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The Influence on the Meridional
Impeller Shape on the Energy-
Transfer in Centrifugal

e | COmpressors

Institute for Turbomachinery, . ) ) o ) )
University of Hannover, Germany Three radial flow impellers were tested having an elliptic blade shape and identical

blade geometry at inlet and exit but different shapes of the meridional contours.
The compressor maps with pressure ratios up to 2.9:1 are compared using time-

K. Bammert

P. Knapp‘ dependent measurements of the static pressure at the shroud and of the flow angles
Klein, Schanzlin & Becker AG., closely downstream of the impeller. From these measurements, the influence of im-
Saarbriicken, Germany peller shap on the jet-and-wake flow is discussed. It is shown that with increasing

impeller length, the wake zone at the suction side of the blades can be only partially
influenced and friction losses become dominant with respect to compressor per-
formance. A smooth curvature of the meridional cross section of the impeller chan-
nel leads to a better jet-wake ratio at impeller exit. Accordingly, the performance
characteristic shows higher values especially when the mass flow is increased.
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NOMENCLATURE X = coordinate in flow direction, m
y = coordinate in circumferential direction, m
A = factor of proportionality, kJ/kg K z = axial coordinate, m
ay = velocity of sound at stagnation condi- a = flow angle between absolute and cir-
tions upstream of the impeller, m/s cumferential velocity, deg
b = diffuser width, m B = flow angle between relative and cir-
c = absolute velocity, m/s cumferential velocity, deg
d = diameter, m 7 = hub angle at inlet, deg
h = enthalpy, kJ/kg 4 = difference
1 = length, m ] = d1’o/d2 inlet diameter ratio
Mu = uz/aK = circumferential Mach number n = efficiency, %
m = mass flow, kg/s } correcteq t0 1:01325 bar X = isentropic exponent
n = rot. speed, rpm and 288.15 K. A = d/d2 = diffuser diameter ratio
P = pressure, bar v = d1’i/d2 hub to tip ratio
PS = pressure side T = pressure ratio
R = gas constant, mz/s2 K 9 = density, kg/m3
= radius, m T = temperature ratio
SS = suction side ¢ = inlet flow coefficient and angular
t = time coordinate, s coordinate, deg
T = pitch, m w = angular velocity, 1/s
u = circumferential velocity, m/s
V = volume flow, ms/s Subscripts
w = relative velocity, m/s
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s = isentropic

tot = total

u = circumferential
1 = impeller inlet
2 = impeller exit

Superscripts

- = mean value

INTRODUCT ION

The experimental and theoretical in-
vestigations of the flow in centrifugal com-
pressor impellers are complicated because
the flow in the impeller is always accompanied
by flow separations. These flow separations
jeopardize the energy transfer inthe rotor
and the energy conversion in the diffuser.
Thus the question arises if the shape of the
impeller has an impact on the origin and de-
velopment of the wake flow. However, this ob-
jective is subject to the restriction, that
flow separation in a centrifugal impeller of
considerable loading cannot be prevented.
This was pointed out repeatedly by various
authors (1, 2, 3)*.

Some theoretical and experimental results
obtained from three different impellers are
presented and discussed. These rotors have an
identical blade geometry at entrance and exit
of the wheel. They differ only in the flow
path in between. Performance characteristics
are combined with flow investigations employ-
ing nonsteady measuring techniques to facili-
tate the comparison between the different im-
pellers.

TEST IMPELLERS

A rotor with radially ending blades and

a total pressure ratio T¢gr < 3 was chosen
to study the questions mentioned above. Such
rotors are frequently used in turbochargers.
The measurements were carried out on a test
rig in our institute for turbomachinery at
the University of Hannover. Power and speed
limitations of this rig determined the impel-
ler tip diameter dZ = 180 mm. The blade geo-
metry at impeller inlet, i.e. blade angle,
blade height and inlet diameter ratio

6= dy o/d,, was established through an opti-
mizatioh of“the flow range. Here dq is the
outer diameter at impeller inlet.-With a given
maximum Mach number of the relative velocity

at impeller inlet of Mw 1.0~ 0.85 the flow
coefficient was found td Be
v,
¢ = ; = 0124 (1)
w
.4_.02 . u2

In this equation V1 is the volume flow rate

+ Numbers in parentheses designate References
at end of paper.

impeller 1 2 3

meridional r

section

mean camber line
in the r ¢ -plane
at di,

-

infet diameter ratio 6 = dy,/d; =07 07 07

hub to tip ratio v =dy/d; 0.225 0225 0.225
exit width ratio b, /d; = 0.065 0.065 0.065
tength ratio 1,/d; = 0325 05 0325
inlet blade angle f3,, = 27¢ 27° 27°
hub angle y = 4.7° 30° 19°
number of blades 15 15 15
Fig. 1 Test impellers of different meridional

flow path

based on upstream stagnation conditions and

u, is the circumferential tip velocity of the
impeller. An elliptical shape of the mean
camber line of the blades was selected accord-
ing to the results reported by Johnson, Gins-
burg (4) and Bhinder, Ingham (5). The curva-
ture of the mean camber line extends into

the radial part of the rotor, to achieve low
loading in the axial part and to avoid a
discontinuous transition from the curved to
the straight portion of the blade. Hence
these impellers differ from the classical
"inducer-radial impeller'" arrangement. In
cross sections normal to the axis of rotation
the blades extend in a purely radial direct-
jon. Therefore the impellers are made out of
aluminium in spite of circumferential tip
velocities up to u, = 377 m/s.

Fig. 1 gives a general view of the
chosen impeller shapes. The flow paths in the
meridional plane and the mean camber lines in
an r, ¥ -plane are shown, where r = d1,0/2.
In addition the important geometrical para-
meters are listed. It is seen that impeller 2
differs from impeller 1 mainly in its larger
length ratio. A flow calculation procedure
similar to that of Baljé (6) was used to de-
termine the shape of the impeller channel.
The idea in selecting the shape of impeller 2
was to reduce the turning and the deceleration
per unit path length, in order to lower the
tendency of the flow to seperate. It was ex-
pected that this reduces the wake extension
at impeller exit and thus the mixing losses in
the diffuser. This advantage should at least
balance the higher friction losses resulting
from a longer flow path.

Impeller 3 differs from impeller 1 merely
in the hub and shroud line. In impeller 3 the
streamlines begin to turn to the radial di-
rection already in the axial part. This re-
sults in a higher energy transfer in the in-
let region of the impeller using the same
blade curvature. Moreover, the axial inflow
is turned to the radial discharge with a
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impeller 1

impeller 2

impeller 3

Fig. 2 Test impellers

lower meridional curvature based on the same
axial impeller length. This should have a
favourable influence upon the flow separation
caused/by meridional curvature. Fig. 2 shows
photographs of the three impellers. They have
been manufactured at this institute on a copy
milling machine. The material is a wrought
aluminium that got the necessary mechanical
strength in a cold work-hardening process.

METHODS OF INVESTIGATION

Two approaches were used in the investi-
gation of the different impeller shapes. The
flow through the impeller was calculated and
detailed measurements were taken. The basis
of the calculation is a two-dimensional
treatment of the meridional flow by means of
a relaxation method as was initially suggested
by Wu (7) and supplemented by Schréder (8)
with respect to the incidence at the leading
edge. Relative velocity, pressure and density
resulting from this procedure are used as
mean values for a blade-to-blade calculation
according to the approximate method by
Stanitz (9). Two two-dimensional calculations
are combined to a three-dimensional represen-
tation of the flow in the impeller. This
idealized picture does not account for bound-
ary layers and wake flows. It will be shown
later, however, that characteristic phenomena
of the real flow can already be seen from
the calculations.

The experimental results shall be
emphasized in this paper. They are obtained
from flow measurements with probes and flush-
mounted transducers. For the determination
of the performance characteristics probes
were used to measure stagnation pressure,
stagnation temperature and flow direction at
the diffuser exit. The measurements were taken
at several positions across the diffuser
width. These probes can only give time-average
values. To investigate the impeller flow in
more detail additional nonsteady transducers
were installed to measure the accurate time-
dependent values in the highly fluctuating
flow that is caused by the rotation of the
impeller. Careful static and dynamic cali-
brations of the measuring systems are essen-
tial in this type of measurements, since at
the relevant frequencies considerable ampli-
tude and phase distortion is introduced. The
fluctuating static pressures were measured
along the shroud line of the rotor. For this
purpose up to 9 Kulite pressure transducers
are mounted flush to the compressor casing.
The impeller discharge flow was scanned with
a hot wire shadow probe. Such a probe gives
the time dependent flow angle « .

RESULTS

The results of the impellers 2 and 3 are
compared with those of impeller 1. This im-
peller 1 is to be understood as the basis of
the whole test series.

Fig. 3 shows the comparison of the com-
pressor maps, that were taken with impeller 1
and 2. In the upper part of this figure the
total pressure ratio oot and in the lower
part the efficiency n areé plotted versus
the corrected mass flow tm. Lines of constant
efficiency are additionally drawn in the
upper diagram. The compressor map gives the
stagnation conditions in the diffuser at a
diameter ratio A = d/dy) = 1.6 relative to
the stagnation condition upstream of the im-
peller. The efficiency is defined as

%=1
Ah gy -1

n = tot,s - tot (2)
A hyoy Tiot =1

which is the ratio of isentropic to actual
total enthalpy rise. The values for the total
enthalpies can be calculated from the measured
total pressure and total temperature ratios.
Five different speed lines were measured for
each compressor map. The range of operation

is limited to low mass flow rates by the

surge line and to high mass flow rates through
a throttle characteristic. This characteristic
is the result of a throttle ring that is
built into the diffuser to achieve axisymme-
tric flow within the diffuser and the impel-
ler.

The pressure characteristics of both
compressors are rather flat. A clear decrease
of the pressure to the surge and the choke
line can be seen only at higher speeds. The
pressure characteristics are almost identical
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Fig. 3 Comparison of the compressor maps

for impeller 1 and 2

in the region of rotating stall, where the
efficiency drops significantly. In the effi-
ciency maximum impeller 2 exhibits a slightly
higher pressure ratio. However, impeller 2
shows here 1.5 to 2 % points lower efficiency.
These results already indicate, that the shape
of impeller 2 causes higher losses, reflected
in partially lower efficiencies.

Fig. 4 shows the comparison of the com-
pressor maps of impeller 1 and 3. In this
case it is even more apparent than with im-
peller 2, that the maxima of the total pres-
sure lines are shifted towards higher mass
flow rates compared with impeller 1. In this
range of the map the efficiencies of impel-
ler 3 exceed those of impeller 1. It is noted,
that in the case of impeller 3 the efficiency
at higher speeds does not decrease towards
the choke line. The nominal flow coefficient
corresponds to a mass flow rate h = 1.46 kg/s
at the highest speed. At this operating con-
dition the characteristics of impeller 1 de-
crease noticeably and lie below those of im-
peller 3. Regarding the compressor maps it
was found, that the differences between the
tested impellers are less obvious than ex-
pected.

4
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Fig.:b Comparison of the compressor maps
for impeller 1 and 3

The detailed investigations of the im-
peller flow were carried out in two operation
points on the mean speed line with 31,000 r.p.m.
The first point represents the maximum effi-
ciency of impeller 1 and the second lies at
maximum flow rate, where the impellers have
quite different characteristics. Fig. 5 shows
results of the nonsteady measurements of im-
peller 1 taken at the point of maximum effi-

ciency. Lines of constant static pressure
along the shroud line of the impeller are
plotted in the lower part of this figure.

The values on the curves give the pressure
ratio relative to inlet stagnation conditions.
These isobars result from pressure signals
measured at 8 locations along the inner con-
tour of the compressor casing. In Fig. 5 x
designates the distance of the transducer
location from the impeller leading edge
measured along the shroud line of the blade,
and 1 is the total length until impeller
exit. Fig. 5 shows, that there is only a
small increase of static pressure up to

x/1 = 0.5. Further downstream the pressure
gradient in flow direction rises as indicated
by the smaller spacing of the isobars. The
interpretation of this figure with respect to
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probe position

PS SS

0.5

nondimensional diffuser
width z/b

[

1.0 075 05 025 /0
1 pr(c/h y/T / flow angle « at
“ / ' diffuser entrance
! . / (A=d/d,=1035)
/
A=1035
x/1 =10

0.833

static pressure ratio T =p/py

at the shroud line

impeller 1

M,=0859 ¢=0111

Fig. 5 Pressure and flow angle distribution
of impeller 1

flow separation necessitates the use of the
nonsteady energy equation. It can be written
for adiabatic flow

glﬂgﬁz _LA.EB (3)
dt ¢ Ot

From this equation it becomes obvious, that
an energy transfer «can only be accomplished
with a positive gradient of the static
pressure with respect to time. Such a positive
gradient is indicated in the isobaric field,
when the isobars are perpendicular or inclined
against the circumferential direction. Addi-
tionally the pressure has to rise towards the
pressure side, i.e. from right to left in
Fig. 5. No energy is transfered to the fluid,
when the isobar is parallel to the circum-
ferential direction and thus the gradient

6p/ 6t = 0. Based on this idea the boundary
of the wake flow is defined as the line where
the isobars start to differ from the circum-
ferential direction and show a positive
pressure gradient. This wake flow boundary is
drawn as a dash-and-dot line in the isobaric
field. Using this definition the line should
have been extended until impeller inlet. But
since the pressure fluctuations in this region
are small, the influences of wake flow and
tip clearance flow cannot be clearly separated.
But downstream from a line x/1 > 0.6 the
wake flow grows significantly and reaches its

largest extension at x/1 = 0.8. From here on
till impeller exit the wake flow occupies
more than 50 % of the pitch. Thus energy is
transfered to the fluid only in that half of
the channel adjacent to the pressure side.
This is true at least within the vicinity of

the shroud line.

The extension of the wake flow across
channel depth will be discussed using the
upper part of Fig. 5. In this diagram the flow
angle distribution shortly behind impeller

exit is plotted in form of lines of constant
angle o . The vertical axis gives the width
of the diffuser and the horizontal axis the
pitch, that is derived from the impeller blade
number and the diameter ratio in the diffu-
ser A = 1.035. Since a is the angle between
the absolute velocity and the circumferential
direction a low value of «a corresponds to a
low radial velocity component and therefore
low mass flow. So the angle distribution
reveals the wake flow in the corner between
diffuser front wall and blade suction side.
Taking the wake flow boundary from the
pressure distribution along the shroud line

a corresponding angle of « & 13° is found in
the angle distribution at the width position
z/b = 0. Therefore a line following « = 13°
was defined as wake flow boundary in the
upper diagram and is added as a dash-and-dot
line. The extension of the wake diminishes
rapidly across diffuser width and impeller
channel depth, respectively. But the fairly
constant spacing of the lines of constant
angle indicates that the transition from wake
to jet flow (& > 25°) is quite gradual. This
i1s most probably a result of the mixing pro-
cess in the diffuser entrance. The transition
from jet to wake in the adjacent channel how-
ever 1is much steeper as is obvious from the
narrowly spaced lines near the suction side
of the blades. In general it can be seen,
that the unfavourable picture of the flow at
the shroud line is improved within the flow
channel.

- This fact is illustrated in a different
way in Fig. 6. There the factor 4p/p, ob-
tained from theory and measurement, is plotted
versus the length of the streamlines in the
impeller. Ap represents the pressure diffe-
rence between pressure and suction side or
in case of the measurements the difference
between maximum and minimum value. It is de-
vided by the mean value of the static pres-
sure P. In the undisturbed flow the pressure
rises linearly with respect to time and so
Ap/p can be related to the energy equation
in the following way

>N
o

>N
k-]

1 o9p RT
o e —
o ot P

d htot
dt

[N
~
©

In this equation A is a factor of proportiona-
1ity that does not vary significantly along
the flow path if compared with d4p/p. Hence
the latter is a measure for the energy trans-
fered and can also be understood as a factor

5
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20 ' the wake flow extension remains constant. In-
0 side the impeller channel, where only the
M, =0.859 calculated loading values are available, the
maximum blade loading decreases remarkably.
p=0111 The dashed line illustrates the development

/f\\ along the mean streamline and the dotted line

along the hub. The flow is likely to sustain
a low pressure loading more easily and accord-
ingly the flow angle distribution in Fig. 5
shows a considerable decrease of wake flow
extension.

0.15

0.10

: 1 Therefore, two effects seem to be favour-

// N \2 able for the limitation of the wake develop-
// / 3 \‘ ment, although the wake cannot be entirely

K prevented. 1) The theoretical blade loading,

/ _f i.e. the energy transfer, should reach its
- maximum value fairly early along the flow
E><::S:: - - path and decrease gradually to the end of
—— Less” the impeller. It will be shown later, that

0 e this depends on impeller geometry. 2) A steep
0 0.25 0.5 0.75 1.0 reduction in loading with channel depth.

0.05

pressure loading Ap/p

nondimensional profile length x/1

—O— measured at shroud line ¢ 4 Y #1=10 asdpr0

calculation

shroud

— —— mean streamline

Fig. 6 Blade loading of impeller 1

impefler 1

of loading. Fig. 6 shows graphs of A4p/p,

M, = 0.859 =0.134

that are obtained from the three-dimensional, ¢

calculated flow distribution. First the one Fig. 7 Static pressure along shroud line
at the shroud line shall be discussed. In the of impeller 1

inlet region of the impeller the blade load-
ing is low and the energy transfered to the
fluid is small. At x/1 = 0.4 the shroud line
starts to curve outward and as a result the
flow is accelerated. This leads to a slight
decrease of the loading. Thereafter the load-
ing rises steeply until x/1 = 0.8 and de-
creases again till impeller exit. The circles
give the corresponding values of the measure-
ments. They also show low loading in the in-
let region. Because of the boundary layers,
that are not incorporated in the calculation,
the acceleration due to the curvature of the
shroud line is reduced. Thus the increase of
loading in the real flow starts earlier and
maintains a steep gradient up to x/1 = 0.5.
The maximum, reached at x/1 = 0.67, is signi-
ficantly lower than the theoretically pre-
dicted value. Then the loading decreases N
progressively towards the exit. A comparison
of Fig. 6 with Fig. 5 suggests that the wake
flow begins to occupy a considerable portion impelter 2
of the flow channel at about the same x/1, M, 20659 ¢ -0137
where the measured loading begins to deviate
from the calculated curve. This deviation
increases along with an increase in wake flow
extension up to x/1 = 0.8. From there on
the curves in Fig. 6 are almost parallel and

x/1=10 d/dz =10

0.875 0.856

0.750 0.760

_____ 0 0.7

Fig. 8 Static pressure along shroud line
of impeller 2
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Fig.

9

In

impeller 3

M, = 0.859 @ =0.134

Static pressure along shroud line

of impeller 3

Fig. 7 the pressure distribution is
plotted for impeller 1 at the higher mass flow
rate. This figure shall be compared with Fig. 8
and Fig. 9, where the corresponding distri-
butions are for the impellers 2 and 3. Impel-
ler 1 shows a characteristic pressure mini-

mum half way through the impeller, that was

not as pronounced at the lower mass flow rate.

causes flow acceleration. Concerning flow
separation impeller 2 experiences a strong
increase in wake extension between x/1 & 0.75
and 0.9. Compared with impeller 1 the flow
in impeller 2 begins to separate not only at
a larger x/1 but also at a larger diameter
ratio d/dy. Thus the more gradual turning of
the flow seems to have positive influence.
However, at impeller exit both impellers
have the same wake flow extension and the
advantage of impeller 2 has disappeared.

The modified meridional shape of impel-
ler 3 produces a more uniform pressure rise
in flow direction than in impeller 1. The
isobars in Fig. 9 show this clearly. They
have a similar character throughout the
whole impeller. Contrary to impeller 1 no
pressure minimum is found in this impeller.
Such a uniform pressure rise was expected
to reduce the tendency of the flow to sepa-
rate. The wake boundary drawn in Fig. 9 shows,
however, that in comparison with impeller 1
the wake extension across the pitch is almost
the same in both wheels. The mere difference
is, that in impeller 3 the maximum wake ex-
tension is reached at impeller exit, whereas
in impeller 1 it is found already at x/1~0.8.

The wake flow behavior of the three im-

In the radial part of this impeller, x/1 2 0.5, pellers shall additionally be discussed using
the pressure starts to rise.

Similar conditions the pressure loading diagrams, that are shown

are found for impeller 2 in Fig. 8. In this in Fig. 10. In impeller 2 and 3 the maximum
case the pressure minimum is located at a predicted loading along the shroud line is
larger x/1. Similar to impeller 1 this loca- reaghed shortly before impeller exit. This
tion of the pressure minimum corresponds to is in clear opposition to 1mpell¢r }. Com-
the beginning of shroud line curvature, that paring with the measured values it is seen,
0.25 S—
impeller 1 impeller 2 impeller 3
@=0134 ¢ =0137 v=0134
0.20 AN
i
3
S o /\
2 ° - \ 4
3 /NG .
S\ N
s 010 VAR SN L\
2 /|; \ )T T
0 X \
o .
& \
0.05 \ ) .
\\\\\- _ 4 N > ‘{\
0 L\""/ :
0 025 05 0.75 10 0 025 05 075 1.0 075 1.0
nondimensional profile length x/!
——O— measured at shroud line
calculated
shroud —=———mean streamline = e hub
M, = 0859
Fig. 10 Blade loading of impeller 1, 2 and 3
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that the flow in impeller 2 can follow the
predicted curve fairly well up to x/1 = 0.75.
Further downstream there is a considerable
difference between calculation and measure-
ment. Owing to flow separation at the suction
side the measured loading decreases strongly
towards impeller exit. The maximum local
energy transfer at x/1 = 0.75 1s higher than
in the other two impellers. Comparing Fig. 8
and Fig. 10 it is found to be true also for
this impeller, that the difference between
measurement and calculation increases, where

the wake extension grows. Downstream x/1 = 0.9
the curves of the loading are almost parallel
and the wake extension remains constant. The
same qualitative agreement of the differemce
between calculated and measured pressure
loading and wake extension is found in im-
peller 3. Moreover, in this rotor the loading
begins to rise right at the impeller inlet.
Since the flow approaches the blades with in-
cidence, the higher energy transfer in impel-
ler 3 cannot be detected in the real flow.
The measured curves of impeller 1 and 3
hardly differ in the inlet region.

The calculated pressure loading along the
mean streamline and also the hub show finally,
that impeller 2 achieves also very high load-
ing values within the flow channel. In this
respect the loading conditons within the
other two impellers are definitely better.
Thus it can be noted for impeller 2, that a
slight indication of a reduced tendency to
separate is achieved. But owing to mixing
losses of the same magnitude as with impeller 1
and higher friction losses the overall effi-
ciency is lower. ’

The comparison of impeller 1 and 3 shall
be concluded using the flow angle distributions
in Fig. 11. At the lower mass flow rate both
impellers have the same characteristic para-
meters. Except at the front wall it is appa-
rent, that behind impeller 3 the region of
low flow angles (o < OO) extends less in cir-
cumferential direction than behind impeller 1.

mpetler 1
w =011

impeller 3
0 =010

PS

25" 20%

nondimensional diffuser width z/b

P =0134
Ps s
e ~ //_R A
257 00 :
g 5" o« 305/ f25%20° f15° fiaYs?
15/1d i
0.0
' ars 05 0.25 o ! 075 05 0.25 [3
piteh y/T pitch y/T

Fig. 11 Flow angle distribution downstream

of impeller 1 and 3

Besides that no significant difference exists
between the two impellers. This changes when
the mass flow is increased. At @ = 0.134

the region of low flow angles behind impel-
ler 3 is reduced and occupies, in form of a
triangle, the corner between the diffuser
front wall and the suction side of the blade.
The wake width, that is approximately given

by the 15%°-isocline, decreases steadily across
the diffuser. Thus the conditions within the
flow channel are much better than at the
shroud. Behind impeller 3 the variation of

the flow angle in circumferential and axial
direction is very gradual, as is indicated

by the constant distance of tge isoclinic
lines. Behind impeller 1 the 5 -isocline cir-
cumscribes a comparatively large region in

the middle of the channel. The closely spaced
isoclines refer to steeper gradients than be-
hind impeller 3. The 150-isocline, taken as the
wake flow boundary, forms a somehow trapezoidal
region, so that here the wake flow decreases
less rapidly across diffuser width. From this
it is concluded, that the mixing of jet and
wake behind impeller 3 at this mass flow gene-
rates lower losses and results in higher
pressure and efficiency values in the com-
pressor map.

SUMMARY

Three impellers of different meridional
flow paths have been investigated experimen-
tally and theoretically. It was the objective
to reduce the extent of flow separation by
means of impeller shaping, although 1t was
realized, that separation could not be avoided
altogether. The chosen impeller shapes could
only partially accomplish this aim. However,
the comparison between calculation and measure-
ment showed, that an effort should be made in
the design process to achieve a reduction of
blade loading towards the impeller exit. This
can be accomplished for instance with back-
swept blades.
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