equations used in the
simulation code are composed of the
conservation of the volumetric fraction of the
liquid phase, the conservation of momentum,
the translational and the volumetric motion of
a bubble, and so on. To reduce the calculation
time, the idea of the pseudocompressibility is
introduced in order to avoid the repetitive
calculation of pressure, as in the SMAC

(Simplified Maker And Cell) method (Amsden,

1970).

The volumetric motion of a bubble is
described by the Rayleigh-Plesset equation
(Plesset, 1954),
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where pj is the pressure inside of a bubble, T is
surface tension, and p, is vapor pressure. Both
T and p, are constant. According to Equations
(1) and (2), the bubble radius increases as the
pressure difference between a bubble and the
liquid in the low-pressure region around the
hydrofoil increases. The cavitation is expressed
by the increase of the void fraction, which is
calculated from the bubble radius and the
number of bubbles in a unit volume.

If we solve Equations (1) and (2), bubble
motion can be simulated exactly. However,
precise simulation takes a long time, so it is
unsuitable for predicting the cavitation
performance of a pump. Therefore, in this
study, we assumed local equilibrium between
bubble pressure and liquid pressure by taking
the substantive differential term Dr/Dt to be
zero. This assumption means that the bubble
pressure balances immediately with the local
liquid puressure around each bubble. In the
process of solution convergence, there might
be no equilibrium. In that case, the liquid
pressure is slightly modified to get the
convergence. After the solution is converged, it
is regarded that the correct equilibrium is
obtained.

The simulation code includes a Baldwin-
Lomax-type turbulent model, since the
Reynolds number of the flow is from 3.0 X 10°
to 3.0 X 10°. The number of bubbles in a unit
volume is assumed to be uniform in the flow
field.

Two-Dimensional Hydrofoil Simulaﬁoﬁ

If a cylindrical surface that has the same
axis as the pump impeller is spread out flat, the
impeller blades can be cut out to be as a two-
dimensional cascade as shown in Fig. 2(a). The
three-dimensional shape of an impeller blade
of an axial flow pump is designed by stacking
the two-dimensional hydrofoils. The cavitating
flow simulation is applied to the two-
dimensional hydrofoils on five cylindrical




(a) Cascade

(b) Isolated hydrofoil
Fig.2 Velocity triangles

surfaces between the hub and the blade tip.
The total head of the pump is predicted from
the cavitation performances of the five
hydrofoils as follows.

In this prediction method, the flow around
the isolated hydrofoils [as shown in Fig. 2(b)]
is simulated instead of that around the cascade.
Therefore, the wvelocity triangles for the
cascade should be translated to that of the
isolated hydrofoil in an infinite area. Thus, the
attack angle, o (a=a .~ &), is required as
the boundary condition for the cavitating flow
simulation.

If we assume no prewhirl at the inlet of
the cascade, axial velocity C; is obtained from
flow rate and cross section. Peripheral velocity
U is calculated from the rotating speed and the
radial position of the cascade. Then, the
velocity triangle at the cascade inlet is fixed.
With the velocity triangle at the cascade inlet,
the stagger angle, and the pitch-chord ratio #/,
deflection angle 6 is obtained by executing a
two-dimensional-boundary-layer simulation on
the cascade (Cebeci, 1977)

Figure 3 compares the predicted
deflection angle and the experimental results
on the NACAGS series under a non-cavitating
condition. The predictions agree well with the
experimental data, though the prediction
accuracy decreases with increasing attack
angle o,—&.

Outlet flow angle, a, (a,= a,—0),is
determined from deflection angle 6 . The
velocity triangle at the cascade outlet is fixed.
Attack angle o is obtained from the inlet
angle of the isolated hydrofoill a . .
Consequently, o and the relative velocity at
the inlet of the isolated hydrofoil W, can be
used as the boundary conditions for the
cavitating flow simulation.

We used a C-type grid formed by
hyperbolic partial differential equations. The
nmumber of grid points is 28141, including
181 points on the isolated hydrofoil surface.
The minimum spacing near the surface is 2.0

---0--- Gal. NACA65-1210
—a—~Exp. NACA65-810
---&-- Gal. NACA65-810
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—e—Exp. NACA65-1210
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Fig.3 Deflection angle
(Re=2.45x10°, o« ,=30deg.)

(Blade tip)

Y

(Hub)

section

A
Fig. 4 Local cross section

X 10™* times the chord length. The distance
from the hydrofoil to the simulation boundary
is about 10 times the chord length. '

Lift coefficient C, and drag coefficient C,
on each hydrofoil are obtained from the
cavitating flow simulation. Theoretical head
H,, ,, the efficiency 7, and the total head H,,
are calculated from the following equations
with C, and C,

H, =C, %—j—W»(H%cotﬂw), (3)

L

n=1-2w_ [Usinpa+S2cop.) , 4y
(o C
H, =nH, , ®)

where i is the section number (from 1 to 5). H;
and «; are weight-averaged with local flow
rates to get the total head of the whole impeller
blade H and the averaged attack angle «,, as
follows, ‘

S C4,
H=) H /L
LHCS ©6)
and
5. CA4,
a,, =) 0——
e =2 )

where A4; is the local cross section around the
hydrofoil as shown in Fig. 4, and 4 is the total
cross section [A= 70 (r# — 7]
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Fig. 5 Lift coefficient and drag-lift ratio
(Clark Y 11.7%)

RESULTS AND DISCUSSION
Validation of Simulation Code

Before the application of the cavitating
flow simulation to an axial flow pump, we
verified the simulation code with experimental
data on six isolated hydrofoils : Clark Y 11.7%,
Walchner Profile 7, and the NACA series.

Figure 5 plots the prediction and the
experimental data in the case of the Clark Y
11.7% hydrofoil (inlet velocity was 10.0 m/s
and Reynolds number was 7.0 X 10° ).
Cavitation number ¢ in Fig. 5 is defined by
the following equation,

o=L=P
1/2p,u

oo

®

where vapor pressure p, is the constant, 2300
Pa. The measured lift coefficient remarkably
decreases below a certain cavitation. The
numerical results agree qualitatively with the
experimental ones, though the predicted lift
coefficient decreases gradually with decreasing
cavitation number o . Concerning the drag-lift
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Fig. 7 Prediction accuracy of
cavitation number o

ratio, the prediction is in good quantitative
agreement with the experimental data, except a
few points around the cavitation number of
1.5.

Figure 6 shows the ratio of the predicted
lift coefficient to the measured one under non-
cavitating conditions. The prediction accuracy
is within about +15 %.

Figure 7 shows the ratio of the calculated
cavitation number o g, to the experimental
One G z,,,. These parameters are defined as the
cavitation number when the lift coefficient
drops three percent from the non-cavitating lift
coefficient. When the attack angle is small,

O pew 18 similar with ¢ g,.,, while the prediction
accuracy proportionally  decreases  with
increasing attack angle.

Cavitating Region

Figure 8 shows the calculated void
fraction around the five hydrofoils in an
impeller blade (Case 5). All the hydrofoils have
the same chord length, since the scale of each
hydrofoil is nondimensionalized by the chord
length. NPSH” is the dimensionless NPSH,






