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ABSTRACT

In the very low specific-speed range (N; < 100[m,m*/min, rpm]), the efficiency of turbo-pump designed by
conventional method becomes remarkably low. Therefore, positive-displacement pumps have long been used
widely. However, the positive-displacement pumps have problems such as noise, vibration and need high
manufacturing precision. Recently, since the turbo-pumps are becoming higher in rotational speed and smaller
in size, there are lots of expectation of developing new turbo-pump with high performance at the very low
specific speed range. The purpose of this study is to investigate the intemal flow characteristics of a centrifugal
pump in order to improve the pump performance. The results show that there is large recirculation flow at semi-
open impeller outlet and the pump perfonmance is largely affected by this recirculation flow.

RESUME

Dans le domaine des vitesses spécifiques trés basses (N, < 100 [m, m¥min, t/min]), le rendement des
turboponmipes congues de maniére conventionnelle devient extrémement -faible. De ce fait, des pompes
volumétriques ont 6é1é largement utilisées. Cependant, les pompes volumétriques pressentent des problémes tels
que bruit ou vibrations, et nécessitent une précision élevée lors de la fabrication. Comme les turbopompes
deviennent de plus en plus rapides en vitesse de rotation et compactes en dimensions, il y a beaucoup d'espoir de
développer de nouvelles pompes de haute performance 4 faible vitesse spécifique. Le but de cette étude est
d'examiner les caractéristiques de I'écoulement interme dans une pompe centrifuge afin d'en améliorer les
performances. Les résultats montrent la présence de larges zones de recirculation en sortic de roues semi-
ouvertes et que les performances en sont largement affectées.

NOMENCLATURE

Term Symbol | Definition Term : Symbol | Definition
Specific speed Ns [m,m"/minpm] | | Impeller radius r [mm]
Flow coefficient 0] Q/(Auy) Tip clearance ratio A c/b,

Head cocfficient ' [H/ W 2e)] Tip clcarance c [mm]
Power coefficient v [PApAu)] Impeller width b [mm]
Flow rate Q  |[m’/min] Impeller tip speed u | [ms)
Recirculation flow q, [m*/min] : Impeller blade number Z

Head H [mn] Revolution number n [rpm]

Slip factor k (Vozer Vaz)/ Uy Reynolds number : R, P /1
Tmpeller blade angle B [deg.] Tmpeller inlet / outlet 1/2 | Subscripts
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INTRODUCTION

Positive-displacement pumps have long been used widely in the range of very low specific
speed. However, because of, not only, the problems such as noise, vibration and high
manufacturing precision, but also, the recent trend of small size-high speed, application of
turbo-pump to the very low Ns range is strongly expected. However, efficiency of a

~ centrifugal pump decreases rapidly with a drop of specific speed (Ref. 1). Kurokawa et al.
revealed that the low efficiency of a very low Ns impeller is mainly caused by large disc
friction (Ref. 2). And they also have estimated and proposed the design guideline of high
performance pump at the very low specific speed Ns = 60 (Ref. 3). Besides, more detailed
information of internal flow characteristics is required in order to develop new centrifugal
pump with high performance at the range of a very low Ns. The present paper describes the
results of numerical simulation and experimental measurement of interal flow characternstics
in a very low specific speed centrifugal pump.

APPARATUS AND EXPERIMENTAL AND NUMERICAL METHOD

The schematic view and dimensions of the impellers tested are given in Fig. 1 and Table 1.
Eight kinds of impeller were employed to investigate the intemnal flows. Closed impeller C1
is designed by a conventional method (Ref. 1) and operated on the free impeller condition
which includes parallel walled channel around the impellers and there is no volute casing.
The axial symmetry of the impeller flow is confirmed by constant pressure distribution
around the impeller outlet. Semi-open impeller S1 and S2, which is made of transparent
acrylic resin, is adopted for a visualization pump (with volute). This pump 1s manufactured
for PIV(Particle Image Velocimetry) measurement and have two-dimensional configuration.
Suction cover and volute casing are made of transparent acrylic resin. Double-pulsed Laser
sheet enters the pump in a direction tangential to the test impeller. Closed impeller C2 and
semi-open impeller S3, S3°, S4 and S4” are used for tip clearance variation test. The volute
pump for tip clearance variation test has a suction cover which is made of transparent acrylic
resin in order to conduct LDV(Laser-Doppler Velocimetry) measurement and can be
displaced in the axial direction for tip-clearance adjustment. '

Table 1 Dimensions of test impellers

: Impeller C1 C2 S1 S2 S3 S3 S4 sS4
"r- Type Close | Close :Senu Semi -Selm :Seml :Senu Semi
’ d d -open -open
l open open | open | open

‘FT—)l by [ . 272 1205 {90 225 1205 1205 |20.5 |205

. : P2 225 |60 90 30 60 60 60 60
Y by 16 |10 [8 18 |10 |10 |154 |154

b, 4 2 8 8 2 225 |8 9

T 275 126 16 16 26 26 26 26

I 130 101 60 60 101 91 101 91

Fig. | Schematic view of test Z 3 6 6 4 P 6 6 6
impeller n 750 | 3000 | 700 | 700 | 3000 | 1500 | 3000 | 1500
Po 0.0692 00714 0.0004 | 0.0004 0.0714 0.0714 0.0179 } 0.0179
R, ol o’ | aoaxto® | coxie® | soxte® | 302x10° | 292¢10® | 3.02x10° | 2.9x10°
N, 84 57.5 | 100 100 575 {575 1575 | 575




Proceedings of the XXI® IAHR Symposium on Hydraulic Machinery and Systems
September 9 - 12, 2002, Lausanne

For the numerical analysis of the impeller internal flows, commercial code TASCflow is
used. Governing equation is 3-dimensional Reynolds averaged Navier-Stokes equation which
was discretized by finite volumetric method. Modified LPS scheme is used for discretization
of a convection term. Also, k-0» model is adopted for a turbulence model. Computational grid
consists of one flow passage for each test impeller.

INTERNAL FLOW OF CLOSED TYPE FREE IMPELLER (C1)

Calculated results of relative velocity vectors and slip factor of closed impeller C1 are shown
in Fig. 2. Definite distinction of a very low Ns closed impeller C1 in comparison with a
normal Ns impeller (Ref. 1) is extremely narrow outlet width (b2=4[mm]). Fig. 2(a) reveals
that there is a large vortex flow zone along the blade pressure side in the impeller passage and
strong secondary flow runs from blade suction side to pressure side at the vicinity of impeller
outlet even at design flow rate. This flow pattern is similar to that of potential flow and
different from the flow in the normal Ns impeller (Ref. 4). Similar result has been reported by
other researchers (Ref. 5). The reason of complex flow is considered to be caused by strong
wall friction on the both surfaces of front and main shroud. By the wall friction, Coriolis
force becomes weak in the vicinity of both walls. Flow is extremely deflected to pressure side
by the effect of Coriolis force at the middle plane of blade width. Consequently, even at
design flow rate, there exists strong secondary flow and vortex flow zone between the flow
passage. Also, Kurokawa et al. have found that the best efficient point of impeller C1 is
located at about 200% of the design point (Ref. 2). Slip factor shows that the result of
calculation agree well with that of experiment and Wiesner (Ref. 4) at the design point.

0-6 LI ) ' LR l LEBLEL l LI l L L)
0.5  —*Esp (r=105) ]
T —o— Cale.(rfr,=1.0) i
0.4[ -
-~ - 4
0.3 | _k=0.2005, Wiesner a
0.2

01 QQy1.0
0|||l|/|l|||'||||||'

0 004 008 012 0.16 é
(a) Relative vectors (Q/Qp=1.0) (b) Slip factor
Fig. 2 Very low specific speed closed impeller C1 (N;=84, no volute)

(a) Near to suction cover  (b) Near to main shroud

Inflow

Fig. 3 Measured relative velocity vectors Fig. 4 Calculated relative velocity vectors
of a Semi-open impeller S1 of a semi-open impeller 83’

(N;=100, 0/Qs=0.25) (Ns=57.5, /Q0=1.0, 1:=4.0)
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RELATIVE VELOCITY VECTORS OF A SEMI-OPEN IMPELLER (S1, S3°)

Relative velocity vectors of semi-open impellers S1 and S3°. are shown in Fig. 3 and 4,
respectively. Fig. 3 is the result of PIV measurement. There are strong reverse flow at the
outlet of semi-open impeller S1 (Ns=100). Morcover, a large vortex flow zone is formed at
the pressure side of impeller outlet at low flow rate Q/Q0=0.25 (Fig. 3). The vortex
disappears gradually as flow rate increases but the reverse flow remains regardless of flow
rate. Fig. 4(c) shows calculated relative velocity vectors of meridian cross sectional plane for
the case of large tip clearance 1.2=4.0, and reveals that there exists a strong recirculation flow.
This recirculation flow causes a large difference of flow pattern between a semi-open
impeller (Fig. 4(a)&(c)) and a closed impeller (Fig. 2(a)). There exist strong reverse flow at
tip clearance (Fig. 4(a)) and outflow at the side of main shroud (Fig. 4(b)) in the very low Ns
semi-open impeller. According to the numerical simulation, the recirculation flow zone
becomes larger at impeller outlet as tip clearance ratio increases.

CHANGE OF PERFORMANCE CURVES AS PER TIP CLEARANCE RATIO

Performance curves of a volute pump as per the variation of tip clearance ratio is shown in
Fig. 5. Design specific speed of the test impeller is Ns=57.5. As tip clearance ratio decreases,
head becomes higher with an increase of efficiency. However, simultancously, performance
instability, which is characterized by the increasing head curve as per the increase of flow
rate, increases. Accordingly, with appropriate tip clearance ratio, semi-open impeller can be
applied to the countermeasure of performance instability of closed impeller. Fig. 6 indicates
that as tip clearance ratio decreases, the best efficiency and the design point efficiency
increases at the same time. And each efficiency of the impellers as per tip clearance ratio can
be expressed in one curve with gentle gradient and saturates in the range of A2>2.
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Fig. 5 Performance curves Fig. 6 Efficiency variation to tip clearance ratio
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Fig. 7 Slip factor of very low N; semi-open impellers as per flow rate and tip clearance ratio

SLIP FACTOR OF SEMI-OPEN IMPELLERS

Slip factor of very low Ns semi-open impeller is shown in Fig. 7 against the variation of flow
rate and tip clearance. Slip factor of conventional closed impeller is known to agree well with
the value of Wiesner regardless of flow rate (Ref. 7). However, the slip factor of very low Ns
semi-open impeller is larger than that of Wiesner through whole flow rate as shown in Fig. 7.
While, slip factor of very low Ns semi-open impeller increases according to the increase of
tip clearance ratio as shown in Fig. 7(b). Fig. 7(c) reveals that the inclination of the slip factor
become flat at A2>2 and, as tip clearance ratio goes to zero, the slip factor becomes same as
that of closed impeller. The tendency of slip factor for the change of tip clearance ratio is
almost same as that of efficiency in the very low Ns semi-open impeller as shown in Fig. 6.
Accordingly, it is considered that the slip factor of very low Ns semi-open impeller has
dominating effect on the performance of impeller.

RECIRCULATION FLOW AND PERFORMANCE ESTIMATE

As shown in Fig. 5, the head and cfficiency curves of a closed impeller C2 is much higher
than that of a semi-open impeller S3, though the configuration is same except for the front
shroud. The theoretical heads of both impellers are same. And, the difference of slip factor is
not large as is revealed by Fig. 7(c). The large difference of head curve should be caused by
the difference of impeller outlet flow, that is the absolute peripheral velocity. To examine
this, the radial distribution of the absolute circumferential velocity was measured. In Fig. 8,
the measured circumferential velocity is plotted against radius, together with the data of
normal Ns impeller (Ref. 6). In case of normal Ns impeller (both closed and semi-open),
absolute circumferential velocity ratio to the impeller radius increases gradually from
impeller inlet to outlet and the velocity decreases steeply just after coming out the impeller
outlet (Ref. 6). However, very low Ns semi-open impeller has different velocity distribution
depending on specific speed Ns. The velocity distribution of impeller S1 (Ns=100) indicates
that absolute circumferential velocity at impeller inlet is higher than that of normal Ns
impeller and the gradual increment of velocity distribution changes to steep decrement after
the radius ratio /r2=0.8. The difference of velocity distribution become more deviated from
normal Ns impeller in case of very low specific speed impeller S4°(Ns=57.5). The velocity
distribution of impeller S4° is flat from impeller inlet and decrease steeply after 1/12=0.8. It is
considered that the steep decline of circumferential velocity at the outlet of very low Ns
impeller and high absolute circumferential velocity ratio in the impeller flow passage result
from the effect of large recirculation shown in Fig. 4(c). This recirculation flow takes low
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angular momentum into impeller passage and reduce the angular momentum of outlet flow
largely. ’
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In order to determine the recirculation flow effect on the head curve of a semi-open impeller,
the outlet flow pattern is modeled as shown in Fig. 9(a). Using the recirculation flow rate gs ,
the angular momentum balance in the control volume in Fig. 9(a) is expressed as

=T+ P(q,+q)vr, = P(Q+qs +q)(vu2r2 _v"";) 0

where T is supplied torque, Tf is a friction torque consumed by a front shroud, pis density of
fluid, q is leakage flow and vu2 is circumferential velocity of impeller outflow. Putting
0=qs/(Q+q), the theoretical head of semi-open impeller Hth® is expressed using Hth of a
closed impeller as below.

H. f e

= +
1+f; 1+f¢

1
[

-AH,,  where AHy=ux Vio-V,2" ) @

where vu2’ is circumferential velocity of recirculation flow at impeller outlet. The above-
obtained theoretical head Hth" of a semi-open impeller and the power induced by equation (1)
are shown in Fig. 9(b). Except for high and partial flow rate, there is good agreement between
input power and calculated power. Consequently, the reason of performance difference
between a semi-open impeller and a closed impeller is concluded to the existence of
recirculation flow at semi-open impeller outlet.

CONCLUSION

1. The main difference of performance between semi-open impeller and closed impeller
in the range of very low N results from recirculation flow at the outlet of semi-open
impeller. The recirculation flow causes the performance drop of semi-open impeller in
case of large tip clearance ratio.

2. In the semi-open impeller, slip factor differs from that of closed impeller. The slip
factor of semi-open impeller is higher than that of conventional normal N; closed
impeller. Additional slip due to a recirculation flow is proposed.
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Slip factor and pump efficiency are just related to tip clearance ratio, not to blade
width in a semi-open impeller. As the tip clearance increases, there are increase of slip
factor and decrease of efficiency. However, there exist constant value of slip factor
and efficiency regardless of tip clearance increase at the range of tip clearance ratio
larger than 2.0.
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