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Abstract 

In Part I of this paper, a mixed-flow pump impeller was designed 
by a fully three-dimensional inverse design method, aimed at 
suppressing the secondary flows on the blade suction surface. In this 
part, the internal flow fields of the impeller are investigated 
experimentally, using flow visualization and phase-locked 
measurements of the impeller exit flow, in order to validate the effects 
of secondary flow suppression. The flow fields are compared with 
those of a conventional impeller, and it is confirmed that the secondary 
flows on the blade suction surface are well suppressed and the 
uniformity of the exit flow fields is improved substantially, in both 
circumferential and spanwise directions. The effects of tip clearance 
and the number of blades for the inverse designed impeller are also 
investigated experimentally and numerically. 

Nomenclature 

H head (m) 
I 	meridional blade chord length 
LE impeller leading edge 
Q 	flow rate (m 3  / sec) 
Q* flow rate ratio = Q /( Q at design point ) 
r 	radius 
TE impeller trailing edge 
U 	peripheral blade speed 
W relative velocity 
[3 	blade angle measured from circumferential direction 
12 	angular rotation frequency (radian / sec) 

alibaCrilla 
1 	inlet 
2 	exit 
m midspan 
t 	blade tip 

Introduction 

It is well acknowledged that secondary flows have dominating 
effects in establishing exit flow non-uniformity of centrifugal and 
mixed-flow turbomachinery impellers. The secondary flow pattern 
inside the impeller not only affects the performance and the stability of 
the impeller itself, but also the performance of the downstream 
diffuser, which accepts the impeller discharge flow. Goto (1992a) 
studied the process of the jet-wake flow formation by secondary 
flows, inside an isolated mixed-flow pump impeller at various tip 
clearances, based on experimental observations and numerical 
computations. The link between the jet-wake flow pattern and the 
onset of the positively sloped head-flow characteristics (stall onset) 
was also investigated by Coto (1992b), and it was found that 
impellers stalled at higher flow rates when the wake regions located 
closer to the casing-suction surface corner. 
• In Pan 1 of this paper (Zangeneh et al., 1994), a mixed-flow 

pump impeller was designed by a fully three-dimensional inverse 
design method, aimed at suppressing the secondary flows on the blade 
suction surface. Numerical computation by the Dawes Navier-Stokes 
code predicted well-suppressed secondary flows on the blade suction 
surface, and substantial improvement in the exit flow field were 
achieved compared to the predicted flow fields of a corresponding 
conventional impeller. 

In Part 2 of the present paper, the internal flow fields of the 
impeller are investigated experimentally in order to validate the 
effectiveness of the three-dimensional inverse design method. The 
flow fields are compared with those of a conventional impeller, and 
the secondary flow suppression and the uniformity of the exit flow 
fields are discussed. The effects of tip clearance and the number of 
blades for the inverse designed impeller are also discussed. 

Experimental Apparatus and Method 

ItikaUb211 
Figure 1 schematically shows the cross section of a mixed-flow 

pump stage used for performance tests and flow field measurements. 
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Station B 
Exit flow measurements 

Station A 
„„ Inlet flow measurements 

Diffuser blades 

Table I Design Specification 

hub / midspan / shroud Design flow rate : 9.2 m 3  / min 

rj (mm) 58.0 / 102.3 / 132.5 Design pump head : 6.5 mH20 

r2 (mm) 142.5 / 157.8/ 171.7 Rotational speed : 800 rev / min 

The inlet of the diffuser blades were moved to the downstream 
location away from the trailing edge of the impeller in order to 
measure the impeller exit flows at Station B under the isolated impeller 
configuration. Experiments were carried out on both the inverse 
designed impeller and the corresponding conventional impeller. The 
design specific speed of the pump was 12.1175/(gH) 3/4=-1.34, i.e. 550 
(rpm,m 3/min,m). Water was used as the test fluid and the pump stage 
was placed in a closed flow loop consisting of a 440-mm-dia suction 
pipe, a 350-mm-dia delivery pipe, a 10.3-m 3  reservoir tank, and a 
return line with venturi tubes and throttles. Performance tests were 
conducted according to ISO standards. The impeller speed was 800 
rpm giving a Reynolds number of Re =Wil m  /v = 1.33 x 106  at the 
design point. 

Model Impellers  
Each blade of the inverse designed impeller was manufactured 

from a block of bronze material by a 5-axis numerically controlled 
milling machine, and thus manufactured 7 blades were stacked into a 
hub to form a 7 bladed impeller. The impeller was also tested under a 
5 bladed configuration by replacing the hub. The front shroud was 
removable and so the effects of the tip leakage flow were also 
examined experimentally. The blade tip clearance was 0.5mm in all 
unshrouded cases including conventional impeller case. The design 
criteria and specifications were described in detail in Part 1 of this 
paper (Zangeneh et al., 1994). In contrast, the corresponding 
conventional impeller was designed as a 5 bladed impeller by simply 
connecting the inlet and the exit blade angles with a smooth monotonic 
curve on each stream surface. The conventional impeller was made by 
casting and the blade surface finish was applied to make the flow 
passage hydrodynamically smooth. The unshrouded conventional 
impeller was made by removing the front shroud by machining. The 
meridional geometries of the inverse designed and conventional 
impellers were identical, apart from the curved leading edge in the 
conventional impeller which was replaced by a straight line connecting 
the hub and shroud in the inverse design. The meridional geometry 
and design conditions are given in Table I, and the test cases are 
summarized in Table 2. Here, suffix "u" represents the unsluvuded 
case, "s" the shrouded case, "5" the five bladed case, and "7" the 
seven bladed case. 

Figure 2 compares the geometry of the inverse designed impeller 
(CU-u5) with that of the conventional impeller(0-u5) under 5 bladed 
unshrouded configuration. The trailing edge of the inverse designed 
impeller is inclined in the counter-rotating direction towards the tip, 
and the effect of the stacking condition adapted in this particular 
design is clearly observed. As was discussed in Part 1 of the paper, 
the spanwise gradients of reduced static pressure are well correlated 
with the presence of meridional secondary flows (also see Cumpsty, 
1989). The blade lean of CII impeller reduced the blade loading near 
the tip and increased the loading at the hub. Because of this, the 
spanwise gradients of reduced static pressure were reduced and it was 
possible to suppress the spanwise secondary flows on the blade 
suction surface. On the other hand, the blade lean of the conventional 
impeller is in the opposite direction, although there is no clear 
hydrodynamic background in this case. Table 3 shows the absolute 
difference in blade angles between these two impellers at three 
different locations. The difference in blade angle is quite substantial, 
and it is easily understood that such blade shape can never be reached 
by conventional design hypothesis. 

Flow Field Measurements and Flow Visualization  
Besides the performance tests, inlet and exit flow measurements 

of the impeller were carried out using two types of pressure probes. 

Fig.] Cross section of mixed-flow pump stage 

Table 2 Test Cases 

Test 
Case 

Blade 
Number 

Performance 
Tests 

Flow 
Visualization 

Exit Flow 
Measurements 

0-s5 5 X 

0-us 5 X X X 

CII-s7 7 X X X 

CII-u7 7 X X X 

al-u5 5 X X 
0: Conventional Design 	CU: Inverse Design 
s: Shrouded 	Unshrouded 

(a) Inverse designed impeller CII-115 

(b) Conventional impeller 0-u5 

Fig.2 Comparison of impeller configuration 
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The inlet flow was measured by an ordinary 3-hole Pitot probe at 
Station A, and the relative exit flow was measured by a two-hole Pitot 
probe with high frequency response at Station B (Fig.1), 8mm 
downstream of the trailing edge. In the latter probe, two diffusion type 
semi-conductor pressure transducers were placed in the stem tube. 
The resonance frequency of the pressure sensing system was about 
5.6kHz and was high enough compared with the blade passing 
frequency of 67 Hz at 800 rpm. Three-dimensional relative flow fields 
at the impeller exit were measured by the phase-locked multi-sampling 
and averaging technique (For details on the measuring system, the 
data reduction method, and the accuracy of measurements, see Goto, 
1988). 

In order to assess the magnitude of the secondary flows within the 
impellers, flow visualization of the wall streamlines was carried out 
using an oil-film technique. The viscosity of the oil was carefully 
adjusted, depending on the local velocity on the flow passage walls, to 
get clear pictures of the flow pattern. 

Accuracy of Measurements 
The probable uncertainty in the data reduction process and the 

measuring system of the two-hole pitot probe has been evaluated by 
Goto( 1988) using a calibration test rig. The accuracy is 12.5% in the 
static pressure, ±1.3% in the velocity, 1-0.3 degrees in the yaw angle, 
and ±I degree in the pitch angle. It has also been confirmed that the 
steady state calibration curves are correctly applicable to the present 
unsteady flow. 

The flow rates obtained by the integration of measured velocity 
fields agreed with those obtained by the venturi tubes at an accuracy of 
±5% in all cases presented in this paper. 

Discussion on Numerical Results 

In Part 1 of this paper, the inverse designed impeller CII was 
designed as a 7 bladed shrouded impeller (CII-s7). In the following 
experimental investigations, impeller CII was tested with and without 
the shroud, and under 7 and 5 bladed configuration in order to see the 
effects of the tip clearance and the difference in blade numbers. In the 
present section, the effects of the tip clearance and the reduction in the 
blade number are numerically investigated beforehand, based on the 
computations by an incompressible version of the Dawes 3-D Navier-
Stokes code (Walker and Dawes, 1990) at the design operating 
condition. Goto (1992a) applied the Dawes code to the present 
conventional impeller 0 at various tip clearances, including the 
shrouded case, and compared the predicted jet-wake flow pattern with 
that in experiments at the exit of the impeller. The results show that 
the Dawes code can capture the characteristic feature of the difference 
in the secondary flow pattern and the resulting jet-wake flow 
development inside the impeller. 

Effects of Tin Clearance 
The present three-dimensional inverse design method does not take 

into account the effects of tip clearance. However, both shrouded and 
unshrouded impellers are widely used, and there are also a number of 
literatures which show the dominating influence of the tip leakage 
flow on the three-dimensional flow pattern, such as a jet-wake flow 
formation pattern. 

The Dawes code was applied to compare the secondary flow 
pattern between the unshrouded CII impeller (CII-u7) and the 
unshrouded conventional impeller 0-u5. Figure 3 shows the 
computational grid for CII-u7 with a tip clearance of 0.5mm. The grid 
points were clustered near the endwalls and blade surfaces, and the 
blade tip was rounded off in the simulation. There were only two 
meshes in the clearance, but this should be enough to capture the 
global effects of the tip leakage flow. The grid size of 29 x 125 x 29 
(pitchwise x streamwise x spanwise) required about 10 hours of CPU 
time on a single processor of a Convex C220 computer (100MFlops). 

Figure 4 compares the secondary flow pattern between CII-u7 and 
0-u5 impellers on the meridional plane close to the blade suction 
surface. The relative velocity contours at two different strearnwise 
locations, on quasi-orthogonal planes at 50%-chord and the trailing 

Table 3 Absolute difference in blade angles 

I D CII- 13  Conventional I 

Location Shroud Hub 

8%-chord 1.7 2.4 

50%-chord 7.3 1.6 

92%-chord 10.3 17.8 

(degree) 

Fig.3 Computational grid on Meridional Plane 
( case CII-u7, grid sizen29x125x29 ) 

edge, are also presented. The secondary flows, on the blade suction 
surface of CII, were better suppressed than those of the unshrouded 
conventional impeller (Fig.4c), and the exit flow was fairly uniform in 
the spanwise direction. In the case of 0-u5, the non-uniformity of the 
exit flow fields was not as unfavorable as that of the shrouded case 0- 
s5, presented in Part 1 of this paper. This was considered to be 
caused by the positive effects of the tip leakage flow. However, the 
non-uniformity of the exit flow fields still existed near the casing, and 
this may adversely affect not only the efficiency and the stability of the 
impeller but also the performance of the downstream diffuser, which 
accepts the impeller exit flow. At 50%-chord location (Fig.4a), there 
appeared low relative velocity region close to the casing due to the tip 
leakage vortex in both CU-u7 and 0-u5. However, at the trailing edge 
plane (Fig.4b), the casing viscous region is thinner in CU-u7. This is 
considered to be the effects of secondary flow suppression in CH -u7. 
Overall, the present computations show very little effects by the tip 
leakage vortex on the suppression of secondary flows on the blade 
suction surface. 

Effects of Blade Number 
Figure 4b shows much thicker blade boundary layer in CU-u7, 

between 25%-span and the blade tip. The inverse designed impeller 
had 7 blades and the blade angle was much lower than that of the 
conventional impeller in the tip region. These two factors made the 
effective passage area of CU-u7 very narrow. In addition to this, the 
blade length was longer in CII at the tip due to the small blade angle. 
Because of this, more friction losses could be generated in CU-u7, 
and made the blade boundary layer thicker towards the blade tip. It 
was felt unfair to compare the internal flows between the 7 bladed 
inverse designed impeller and those of the conventional impeller, 
originally designed under the 5 bladed configuration. So, it was 
decided to do additional experiments for CII with reduced blade 
number of 5, although this could have deteriorated the secondary flow 
suppression effects. In this paragraph, the effect of the reduction in 
blade number is discussed based on numerical predictions. 
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0-u5 impeller CII-u7 impeller 

0.65 0.80 

0.70 	0.50 	(a) Relative velocity at 50%-chord 
(Quasi-orthogonal plane, J=61) 

035 
(b) Relative velocity at TE 

4„ 	(Quasi-orthogonal plane, 1=100) 
—„ 

" 
; 

(c) Suction surface velocity 
(Meridional plane, 1=28) 

4.„ ,  

"."' 	 , 

Fig.4 Comparison of predicted flow patterns for 
unshoruded cases CII-u7 and 0-us 

(Contour interval = 0.05, Normarized by U2m) 

Figure 5 compares the relative velocity contours between CII-s7 
and CII-s5 at two different streamwise locations, on quasi-orthogonal 
planes at 50%-chord and the trailing edge. The secondary flow 
pattern on the meridional plane close to the blade suction surface is 
also presented. The boundary layer thickness, relative to the pitch 
length, was reduced in C1I-s5 because of the less blockage effects of 
the blade thickness. The meridional secondary flow is similar 
between CI1-s7 and CII-s5, and their magnitude is still much weaker 
than that in the conventional impeller (see impeller 0-u5 case in Fig.4c 
for example), and an uniform exit flow is achieved. In impeller CII-
s5 case (Fig.5b, right), the low relative velocity region emerged to the 
midpitch location along the casing, compared to the case of CII-s7 
(Fig3b, left) where it stayed closer to the blade, suggesting a slight 
increase in the suction surface secondary flows. 

The boundary layer of CII-s5 (Fig.5b, right) is still thicker than 
that of 0-s5 (see Fig.10 of Part 1). There are probably two main 
causes. One is the small blade angle and the longer blade chord length 
at the tip of CII impeller. The blade length at the tip of C11 is 1.5 
times longer than that of the conventional impeller. Also the small  

blade angle made the effective flow passage fairly narrow, and the 
relative velocity was increased especially in the tip region. The other 
possible cause is the underestimated hydrodynamic blockage in the 
present inverse design (see discussion in "Overall Performance" of 
Part 1). Since the blockage effects were underestimated, the relative 
flow was accelerated in reality towards the exit and generated 
substantial amount of friction losses. The thick blade boundary layers 
may affect the impeller and the pump stage performances adversely, 
although the overall exit flow non-uniformity was improved in Cu 
impeller. 

Discussion on Experimental Results 

Overall Characteristics 
The overall performance of the pump stage with the inverse 

designed CII-s7 (shrouded 7 bladed) impeller was compared with that 
of a conventional impeller. Since the overall performance of 0-s7, 
having the same number of blades, had not been measured, the 
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TE 

oar° 

(b) Relative velocity at TE 
(Quasi-orthogonal plane, J=100) 

CI!-s5 impeller CII-s7 impeller 

0.65 
0.80 

0.35 
0.35 	(a) Relative velocity at 50%-chord 

(Quasi-orthogonal plane, J=61) Hub 

_ 
(c) Suction surface velocity vectors _ 

(Meridional plane, 1=28) 	 - 

- 

Fig.5 Comparison of predicted flow patterns for 
CH with different blade number 

(Contour interval = 0.05, Normarized by U2m) 

performance of 0-s5 was selected for reference and compared with 
that of CII-s7 (Fig.6). The pump head and the shaft power were 
normalized by the values for 0-s5 at the design point. 

The pump stage with the inverse designed impeller CII-s7 showed 
substantially lower pump head than that of the conventional impeller 
0-s5 by about 15%. In the present cases, the shaft power is directly 
related to the impeller work input or Euler head, as the disk friction 
and the mechanical losses were fairly small. So, Fig.6 clearly shows 
that the lower head was caused by the lower impeller work input or 
lower Euler head of CH-s7. As was discussed in Part 1 of this paper, 
the main cause of this discrepancy is considered to be the blockage 
effects by the viscous region, developing along the flow passage 
walls. Since the viscous blockage effects were underestimated in the 
present inverse design, the relative flow inside the inverse designed 
impeller was accelerated in reality and the slip velocity was increased, 
giving lower swirl velocity inside and at the exit of the impeller. The 
percentage of the head reduction was larger than that of the shaft 
power, and so the hydraulic efficiency was also lower in the case of 
C11-s7. The excessive friction loss, discussed in the previous chapter, 
is considered Lobe responsible for this poor efficiency. 

The stall, positively sloped head-flow characteristics, occurred late 
at the lower flow rate for C11-s7, and the stall margin was extended by 
17 points (from Q•=0.837 to 0.665). This is possibly because of the 
secondary flow suppression on the suction surfaces of CII-s7 impeller 
blades, predicted by the numerical computations. However, since 
CII-s7 was lightly loaded, giving lower Euler head, the difference in 
the flow fields should be compared experimentally in detail in order to 
confirm the actual capability of the inverse design for secondary flow 
suppression. 

Flow Visualization  
In order to confirm the effects of secondary flow suppression, 

flow visualization was carried out for three impellers: 0-u5, 01-s7 
and 0I-u7. Figure 7 shows the oil-film flow pattern on the blade 
suction surfaces at the design point. In the cases of the CII impeller, 
one blade among the 7 blades was taken off from the hub to make the 
flow pattern more visible. The streak of the oil-film flow pattern, 
which reached the tip of the each trailing edge, was traced in the 
upstream direction and the starting point at the leading edge was 
marked with a solid circle. The streak line reached around the root of 
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(a) CII-s7 impeller 

Trace of tip 
leakage vortex 

tts 

(b) CI1-u7 impeller, 

•"'" 

(c) CII-u7 impeller 
(Numerical prediction, 
Meridional plane, 1=2) 

Fig.6 Comparison of measured overall performances 
between C11-s7 and 0-s5 

(c) 0-u5 impeller 

Fig.7 Comparison of oil-film flow pattern 
on suction surface 

the leading edge in case 0-u5, while it reached around the 40%-span 
location in both CII-s7 and 01-u7 cases. So, the secondary flows on 
the blade suction surfaces in cases CII-s7 and CII-u7 were relatively 
weak and were suppressed successfully, compared to the conventional 
design case 0-u5. 

The numerical computations for al-s7 and al-u7 (Fig.4c, right 
and Fig.5c, left) predicted fairly suppressed suction surface secondary 
flows compared to the case of 0-u5 (Fig4c, left), showing good 
qualitative agreement with the measured oil-film flow patten (Fig.7). 
The numerical predictions, for inverse designed impellers, show 
increased secondary flows close to the hub surfaces between 45% and 
75%-chord. This flow pattern was also observed in Fig.7a and b. 
Around the midspan of the inverse designed impellers, the oil-film 
flow pattern shows almost no secondary flow motion in the fore part 
region, while it was convected radially outward toward exit which 
was not predicted by numerical computations. This is considered to 
be partly because of the centrifugal force acting on the oil film due to 
the slight difference in specific gravity between oil and water. 

The numerical computations predicted minor effects of the tip 
leakage flow on the suction surface secondary flows, and this was 
also confirmed experimentally by flow visualization. However, an 

- 
Fig.8 Comparison of secondary flow pattern 

on pressure surface 

6 

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/G

T/proceedings-pdf/G
T1994/78835/V001T01A015/2404684/v001t01a015-94-gt-046.pdf by guest on 16 August 2022



• 0.2 

U 0 

5 

▪  

o. 

0.0 
u 0 	0.2 	0.4 	0.6 

( Hub ) 	Radius Ratio 

1 (b) 0'1 =0.85 

0.8 	1.0 
( Shroud ) Radius Ratio 

0.4 	0.6 	0.8 	1 0 
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0.00 
u 0 	0.2 

( Hub ) 

0.00 
0.20 

0 

0.0 
0.3 

CII-s7 
0- 5 

apparent difference was observed on the pressure surface close to the 
casing. Figure 8 compares the oil-film flow pattern on the pressure 
surfaces between CII-s7 and CII-u7. The secondary flow pattern of 
CII-u7, predicted by a numerical computation, is also presented. The 
tip leakage vortex of CII-u7 crossed over the pitch along the casing 
and reached to the adjacent pressure surface, showing downward 
movement of the oil-film flow pattern around the blade tip. The 
numerical computation failed to predict this phenomena possibly 
because of the insufficient grid number in the tip region. The 
predicted secondary flows were much stronger on the pressure surface 
than that on the suction surface, and this was confirmed by flow 
visualization. 

Circumferentially Averned Exit Flow  
The impeller exit relative flow fields, measured by the two-hole 

unsteady Pitot probe, were compared among the CuI-s7, CII-u7, CII-
u5 and 0-u5 impellers in order to see the effects of the tip clearance 
and the blade number. The flow loss is defined as the rothalpy 
difference between the measuring plane and the upstream plane of the 
impeller, where the flow is considered to be uniform. It was assumed 
that there is no inlet pm-rotation, and the inlet flow measurements 
showed that this assumption was correct at both Q*=1.0 and 0.85 
discussed here. The inlet recirculation was not observed at Station A 
until the onset of the positively-sloped head-flow characteristics. 

Figure 9a shows the spanwise distribution of the flow losses, 
mass avenged circumferentially, at the design point. The flow loss 
was extremely high in CH-s7 towards the shroud because of high 
friction loss in this region, as was discussed in the previous section. 

However, the loss was reduced substantially when there was a tip 
clearance (CII-u7). The tip clearance of 0.5mm corresponds to only 
0.8% of the exit blade span height, and so a small amount of leakage 
flow at the tip had large effect over the whole flow fields. The loss 
distributions between the 65% and 20% span are identical between 
01-s7 and CII-u7. The reduction of the blade number from 7 (CII-
u7) to 5 (CII-u5) further reduced the flow losses between the casing 
and the 30%-span location. The high generation of friction losses of 
CH-u7 had great influence over the whole flow fields. The flow loss 
of CII-us is lower than that of the conventional impeller 0-u5, 
especially in the outer region between the 60% and 90% span. 
However, the loss of CuI-u5 tends to increase closer to the casing, 
possibly because of less effective suppression of the blade surface 
secondary flows, due to the reduced blade number and the resulting 
migration of the high loss fluid in the tip region, as was discussed in 
Fig.5. 

Figure 9b shows the distributions at an 85% flow rate of the 
design point (Q*=0.85). The trend is similar to that of the design 
point, but the flow losses were much less in CH-u5 than those in 0-u5 
between the 30% and 80% span locations. The peak value of the loss 
in CII-s7 is lower than that of the design point (Fig.9a), since the 
friction loss is reduced due to the reduced flow rate and the relative 
velocity. 

Figure 10 compares the spanwise distribution of the meridional 
velocity. Here, the radial and the axial components of the velocity 
were area-averaged in the circumferential direction. At the design 
point, Fig.10a, the meridional velocity distribution of CU-u5 is more 
uniform compared to that of the 0-us impeller between the hub and 

Fig.9 Measured spanwise loss distribution 
( at Station B, mass-averaged circumferentially) 

riga() Measured spanwise meridional velocity distribution 
( at Station B, area-averaged circumferentially) 

- 
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the 80%-span location. However, the meridional velocity close to the 
tip becomes low in CII impellers due to high loss generation in this 
region. When the flow rate was reduced to Q*4.85 (Fig.10b), 
meridional velocity deficit clearly increased in the 0-u5 impeller 
between its 40% and 80% span locations, which corresponds to the 
high loss region in Fig.10b. The observed lower loss and more 
uniform meridional velocity distributions in the inverse designed 
impeller CII-u5 are related with the difference in secondary flow 
pattern inside the impeller, and this will be discussed in detail in the 
next paragraph 

Exit Jet-Wake Flow Pattern  
Figures 11 and 12 compare the measured relative velocity contours 

on the quasi-orthogonal planes at the exit of the impeller (Station B, 
Fig.1). The approximate locations of the blade trailing edges are 
mentioned with broken lines. The low relative velocity region of C11- 
s7 was extremely wide because of the excessive friction loss generated 
in the shroud region. When the shroud was removed (C11-u7), the 
flow fields near the casing were significantly improved, and further 
improvements were achieved when the blade number was reduced to 5 
(CII-u5). 

In the case of unshrouded impellers, the high loss fluid, conveyed 
by the suction surface secondary flows towards the tip, rolled into the 
tip leakage vortex. On the other hand, there was a fairly strong 
passage vortex around the pressure side of the passage (secondary 
flows from the pressure surface to the suction surface of the blade 
along the casing), due to the large pressure gradient generated by the 
Coriolis force. The wake flow, low relative velocity region, formed 
in the interaction region between these two vortex motions, and tended 
to be rolled up away from the casing (see Goto, 1992a). The flow 
fields of 0-u5 were highly non-uniform due to thus formed jet-wake 
flow pattern. The region, where high loss was observed in Fig.9, 
corresponds to the wake flow regions in Fig.11 and Fig.12. As the  

flow rate was reduced, the flow fields in 0-u5 became extremely non-
uniform in both spanwise and pitchwise directions (Fig.12d). The 
strength of the suction surface secondary flows, the tip leakage 
vortex, and the passage vortex were all intensified at partial flow rates; 
the wake flow was formed further away from the casing. This is the 
reason of the high loss and the low meridional velocity existing 
between the 40% and 80%-span locations in the conventional impeller 
0-u5 (see Fig.9b and Fig.10b). 

On the other hand, the flow fields of CI1-u5 (Fig.11c) were fairly 
uniform in both spanwise and pitchwise directions, suggesting much 
weaker secondary flows on the suction surface of CU impellers. No 
accumulation of low relative velocity fluids was observed here. When 
the flow rate was reduced to Q.=085 (Fig.12d), there appeared a 
small amount of accumulation in the casing region, but the flow fields 
of CII-u5 still remained fairly uniform, compared to the appreciable 
growth in the wake flow region in the conventional 0-u5 impeller. 

The blade wake flows, predicted by numerical computations 
(Fig.4b and Fig3b) at the trailing edge planes, have already mixed out 
and can not be observed in Fig.11. Although the numerical 
computations succeeded in predicting secondary flow pattern on blade 
surfaces, they failed to predict the characteristic feature of the flow 
fields at the exit of the impellers, such as the low relative velocity 
region existed widely along the casing for CII-s7, the flow field 
improvement in the, casing region by introducing tip clearance 
(compare Fig.11a,b with Fig.5b and Fig.4b) and the rolling up of the 
wake flow in 0-u5 impeller caused by the strong interaction between 
the tip leakage and the passage vortices. 

Concluding Remarks 

In Part 1 of this paper, a medium specific speed mixed-flow pump 
impeller was designed by a fully three-dimensional inverse design 
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method. The objective of the design was the suppression of the 
secondary flows on the blade suction surface, which could be the 
cause of exit flow non-uniformity and the instability of the impeller. 
Predictions by the Dawes 3-D Navier-Stokes code showed well-
suppressed blade suction surface secondary flows and fairly uniform 
impeller exit flow fields compared to those of the conventional 
impeller. 

In this part, the internal flow fields of the inverse designed 
impeller were investigated experimentally to confirm the capability of 
the present three-dimensional inverse design method, especially in 
terms of suppression of secondary flows on the blade suction surface. 
The flow fields were compared with those of a corresponding 
conventional impeller, and it was confirmed that the secondary flows 
on the blade suction surface were well suppressed and the uniformity 
of the exit flow fields was improved substantially in both 
circumferential and spanwise directions. 

It is well acknowledged that secondary flows play a very important 
role to produce the exit flow non-uniformity such as the jet-wake flow 
pattern at the exit of centrifugal and mixed-flow turbomachines. This 
phenomena often deteriorates the performance and the stability of the 
downstream diffuser and the stage. A substantial amount of efforts 
have been devoted to control secondary flows by applying a variety of 
empiricism, experience and more recently the iterative use of advanced 
CFD (computational fluid dynamics) techniques, with the expense of 
time and cost. The present paper showed that it is possible to control 
secondary flows within the impeller in a more theoretical way by the 
application of the three-dimensional inverse design method. It is also 
possible to minimize the loss generation by the careful choice of the 
input specification in the inverse design method, such as optimum 
blade number, appropriate hydrodynamic blockage and the loading 
distribution. 
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