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diameter and width ratios on the unsteady behavior of the system. Mean and fluctuating
velocity and static pressure measurements were carried out in the time and frequency
domains. The system without a diffuser was found to be stable at all operating conditions.
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oscillations observed in the present study and those observed by other investigators indicate
that rotating stall in two geometrically similar diffusers can be an order of magnitude different
in the non-dimensional rotational speed and leve! of unsteady pressure fluctuations. These
differences point towards the possibility of existence of more than one set of flow conditions
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Distinctions Between Two Types of
Self Excited Gas Oscillations in

Vaneless Radial Diffusers

A. N. ABDELHAMID J. BERTRAND
ABSTRACT Mtip Mach number at impeller tip
. . . Fluctuati o S t i i
Experiments were conducted to determine the B ctuating pressure at location 1
characteristics of oscillating flows in a centrifugal R, Diffuser inlet radius
i i ; iffusers. The . . . .
compression system with vaneless diffusers he b4 Axial distance in the diffuser measured from

system was operated without a diffuser and with eight
different diffuser configurations to determine the
effects of diffuser diameter and width ratios on the
unsteady behaviour of the system. Mean and fluctua-
ting velocity and static pressure measurements were
carried out in the time and frequency domains. The
system without a diffuser was found to be stable at
all operating conditions. The installation of any of
the eight diffusers resulted in the generation of
self-excited oscillations at some operating condi-
tions. It was found that the critical flow coeffi-
cient at which onset of oscillations was observed
increased as the diffuser width ratio was decreased
and as the diameter ratio was increased. Comparison
between the characteristics of the oscillations ob-
served in the present study and those observed by
other investigators indicate that rotating stall in
two geometrically similar diffusers can be an order
of magnitude different in the non-dimensional rota-
tional speed and level of unsteady pressure fluctua-
tions. These differences point towards the possi-
bility of existence of more than one set of flow con-
ditions which could lead to the occurence of the
unsteady phenomena.

NOMENCLATURE

Di Diffuser inlet diameter

DO Diffuser outlet diameter

fB Blade passage frequency

m Number of lobes in disturbance pattern

the shroud wall

+ Time
U Impeller tip velocity
Vez Component of velocitv in tangential direction

at diffuser inlet

Fluctuating velocitv at location (i,x)

-
x

Diffuser width

Angular separation
Density of air

Phase angle

Flow coefficient

Pressure rise coefficient
Disturbance pattern speed

;O_OS%@Q'DCD = <

Impeller rotational speed

[ N

INTRODUCTION

Operating a centrifugal compressor system at Low
flow rates is in many cases characterized by the
existence of self-excited fluid oscillation. The
nature of the oscillations has been extensively in-
vestigated In recent vears and it is firmlv believed
now that the oscillations may be of a local character
like those associated with rotating stall in impellers
and diffusers or may involve every component in the
system as is the case with compression system surge.

The information reported by most investigators
of the stability of flows in centrifugal compression
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systems [1-9)}%deals mainly with the determination of
the time-averaged flow conditions which lead to the
onset of oscillations and the designation of these
conditions on the compressor map or its equivalent.
The identification of the cause of the oscillations
is not usually attempted possibly because it weuld
require very expensive and elaborate dynamic measure-
ment of the fluctuating flow properties. The more
detailed but very scarce data reported by some in-
vestigators [10-13] who measured the flow fluctuation
in the time domain suggest that impellers and dif-
fusers can become unstable on their own or as a
result of their dynamic interaction. To date, how-
ever, the spatial and temporal characteristics of the
oscillations and their correlation with component
geometry and operating conditions have not been put
in a form which would be useful to compressor de-
signers.

In this paper the characteristics of gas flow
oscillations in a centrifugal blower fitted with a
vaneless diffuser are presented. Systematic measure-
ments of steady and fluctuating flow velocity and
pressure at various locations in the gas flow path
were undertaken. Eight different diffusers were
tested to determine the effects of diffuser geometry
on the characteristics of the oscillations. The
measured data have been non-dimensicnalized and com-
pared with previously reported results [10,13]. The
comparison indicates distinct differences between the
characteristics of the oscillations measured in the
present study and those reported earlier. Plausible
explanations of the reasons behind these differences
are discussed.

EXPERIMENTAL TEST FACILITY

A schematic diagram of the test facility used in
the present investigation is shown in figure 1. The
diffuser inlet diameter was 235mm, and the impeller
had ten backward leaning blades with an exit angle of
27 degrees from the radial direction. The impeller
tip height to diameter ratio was 0.076. The rate of
volume flow was controlled by the axial motion of the
intake center-body. The volume flow rate was calcula-
ted from measurements of the static and total pres-
sure upstream of the impeller. The geometrical con-
figuration of the diffuser was varied by changing the
diffuser width and/or exlit to inlet diameter ratio.
The performances of the impeller and the diffuser
were determined from measurements of the static and
total pressures at impeller and diffuser exits. The
fluctuating static pressure and velocity were detected
by four miniature piezo-electric dvnamic praessure
transducers and a hot wire system respectivelv. The
locations of holes for the pressure transducers on
the shroud walls of the impeller and the diffuser are
shown in figure 2 and are given in table 1. The hot
wire probe whose axis was normal to the diffuser walls
was mounted at the same locations of the pressure
transducer holes in the diffuser through the use of a
suitable fitting. The hot wire probe was rotated
around its own axis and alsc moved axially to traverse
the diffuser fluctuating velocity field from hub *o
shroud. One pressure transducer hole, location 12 in
figure 2, was located at the hub wall just outside
the impeller exit opposite to location 1 on the shroud
wall.

Signals from transducers in locations 3, 5 and &
were used to calculate the lobe number and rotaticnal
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Location Number Diameter Ratio
1 1.08
2 1.21
3,5,6 1.35
4 1.48
7 0.54
8 0.87
2 0.81
10 0.67
11 0.67
12 0,04
13 1.71
Table 1

of any possible rotating disturbance prezsure
in the diffuser. The blade to blade pres-
an< the lead or lag of the pressure
fluctuations In the impeller relative to thesc in the
diffuser
locations 1, 7, 8 and 9.
1 was used to measure the
tions at the diffuser inlet.
Typically a signal from a pressure transducer or
the hot wire system was passed through a Spectral
Dynamics Real Time Analvzer type SD 330-20 and a
gital Storage Scope type 0% U900 to determine
the power spectrum and the waveform of the fluctua-
When two signals were analyzed

The hot wire probe in
velocity fluctua-

rn?“ehtivelv.

multaneously the signals were passed through the
Scope and a DCC WPDP1IT/10 data

T? tal Storage
acouisition and analvsis

tive phase shift bhetweon the two

svetem to obtaln the rela-

signa]s. The ampli-
tude and phase of the cross spectrum between the two
signals was determined by implementing a
Transform rout PDP11/10 system.

Tast Tourier

the

The thrust of the present investications has
rected towar the determination of the ef-
ccts of diffuser geometry on the generation of self-
excited oscillations in the system. Once the oscil-
lations were detected their characteristics in space
and time were neasured. The variation of these
characteristics with flow conditions in the systenm
was then determined.

Thoe system was operated first without a
with a sleeve at impeller exit to cover part of
lades and thus change the impeller exit area.
Then the system was operated with two diffusers with
diameter ratio of 1.55 and 1.83 respectively. For
each of the three cases considered the height of exit
area at impeller discharge was successively adjusted
to . 3.054, 0.045 and 7.038 of diffuser inlet
diameter. The Rpeed of the impeller was
4092 to 8000 rpm which resulted in impeller tip Mach
nurmber range of approximately 0.14 - 0.22.

For cach geometrical configuration and speed of
the system the mass {low rate was graduallv cduced
and the performance of the syvatem was evaluated.
er onset of the oscillations the waveform fre-
ency and lobe number of the fluctuating proasure
flow rate.

diffuser

varled from

‘ﬁ

and velnclty were measured for everv ma:
further axial move-

This nrocedure was repeated until

of the center-hady shown in Tigurs 1 produced

no fur;k er changes in the flow rate.

Most of the data in this naper are cresented in

wore determined from signals from transducers

a non-dimensicnal form. The flow coefficient ¢ is
hased on the impeller tip soeed (U) and diffuser in-
let area. The pressure rise coefficient of the

SV3 *nm, VY, is the differcnce between the diffuser

exit static pressure and the impeller inlet total
pressure divided by pU2/2 were p 1s the density of
air. Tluctuating velocity data are normalized by U
while those of the fluctuating pressure are normalized
hy olJ2/2. A1l length dimensions are normalized by

+he diffuser inlet diameter.

The fluctuating pressure data are designated pi,
where 1 fakes values between 1 and 13 to identify the
location at which the pressure was measured. The
velocity data are designated by Vi, ,j because for each
location i the wire can be moved in the axial direc-
tion. Values of i therefore indicate the ratio bet-
ween the distance of the wire from the shroud wall
and diffuser width.

1. Performance Characteristics of the System With
and Without Vaneless Diffusers

Figures 3(a) to 3(d) show the variation of the
pressure rise coefficient ¢ with flow coefficient ¢
for the four different diffuser widths investigated

10 T I T l |
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0 D/D; =155

VvV 0./D; =183
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Fig.3 Effects of diffuser geometry on system perfor-
mance and limits of instability. MtiD = 0.18
in the present study. Indicated on these figures also
are the flow conditions at which the onset of gas flow
oscillations ‘was detected. No oscillations were ob-
served under any flow conditions when the system was
operated without a diffuser. The installation of any
of the vaneless diffusers resulted in the generation
of oscillations at some flow coefficients.

At higher values of diffuser width ratio the on-
set of the oscillations was intermittent with an on -
off ratio which increased with further reduction of
flow rate until the oscillations became on all the time
time. At the smaller values of width ratio, however,
the onset of the oscillation was abrupt and very well
defined and was associated with a discontinuitvvin the
performance curves. At onset of the oscillations in
these cases both the flow and pressure coefficients
were reduced.

It should be noted here that in all the cases
considered in the present study, the onset of the
oscillations occurred when the slope of the Y-¢ curve

of the system was negative. This observation is not
in agreement with the generally accepted criteria
which says that the instability occurs when the slope
of the system P-4 curve is greater than or equal to
zero. Earlier experimental investigations however,
for example references 13 and 14 demonstrated that
self excited oscillations can be generated in centri-
fugal and axial compression systems at an operating
point with a negative slope on the Y-¢ curve.

The critical flow coefficients below which the
oscillations were first detected, were dependent omn
the diffuser diameter and width ratios. As shown in
figure 4 for the same diffuser width ratio the criti-
cal flow coefficient was larger for the system with

023
0.22F
0.2
Cj‘)cr. OZO_
0.9
O.I8L~

ol7
035 04 045 05 0585 06

W/ D,

Fig.4 Variation of critical flow coefficient with
diffuser width ratio. M*iD = 0,18

1

T

a diffuser diameter ratio of 1.83 than that with a
diameter ratio of 1.55. The difference, however,

was reduced to zero at the smallest diffuser width
ratic investigated here. It 1s conceivable, there-
fore, that for a diffuser width ratio less than 0.038
the critical flow coefficient for the system with
diffuser diameter ratio of 1.83 would be less than
that for a diffuser diameter ratio of 1.55. Another
aspect of the data shown in figure 4 is that for both
diffuser diameter ratios the critical flow coefficient
increased monotonically as the diffuser width ratio
was decreased. The system with the small diameter
ratio diffuser, however, was more sensitive to dif-
fuser width ratio than the system with the large dia-
meter ratio diffuser.

2. Characteristics of the Oscillations in the Vane-

less Diffuser

To be able to determine whether or not the oscil-
lations observed in the present study are similar to
those observed by other investigators it is essential
to identify the oscillations by all of their measur-
able characteristics. In this section the variation
of the waveform, frequency, level and spatial distri-
bution of the oscillations with diffuser geometry and
flow conditlions are discussed.

2.1 Waveform at Onset of Oscillations. The
fluctuating velocity and pressure at locations 1 and
12 were used to detect the onset of the oscillations.
Figure 5{a), 5(b), 6(a) and 6(b) show typical traces
of the hot wire and pressure transducer output just
hefore and just after the onset of the oscillations.
The diffuser diameter and width ratios were 1.83 and
0.038 respectively, and the impeller tip Mach number
was 0.18. The hot wire was located half way between
the hub and the shroud for this particular trace.

The orientation of the wire was adjusted such that
time average of the output signal from the wire, i.e.
the D.C. component, was maximum. The peak to peak
velocity fluctuation was about 0.75 which is almost
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time ————
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Fig.6 Diffuser inlet pressure fluctuations hefore and
after instability. /T, = 1.83, W/D, = 0£.038,
i i

Mo, = 0.18
0 vip ~ Ot

time ——>
equal to the time average velocity at this location.
The peak to peak pressure fluctuation at diffuser in-
Fig. 5a let was approximately 0.3. The high frequencv fluctua-
tions shown in figures 5 and & are, of course, due tc
blade passage.
The waveform of the fluctuations was dependent on

the diffuser geometry. Tor example, figure 7 shows a
10+ —
075k} Vit Y-
> J X
S~ l ~5
0
3 ovsor - &0
> E:o
20ms.
0251 fe > - 40ms.
timg——
0
fime Fig.7 Pressure waveform at diffuser inlet. DO/W::l.SS
W, = 0.054, M, = 0.18, ¢ = 0.155 *
Fig. 5b W/, 05k, M, 18, ¢ =0

trace of the pressure fluctuations at location 12 for

P s the system with a diffuser diameter ratio of 1.55 and
Stabl%lty' Do/Di = 1.8%, W/Di = 0.038, width ratio of .054 operating at a tip M¥ach number of
Mtip =0.18 0.18 and a flow coefficient of 0.156. The trace is
clearly different from the one shown in figure 5(c).
In one period the pressure first decreased slightly
then sharply increased to its mazimum value then re-
laxed gradually to its time average value and remained
at this level until the next cycle. The percentage of
time in which the pressurc was equal to its time
average value was approximately equal to 60%.

Fig.5 Diffuser inlet velocity before and after in-
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2.2 Spatial Extent of the Oscillations. Figure 8
[Te) shows traces of the hot-wire output at location 1 for
o different axial locations of the wire between the hub
and the shroud for diffuser diameter and width ratios
20ms. of 1.55 and 0.038 respectively Jjust after onset of
f——— insatbility. The orientation of the wire in each case
) was adjusted such that the D-C output from the wire
fime—— was maximum. Figure 9 shows traces of signals from
pressure transducers positioned at locations 1, 4 and
Fig. Ba 13 for a diffuser diameter and width ratios of 1.83
and 0.038 respectively also just after onset of




0.25
0
time ——
Fig.8 Variation of fluctuating velocitv with axial
distance at diffuser inlet. D /Dj = 1.55,
W/Dy = 0.038, Myg, = 0.18, ¢ = 0.196
1
N
- 0
a O
—lv
~
a-
time —=
Fig.9 Variation of pressure fluctuation with radius.
= : . = 0.0C M .. = 0.1
D_/D, = 1.83, W/D, = 0.038, Mtlp 0.18,
¢ = 0.186
instability. The signals in these figures were passed

through 250 H, low pass filters to eliminate the
fluctuations due to blade passage from the traces.

The phenomena clearly existed throughout the entire
diffuser. Furthermore, figure 10 shows traces of
outputs from pressure transducers at locations 1 and
12 for the same operating conditions corresponding to
figure 9. The traces are exactly in phase which means
that the static pressure fluctuations in the diffuser
were two dimensional and did not vary from hub to
shroud.

2.3 Lobe Numbers and Frequency of Oscillations.
The outputs from pressure transducers at locations 3
and 5 were not In phase as shown for example in
figure 11. The diffuser diameter and width ratios
were 1.55 and 0.045 respectively and the flow coef-
ficient was 0.122 at an impeller tip Mach number of
0.18. It should be noted here that the traces are
inverted because the signals from these two pressure
transducers were passed through an amplifier with an
inherent reverse in polaritv. The signals from the

R/ PU°

ZOmgw

05

P, /EPU

time ———

Pig. 10 Hub and shroud pressure fluctuations at dif-

fuser inlet. 0,/2; = 1.83, W/D; = 0.028,
Mo, T 0018, 8= 010

o

>

Q,

—N

™~

a°

| 20ms. |
= 1
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O

o

)

S \ijo

—od

S~

10
a
time ———

Fig.11 Variation of pressure fluctuations with cir-

cumferential separation. Do/Di = 1.55,
W/D; = 0.045, MtiD = 0.18, "¢ = .127

two transducers were analyzed in the complex frequency
domain and the cross spectrum between the two signals
werc obtained. The phase angles at the dominant
frequencies were examined to deternine the lobe num-
bters and sneed of anv rotating pressure pattern in

the diffuser. Table ? shows the rotational speecds in
revolutions per second of the measured patterns cor-
vesponding to all diffuser configurations investigated

7

220z ¥snbny |z uo ysenb Aq ypd-g5-16-6/-8508 | 018 L 0A/Z L 9Z6£Z/8S0V L 0LV LOA/ZL96./6.6 1 LOAPd-sBuipesdoid/ | ©/610-swse uonos|joojenbipewse//:dny woly papeojumog



I ] 5 /D, = 1.5¢ b/, = 1.87
W/D - -
i

m=1 m=2 m=3 m=4 m=1 m=2 m=3
DI 26.0 02,7 121.0 - 20.5 | 18.0
a. 27.0C 7.0 - - o1 22.0 -
0. 28.0 | 28.0 | 26.3 - P2.0 1 22,01 1%.3
0. - 3.5 127.3 - 22.5 -

in this study. The ‘mpeller votational speed for all
the c shown in table 2 was 83.3 revolutions per
Tho existence of more than one lobe number

seconds
for every diffuser gecmetry shown in table 2 docs not
mean fhe’simultaneous occurrence of more tohan one
sattern. Tt is only an indication that as the flow
rate in the system was reduced after onse” of the
oscilliation the lobe number of the turbance pat-
tern changed. Up to four lohbes were observed at the
largest width ratio. The results indicate that the
rotational speeds of the disturbance patterns were
strongly dependert on the diffus diameter ratio

anc weakly demendent or the ¢iffuser wid+h ratio. A
decrease of 15% in dlameter ratio resulted in an in-
crease of 31% in the vrotational speed of the unsteady
precsure nattern while a decrease of u0% in diffuser
Qfdfh ratio resulted in only 10% increass of the
patterr rotational speed. Also for a given diffuser
éeom?trv, the rotaticnal specds of the pdTLcrn? de-
creased as the number of lobes in the pattern in-
creased above two. The rotational speeds of the
patterns of a certain lobe number in a given diffuser
4id not vary measurakly with flow coefficient. The
data shown in table 2 was obtained from measurements
taken while the impeller was rotating at a speed of
5000 rpm.  When the lmpeller speed was changed the
amplitude and frecuencv of the osclillations also
changed. Tigure 12(a) shows the power spectrum of
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Fig. 12 Spectra of diffuser inlet pressure fluctua-

tions. W/Di = 0.038

the pressure fluctuations at location 1 for different
imoeller speeds. The diffuser geometry in this case
was a diameter ratio of 1.55 and a width ratio of
0.028. The number of lobes in the pattern was two.
Jimilar results are shown in figure 12(b) for the
system with a diffuser of diamecter vatio 1.83 and
width ratio 0.038. When the Srequency and pressure
wore normalized by the impeller speed and plU?/2 ves-
pectively as shown in figure 13 the non-dimensional

S — | 1 794

— —
(\J:) N B <
3 &
ol 403 ~_
— [« N
g [ 1 B
S S S LA
- o D./Dj=183 —
B g Do/Di=155 |

oLl ( | | o
4000 4500 5000 5500 6000
N (rpm)

Mg.13 Zffect of impeller speed on amplitude and
speed of disturbance patterns. W/D; = 0.038,

m= 2

rotational speced of the oscillation patterns and
fluctuating pressure amplitude were fairly constant
for each diffuser Two-lobe patterns were rotating at
26.6% of the impeller speed for the system with large
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diffuser and at 35% for the system with small dif-
fuser. The magnitudes of these non-dimensiocnal rota-
tional specds are similar to the previously measured
non-dimensional rotational speeds of rotating stall
in axial and circular cascades [15]. Whether or not
this correlation is an indication that the flow pro-
cesses associated with the unsteady phenomena in *he
circular cascade [15] and the compression system of
the present investigation is not certain. What is
certain and is demonstrated by the results of the
present investigation is the importance of the inter-
action between the impeller and the diffuser on the
generation of flow oscillations. The critical flow
coefficient and the rotational speed of the stall
cells are affected by such interaction. This idea
of the effects of the coupling between a compressor
and a diffuser has not been explored in reference [15
but has been investigated analytically and experi-
mentally in reference [1l4] for an axial flow machine.
The level of the pressure oscillations was
slightly smaller for the system with emall diffuser
than for the system with large diffuser. The root
mean square level of the pressure oscillations was
between 10 and 12% of pUz/Q. Tt should be mentioned
at this point that for a given impeller speed, dif-
fuser geometry and lobe number the peak to peak varia-
tion of the pressure fluctuations did not vary with
the flow coefficient. The oscillation level did how-
ever, vary very slightly when the number of lobes in
the pattern changed as shown in figure 14,
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Fig,1l4 Variation of flow coefficient on pressure

fluctuation waveform at diffuser inlet.
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output of the hot wirve nositioned a+ lccation 1 nidwav
between the hub and the shroud and the pressure tra
ducer at location 12 for diffuser diamerer and width
ratios of 1.55 and 0.038 just after onset of oscllla-
tions. The wire was oriented in a dircction normal to
the mean flow direction at its position. Both
were passed through a matched pair of low pass filters
set at 250 Hz. Maximum velocity occurred exactly when
the pressure was minimum. The sharp rise in pressure
followed by the gradual relazaticn was asscclated with
a sharp reduction in velocityv followed by gradual in-
crease towards the mean value. The sligh* inconsis-
tency in the velocitv waveform at the minimum veloctty
may be attributed to the =sensitivity of the “ot
to velocity magnitude and direction simultancously.
At the minimum velccity which, as will -e
section 3, correspended to the npassage of an
channel with no flow and as a result some randon

q

snals

wire

changes In the velocity vector are likelv to "aopen
and this affect the trace.

3. Description of the Unsteadv Flow in an Tmpeller

Channel

The outputs of pressure transducers a: locations
7, 8 and 9 were used to synthesize the flow variation
in any one channel with time. Because of the rotation
of the disturbance patterns the frequency of the flow

oscillations that anv one channel oxperienced was The
difference between the Impealler shaft frequency and

the pattern rotational frequency. The frocuenci
subtracted because the patter were found to rotate
in the same direction as the which
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+tween the channels and

A8 is the angular senaration
0. and #  are the angular velocities of the impeller
afd the Bisturbance pattern respectively. Relative

to a stationary ohbserver however, the time separation
between the passage of the two channels would be

At = AB/Q:. An event recorded by the stationary ob-
sePver at the time of passage of the first channel
would be the same as the cvent which would occur in
the second channel after a time [Ate - At,] from the
passage of the second channel. Therefore the succes-
give blade to hlade pressure variations measured hy

a pressure transducer at location 7, 8 and 9 after on-
set of the oscillations would represent the blade to
blade variation of a single channel at diffevent

times. Figures 16(a) and 16(b) show traces of the
o
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Fig.15 T ler pressure fluctuations before and
after instability. DO/Dj = 1.83, W/D;= 0.038,
M. . = 10.18
tip

output of a pressure transducer at location 2 just
before and just after onset of instabilitv. The
amplitude of the blade to blade pressure variation
after onset of instability changed from almost zero
to a level higher than the one shown in figure 16a
just before onset of oscillations. In addition to
the blade to blade variation, the mean pressure in
the channels also varied with time with a peak to
peak variation of about 25% of puU2/2.

The hlade to blade pressure variation in one
channel is related to the mass rate of flow in the
channel. The steady flow vrelationshic for the parti-

10

cular system used in the present studv was obtained

by operating the system without a diffuser and measur-
ing the average blade to blade pressure variation for
different mass flow rates in the system. The results
are shown in figure 17. If the unsteady flow in the
channels 1s assumed to be quasisteady the trace shown
in figure 16(») can now be uzed to describe the flow
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Fig.17 Relation between blade-to-blade pressure dif-

ference and flow coefficlent. No
W/ = 0.038, Mpsn = 0.18

diffuser,

in anv one particular channel. Relative to the chan-
nel the positive sense of time would be from right to
left. The successive blade to hlade variations are
(1/fp) = [9p/(0i - 9p)) seconds apart where fg is the
blade passage freauency. At time of maximum average
pressure in the channel the level of the blade to
blade pressure variation was minimum which meant that
the flow rate in the channel was also minimum. The
mean pressure then gradually decreased towards the

minimum value and the flow rate in the channel gradual-

1y increased. The pressure reached its minimum value
and started to increase while the flow rate continued
to increase. The channel flow rate then reached its
maximum level and started to decrease while the pres-
sure continued to increase. Finally the pressure and
the flow rate reached their values at the start of the
cycle and the cycle was repeated.

The phase angle hetween the signals from pressure
transducers at loca tons 1, 7, 8 and 9 was measured.
The results are shown in figure 18 for the svstem with
diffuser diameter and width ratiocs of 1.55 and 0.038
respactively for a disturbance pattern with two lobes.
The pressure variations in the impeller lead the pres
sure variation at diffuser inlet. The magnitude of
the phase angle increased as the radial separation
Letween the two transducers was Increascd.

b, Comparison with Previously Reported Experimental
Results

Detailed dynamin measurements of gelf-excited

osclillations in vaneless diffusers have been reported

hefore [10,13]. The geometrical parameters of the

e

b

diffuser used in reference [19] were diameter and width
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Fig.18 Phase angle betwecn Impeller fluctuations in
the Impeller and at diffuser inlet. DO/D. =
1.55, W/Dj = 0.038, Myj, = 0.18, ¢ = 07196

ratios of 2.93 and 0.068 respectively. The diffuser
flow was generated through the use of a blower which
fed the flow to a plenum and a rotating screen at dif-
fuser inlet. Two diffusers were investigated in
reference [13). The geometrical parameters of the
first diffuser were diameter and width ratios of 1.51
and 0.032 while those of the second diffuser were

1.52 and 0.065 respectively. Each diffuser was a
component of a test compressor which was investigated
in a closed loop tunnel.

The characterisitcs of the oscillations presented
in references [10,13)} were different from those des-
cribed in the present investigation in many respects.
Most prominent of the differences is the cne associa-
ted with the non-dimensional rotational speed of the
pattern. Figure 19 shows the results presented in
references [10] and [13]. Although the geometrical

L % r I v M‘IIIP 0.7
0.07 s ><>< R'l2o MTIP =0.9 1
a M =1.1
0.06F \o\ 4 . MTIP ' 55.
ag. % TIP .
No.os- ‘\9 O Mp =07
z:o.ou ~
o
<0.03- -
S X
0,02 COMPRESSOR A} - ¥ X
0.0lb= — — — COMPRESSOR B _
X Jwsen [i0] |
0 : :
0 0.1 0.2 0.3 0.4
{Vr/Ve)

2

Fig.19 Variation of non-dimensional rotational speed
with diffuser inlet angle reported in referen-
ces 10 and 13

parameters of the diffusers testes in reference [13]
are very similar to those of some of the diffusers
investigated in the present study, the non-dimensional
speeds measured in the present investigation were an

order of magnitude larger than those measured in
reference [13]. Furthermore the rotational sopeeds
measured in this study did not change as the flow co-
efficient was reduced after onset while in both of the
other refercnces the rotational speed of the patterns
increased as the flow rate was decreased.

At the onset of the oscillations the waveforms of
the velocity and pressure fluctuation reported in
references [10,13] were sinsoidal or almos*t sinsoidal
while the waveforms measured in the present study in-
dicated sharp variaticns as shown in figures 7 and 1b.
The non-dimensional level of the pressure and velocity
fluctuations measured in the present Investigation
was much higher than those reported in reference [13]
and reference 119] resnectively. The root mean
square value of pressure fluctuations at diffuser in-
let was aporoximately 11% of 00U2/2 in this investiga-
tion while it was only about 0.4 - 2% in reference
[13]. In the present investigation the level of the
ozcillations remained constant as the mass flow rate
was decreased while in the data shown bv references
[17,13] the levels of the oscillations increased as
the mass flow rate was decreased. The number of lobes
in the patterns measured in the present investigation
varied between 1 and 4 while in references [10] and
[13] only patterns with two lobes were observed when
the experimental rigs were operated with a through
flow.

A1l of these differences indicate that the nature
of the phenomena measured in the present investigation
was different from those of the phenomena reported on
by either of references [10] or [13]. The latter ones,
however, seem to belong to the same group. Now recal-
ling that the swirling flow in the diffuser of the
test rig used in reference [10] was generated bv a
rotating screen with a through flow, it must be con-
cluded then that the existence of an Impeller is not
necessary for the generation of oscillations of the
type reported on in reference [10]. Furthermore since
the characteristics of the oscillations reported on in
references [10] and [13] were the same, it is very
likely that the impeller in the test facility used in
reference [13] had unsteady flow characteristics
similar to those of a rotating screcem, while the os-
cillations measured in the present study was connected
to an impeller characteristic which could not ke
simulated by the flow through a rotating screen.

One characteristic which could have an effect on
the generation of the oscillation is the variation of
the absolute velocity vector at impeller exit with
the rate of flow. At high flow rates a small reduc-
tion of flow generally results in a small increase in
the tangential component of the velocity. As the flow
rate is further decreased without the occurrence of
the instability of the type reported in reference [10]
a flow reguime is reached in which a small reduction
in flow rate results in a substantial reduction in
the tangential velocity component. Preliminarv re-
sults from an analytical investigation of the unsteady
flow coupling between an impeller and a vaneless dif-
fuser show that this flow condition can result in self-
excited flow oscillations. The larger the decrease
in the tangential velocity component for a given re-
duction in flow rate the more unstable the system
becomes. Turther experimental work is currently
underway to determine the variation of the diffuser
inlet flow velocity with flow rate in the apparatus
used in the present investigation. The obiective
being the establishment of whether or not the flow
conditions at the diffuser inlet at the onset of the
flow oscillations are in fact similar to *those pre-
dicted analytically.

11
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COWCLUSIONS

1. The generation of rotating stall in a centri-

fugal impeller-vaneless ¢iffuser comhination has been
iown to depend on diffuser diameter an idth ratios.

For diffuser width ratios greater than 0.038

larger the diameter ratio the higher the critical

flow coefficient. for a given diameter ratio, the

smaller the width ratio the higher the critical flow

coefficient.

2. The rotational speeds of the oscillation pat-

ternz were found to depond strongly on the diffuser

diameter ratio and weakly on the diffuser width

atio. The patterns rotated in the same direction as

he impeller but at a fraction of its speed. The

arger the diffuser diameter ratio the smaller the

rotational speed of the pattern. Patterns with larger

number of lobes rotated at a lower speed than those

with fewer lobes.

3. The characteristics of the phenomena measured in

the oresent study seem to differ from those of pre-

dw

o+ 13

viously reported investigations in many respects.
These differences are very distinct and point towards
the possibility of existence of more than onec set of
flow conditions which could lead to the occurrence of
the unsteady phenomena in an impeller diffuser com-

bination.
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