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J. BERTRAND

ABSTRACT

Experiments were conducted to determine the
characteristics of oscillating flows in a centrifugal
compression system with vaneless diffusers. The
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 he 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

D.	Diffuser inlet diameter
1

D	Diffuser outlet diameter
0

fB	Blade passage frequency

m	Number of lobes in disturbance pattern

2

Mach number at impeller tip

Fluctuating pressure at location i

Diffuser inlet radius

x	Axial distance in the diffuser measured from
the shroud wall

Time

U	Impeller tip velocity

Vet	Component of velocity in tangential direction
at diffuser inlet

Vi x	Fluctuating velocity at location (i,x)

W	Diffuser width

6	Angular separation
P	Density of air
e	Phase angle

Flow coefficient
Ii	Pressure rise coefficient
O	Disturbance pattern speed
P

P.	Impeller rotational speed
1

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 years and it is firmly believed
now that the oscillations may he 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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DIMS. IN MM.

systems [l-2]fleals mainly with the determination of
the time-averaged flow conditions which lead to t e
onset of oscillations and the designation of these
conditions on the compressor map or its equival nt.
The identification of the cause of the oscillation
is not usually attempted possibly because it would
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 c?if-
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 caper 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-dimensionalized and com-
pared with previously reported results [10,1.3]. 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 {mpeller
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 o` the
intake center-body. The volume flow rate was cal-ula-
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 exit 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 dynamic ores.sure
transducers and a hot wire system respectively. Thy
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 also moved axially to traverse
the diffuser fluctuating velocity field from hub to
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 tie shroud
wall.

Signals from transducers in locations 3, 5 and 6
were used to calculate the lobe number and rotational

Numbers in brackets indicate references at end of
paper.

CENTER BODY FOR

FLOW CONTROL

SCREEN

CONTRACTION
SECTION

MOVABLE SHROUD

	WALL/
	

DIFF.

	

xxi	EXTEN.

MOTOR

g.l Schematic of ei,,.^ exrerimertal Caci'_ity

Fig_.2 Locations of pressure transducers and i..ot ,.re
rro= e in the vanele	_`u:: r anal irn ell ^r

shroud
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Location Number Diameter Ratio

i 1.2(1

2 1.21

3,5,F 1.35

4 1.4R

7 0.54
8 2.07

0.81

1C 0.67

i t 0.27

12 0.	'Li

13 1.71

Table 1

eec of any ros_-;ible rotating ..;stur:Dsnce pressure
p-1 err:; in tt_e diff°user.	The blade to ',,lade Pre -

sure var	n any' the lead or lag of the pressure
fluctuat'ons i n t re impeller relat-ve to t'rcr , c in the

diffuser were determined from signals from transducers

in locations 1, 7, 8 and 2. The hot wire probe in
location 1 was used to rneasure the velocity Fluctua-
tions at *_.he difnus'n inlet.

Typically a signal from a pressure transducer or

the hot wire system was passel- through a Seectral.
GJnamics "eat Time Anal-i?zer type SD 332-21 and a

al 1	cital Storax.e 'Co`p:. type OS 4000 to determine,

the ewer co trum and the waveform of the fluctua-
tior resre-.ctively. When two signals were inalvzed
- irnultan,ously the signals were na sed through the

d Di	 tal Storage ^coiD-' and a DL'a .2(1011 /1 c_ata

a ii ition and analy	cs tem to obtain the rela-
tive c1  _ shif_ _stw Ti two sI nals. The amnli-

t'i.:e acrd Is of the ros:_ nectruas 5etween the two

signals was d , termined by Ito l_ementice a Past Fourier

Transform rout;ne on the ( 12(111/1 system.

RA I	(1F T-cm !	RAT_-i C :'010_	ICN	(1,7t 	'l	F

Thos thrust of the r,rer-rn ,̀	r,vasti_a

I;een r_'irecte l towards the do cminat rr of thr. e`-

fects of diffuser° geometr✓ on t;_e generation of self-
exc5 od oscillations in ti	vstem. Once the os
lations were rbate ctec their characteristics in space
and time wex -.r . it 1.	Ti- variation of these
characteristics with flow conditions in the system
was then determir...d.

The,. system was cro,,rated first .4i', !out a diff,i ;, r

but with a sleeve at _ hiller exit to cover rrart of
'^ . .	and thus cha_ge to impeller c:xi t area.

T cn t'	m was operated with two diffusers with
diameter ratio of 1.55 and 1_.83 respectively. For
each of th three cases considered the height of exit
area at mi =11er .L scharge was °'iccessively arl_ju;ted

. ,54, .,.045 ar._ '?.038 of diff , iser inlet

dilme_i r. The seed of the impeller was vrie , from
42;D to --:r00 rpm whic`r resulted in impeller tin Mach

number rinse of acoroximately 0.14 - 0.22.
^'or each goo-:etric-il configuration and speed of

the system the mass flea rata was gradually reduced
and the uerformance of the vitem was evaluated.
After on^et of the	illat'or.s the waveform fre-
cuoucv ad lobe ramber of . fluctuating r^r'ssure

an v	v T,., ,r+, measured For every ma": flow rat-.

^s procedure was repeated until further axi .1_ :r•. .

c	+ 	the e'rter-:rode ehoa-r _.. Ciure_ 1- on In

no or al a n char	is I,tr flow rate.

pE r Lis 2 0 r'ISC^STO?IS

"10 t cf the _'ata in this paper ar° r sented in

a non-dimensional form. The flow coefficient	is

aced on the Impeller tip speed (U) and diffuser in-
let area. The pressure rise coefficient of the
system, f, is the difference between the diffuser
exit static pressure and the impeller inlet total

pressure divided by 12 2 /2 were o is the density of

air. Fluctuating velocity data are normalized by U
while those of the fluctuating Dressure are normalized

y p0 2 /2. All length dimensions are normalized by

the diffuser inlet diameter.
The fluctuating pressure data are designated oi,

where i takes 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 1 therefore indicate the ratio bet-
weer the distance of the wire from the shroud wall
ar.d diffuser width.

1.. Performance Characteristics of the System With
and Without Van-less Diffusers

Figures 3(a) to 3(d) show the variation of the

pressure rise coefficient 5 with flow coefficient 5
for the four different diffuser widths investigated

H

W/D;=0.063

0 NO DIFFUSER

0 D,/D,=1.55

V q,/D; =1.83

Onset of

Oscillations
55	1.83

.05	.1	.15	.2	.25	.3

Fic. 3a

1.0

.8

4f .6

.4

.2

0

W/Di =0.054

O NO DIFFUSER
'7 D,/D;=1.55

V D,/D1.83

	

Onset of Oscillations	
1.55 1.83

05	.1	.15	.2	25	.3
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.05	.1	.15	.2	.25	.3

Do/ D;

Fig. 3c

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 0- 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 >U- curve.

The critical flow coefficients below which the
oscillations were first detected, were dependent on
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

0..

0.

0.

0

0

W

Fig. 3d

V

6 -

4	W/Di=0.038

0 NO DIFFUSER
O Q,/Di=1.55

2	V 0,/Di =1.83
Onset of
Oscillations

0
0.05	.1	.15	.2	.25	.3

0.35	.04	.045	.05	.055	.06

W/ D;

Fig.4 Variation of critical flow coefficient with
diffuser width ratio. M.. = 0.18

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
ratio investigated here. It is 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-

Fig.3 Effects of diffuser geometry on system perfor-
mance and limits of instability. Mt _ p - 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 cb-
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 discontinuity in 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 -^ curve

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 conditions 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
before 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 huh 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

5
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r

\ 0.
U)

0

y o.

time

Fig. 5a

I0

0.75

a 0.50

20ms.
0.25

0

time

Fig. 5b

Fig.5 Diffuser inlet velocity before and after in-
stability. D /D. = 1.83, MID. = 0.038,

M.	= 0.18 0 1
tip

N
D

N 0
0

20 m.s.
rE	1

time

Fig. 6a

N
D

-'IN «)

F	20m.s

time—^

Fig. 6b

Fig.6 Diffuser inlet pressure .fluctuations before and
after instability. 0 /D. = 1.83, W/D. = 0.038,
M.	=0.18	0 1	1

tip

equal to the time average velocity at this location.
The peak to peak pressure fluctuation at diffuser in-
let was approximately 0.3. The high frequency fluctua-
tions shown in figures 5 and 6 are, of course, due to
blade passage.

The waveform of the fluctuations was dependent on
the diffuser geometry. For example, figure 7 snows a

N

—IN
0

0

4 Om.s.

time

Fig.7 Pressure waveform at diffuser inlet. D /0=1.55
W/W i = 0.054, Mtin = 0.18, 1 = 0.156	0

trace of the pressure fluctuations at location 12 for
the system with a diffuser diameter ratio of 1.55 and
width ratio of .054 operating at a tip Mach number of
0.18 and a flow coefficient of 0.156. The trace is
clearly different from the one shown in figure 6(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 pressure was equal to its time
average value was approximately equal to 600.

2.2 Spatial Extent of the Oscillations. Figure 8
shows traces of the hot-wire output at location 1 for
different axial locations of the wire between the hub
and the shroud for diffuser diameter and width ratios
of 1.55 and 0.038 respectively just after onset of
insatbility. The orientation of the wire in each case
was adjusted such that the D-C output from the wire
was maximum. Figure 9 shows traces of signals from
pressure transducers positioned at locations 1, 4 and
13 for a diffuser diameter and width ratios of 1.83
and 0.038 respectively also just after onset of

6
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i.0

0.75

0.5
X

0.25

0

X/W=0.5 -'^

^.i
.07 

0

N
D

-{N

N

m 1

20 m.s.

time 

N

o- 

Fig.8 Variation of fluctuating velocity with axial
distance at diffuser inlet. D o /Di = 1.55,

W/Di = 0.038, M t i p = 9.18, ¢ = 0.196

Nj l()

0

3-

ti

20 ms i

time-

Fig.9 Variation of pressure fluctuation with radius.
D /D. = 1.83, W/D. = 0.038, M .	= 0.18,
0 i	i	tip

= 0.186

instability. The signals in these figures were passed

through 250 H z 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 huh to
shroud.

2.3 Lobe Numbers and Freeuencv 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 polarity. The signals from the

time

Fig. 10 Hub and shroud pressure fluctuations at dif-

fuser inlet.	D o /Di = 1.83, W/D1 = 0.038,

M .	_ 0.18, 1 = 0.195
5 0

N

0
-4CQ

20 m.s.

uQ
O

g
-IN
	

lAf

a-

time

Fia.11 Variation of pressure fluctuations with cir-
cumferential separation. D /D. = 1.55,

W/D. = 0.045, M= 0.18, o f	.122
tip

two transducers were analyzed in the complex frequency
domain and the cross spectrum between the two signals

were obtained. The phase angles at the dominant
fr-quenci • were examined to deter:,.inc the lobe num-
bers and - =d of any rotating cre^sure pattern in

the diff . : •-. Table 2 shows the rotational speeds in
revolutions per second of the measured patterns cor-
resnondii. to all diffuser configurations investigated
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T1 m=2 m=3 m=4 m=1 m=2 m=3

2,t53 2r.- - 22.7 21.0 - 20.5 18.0
0.';54 27.0 27.D - - 22.0 22.0 -
0.'i45 28.0 28.0 26.3 - 22.0 22.0 1''.3
.038 29.5 27.3 - - 22. -

Ta'rle 2

in hi study. Tie 7mp._1ler -rotational so.	for all

the cases .shown Jr.tab l_ 2 was 83.3 revolut ons oer

,eron s. Th• , exl r  of more than one l^  rn tuber

or ever/ diffuser ;;eom try s-'Town in tade 7 lots not

mean ° simultaneous occurrei of more t^,an one

oat tern	it • only an Sndica*ion that as the flow
rate in t? =v ten was reduced after once` -f the
oscillation the lobe number of the disturbance rat-

tern	or	:o to four yob	r- oh erwc at rye

larg. t odth ratio.	T, r suit ialica e	.t the

ro tat Ion at pec'' of 0 	•;turlin	itt-rr- were

stro glv dependent on the cif u lr diameter ratio

anc wea'nl ,,, denendent or the c'ffuoer widtr ra`io.

-crease of 15	_lameter ratio ri cul`ed in an ir.-

crease of 311 inthe rotational soer3 of the unsteady

Drs - urn oattcrn w':i lc a decr _se of 42 °x, it 11 ffuser

w 'dt' ratio resulted in only 10' incre-a-,v of the

oat r. no rotational n= 2 . Also for a p vc,	i_`fuser

geometrv, the rotational so-so. of the :;sift°rnr d-
creased as the number o` lobe, in the pattern in-
crrased a'Dove ws:o. The rotational sneeds of the
natt_erns o` a certain lobe numl>er in a give c'_iffuser
did not vmnc measurat1v wit's Flow coefficient. The

data	or in table 2 was oIt	4 from meas'.irnm nts

takeTi while ',he impellr was rotating at a s.	of
5`^!r0^; rpm.	W7 en '_he imGc i.ler , reed was chap..'

inn litude and fre uencv of the oscillations .1

changed. F guns 12(a) shows the power sp	i_m f

0	100	200

Frequency-Hz

Fig. 12r;

Spectra of diffuser inlet pressure fluctua-
tions. W/D. = 0.038

1

the pressure fluctuations at location 1 for different
_mo filer .pest':. The diffuser geometry Sr this case

was a diameter ratio of 1.55 and a width ratio of

0.038. The number of lobes Sr the pattern was two.
Similar results are shown in figure 12(b) for the
system with a diffuser of diameter ratio 1.83 and
widt? ratio 0.038. When the mrequencv and pressure
were normalized by the imceller speed and p 7 ' 2 /2 res-
pectivety as shown in figure 13 the non -dimensional

•
•

.•••
••

/I I

••

^'	S •• ••

I

0.2
	

04

N

0.1
	

03

E
a-

p	D-/Di =1.83
0	Do /Di =1.55

0
 
	

02
4000 4500 5000 5500 6000

N	(rpm)

Fig.13 2 feet of impeller speed on amplitude and

speed of disturbance patterns. W/Di = 0.038,
o = 2

Fig. 12a

0	 100	 200

Frequency-Hz
rotational speed of the oscillation patterns and

fluctuating pressure amplitude were fairly constant
for each diffuser. Two-lobe patterns were rotating at

of the impeller speed for the system with large
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diffuser and at 35 0 for the system with small
fuser. The magnitudes of these non-dimensional rota-

tional speeds are similar to t'.ie previously meassred
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 t'^e
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 soeed of the tall
cells are affected by such interaction. This icea
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 [14] for an axial flow machine.

The level of the pressure oscillations was
slightly smaller for the system with small diffuser
than for the system with large diffuser. The root

mean square level of the pressure oscillations was
between 10 and 12% of pU 2/2. t 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.

2.4 Phase elat onshins Between Fr_..;ure ana
`Telocity Fluctuations. CiFure 15 snows traces of the

N
D
0

N

u)
O

20m.s.

time—^

(P =.203	m=1

N

80 m.S.

time

=159	m=2

N

O

time

3 = 102	m=2

O

o=

80 m s.

time

Fig.l4 Variation of flow coefficient on pressure
fluctuation waveform at diffuser inlet.

D /D. = 1.83, W/D. = 0.054
0 i	i

Fig.l5 F se relation-hin between pressure and ve?o-
city at dimfuc_er inlet.	l /`). =
W/D. = 0.038, M	= 0.18, 0 ,

o tput of the tint win-	n	n- 3 t cn 1 nrtwav
1 .tween the hut and the shrou:t and '-he tr___,suro ti -in,^-

ducer at location 12 for diffuser diameter and widt':

ratio- of 1..55 and 0.038 ;,not after onset ce oscilla
tions. The wire was oriented in a direction normal to
the mean flow direction at its nositior. Both eignals
were p,: a;' Lhrouth a mate ed par of -ow pass filt^r^s
set at	̂ lTz. Maximum velocity occurred exac tl 	n

the pr• on was minimum. The share rise in pressure
followed Hy the gradual rela aticn was a sociatea Ja h
a sharp reduction in velocity followed by Gradual in-
crease towards the mean value. The slet inconsis-
tency in the velocity waveform at the minimum ml 
may be attrihute1 to the	n,itiv^ty oC	e Ic- wir-
to velocity magnitude and 1 rect 4 oil s-rnultancoIsI,.
At the minimum velocity which, as will he s_cwa in
section 3, corresponded to the r,a>sage of an i;on.^ller
channel_ with no flow and as a result somE

changes in the velocity vector are 1_ - Io :`.mcen
and this affect the trace.

3.	riotion of the Onsteady Flow in an	-elver
eel

The outputs of pressure transducers a' locations
7, 8 and 1 were used to " ;"nthe:>ize tr:e flow naria ion
in any one channel with time. B ur;e c` 00 t r I atton
of the disturbance patterns the frequency of the flow
oscillations that wry one channel exoert...ced am the
difference 'etween the imp°ller -;haft ;resuenev and
the pattern rotational frequency. The frauencies were
subtract=d hecau".e the patt:?rns were found -,o rotate
in the mone direction as he im.^ellcr. 'a,i,,. which
occurred at time t in one c'..annel were r ncated in a
following channel after a time At = 5/(n. ) wherec
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N	.5
D

-JN

w
.4

0
a
J
m
o 3

w

J . 2
3-

AO is the angular separation between the charnels and
and Q are the annular ve.loci`ies of the impeller

and the Histurbance pattern resoectively. °elative
to a stationary oh over however, tse time separation
between the passage of the two channels would h
Gt = AB/2i. An event recorded y the stationary oh-

s-^ry^r at the time of pas_ age of the F•rst channel

would he the same as the event which would occur in

the second channel after a time [At e - At o ] from the

passage of the second channel. Therefore the succes-
sive blade to blade *pressure variations measured by
a oressure transducer at location 7, 8 and 9 after on-
set of the oscillations would reuresent the 'lade to
blade variation of a single channel at different
times. Figures 16(a) and 1c(b) show tracer of the

N^

4` 1 tf)
\ O

5 ms
I-'-

tim e

Fig. 16a

N

0

time

Fi. 16b

Fig.l_5 Imueller oressure fluctuations before and

after instability.	7 /'ii = 1-.83, 7/H- 0.038,

M tin = 0.18

output of a pressure transducer at location 9 just
before and just after onset of instability. The
amnlitude 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 hiade to blade variation, the mean pressure in

the channels also varied with time with a peak to
peak variation of about 25':, of pU 2 /2.

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

cular system used in the present study was obtained
by operating the system without a diffuser and measur-
• ne the averace blade to blade pressure variation for
d.fferent mass flow rates in the system. The results
are shown in figure 17. if the unsteady flow in the

channels is r sumed to he quasisteady the trace shown
in figure 15(br) can now be used to describe the flow

0 1	1	1	1	1	1

.05	.I	.15	.2	.25	.3

Fig.17 Relation between blade-to-blade pressure dif-
ference and flow coefficient. No diffuser,
W/'li - 0.038, Mtip = 0.18

in any one particular channel. Relative to the chan-
ne] the positive sense of time would be from right to
left. The successive blade to blade variations are
(1/f8) x [2p/(t. - Qn )] seconds auart where fg is the
trade uassage frequency. At time of maximum average

pressure in the charnel the -eve1_ of the blade to
blade ire' ure variation was minimum which meant that
the flow rate in the channel was also minimum. The
mean pr ' ure then gradually decreased towards the
minimum value and the flow rate in the channel gradual-
ly 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 between the signals from pressure
transducers at iota tons 1, 7, 8 and 9 was measured.
The results are shown in figure 18 for the system with
diffuser diameter and width ratios of 1.55 and 0.038

v-i" for a disturbance attern 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
1 tween the two transducers was increased.

4.	Comparison with Previously Reported Experimental

Results
L''- tailed dynamic measurements of self-excited

oscillations in vaneless di`fiisers have been reported
before [10,13]. The geometrical parameters of the
diffuser used in reference [10] were diameter and width
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r-n

u>
a)

o

a

n

0.5	0.6	0.7	0.8	0.9	1.0	I.1
D/Di

Fig.18 Phase angle between impeller fluctuations in
the impeller and at diffuser inlet. D /D.

1.55, W/Di = 0.038, Mt ip = 0.18, = 0'19

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 widthratios 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 respect;.

Most prominent of the differences is the one 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

X	o MTIP = 0.7
07 	 XX	R12 0 M1I P = 0,9

A MTIP = 1.1
06	 0^

MTIP = 0.55
05	 b^ a	N2o MTIP = 0.7

04 -

03 -

X X X02	COMPRESSOR A	X

01	- - - COMPRESSOR B 
[I3]

X	,]q" [lo]
n

0.1	0,2	0.3	0.4
(VR/V6) 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 speeds
measured in this study did not change as the flow co-
efficient was reduced after onset while in both of the
other references 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 almost sinsoidal

wh -le the waveforms measured in the present study in-
dicated sharp variations as shown in figures 7 and 14.
The non-dimensional level of the pressure and velocity
fluctuations measured in the present investigation

was much higher than tEe	r ported in reference [13]
and reference r]0] res- ctively. The root mean
sgaare value of pressux. fluctuations at diffuser in-
let was ap.De ximately 1	of oEl 2 /2 in this investiga-

±ion while iz was only a° out 9.4 - 2° in reference
[13]. In the present investigation the live- of the
oscillations remained constant as the mass flow rate
was decreased while in the data shown b%: references
[19,13] the levels of the oscillations increased as
the mass flow rate was decreased. The number of	es
in the patterns measured in the present five stigarion
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.

All of these differences indicate that the nature
of the phenomena measured in the present in; estigat4on
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 '_w a
rotating screen with a through flow, it must L,e con-

eluded then that the existence of an impeller is not
necessary for the generation of oscillat ,'ons 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
i.ikely that the impeller in the test facility used in
reference [13] had unsteady flow characteristics
similar to those of a rotating screem, while the os-
cillations measured in the present study was connected
to an impeller characteristic which could not be
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
tIe 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. Preliminary re-
sults from an analytical investigation of the unsteady

flow coup] Hr between an impeller and a vaneless dif-
fuser show that this flow condition can result in self-
excited flow oscillations. Tie larger the decrease
in the tangential velocity component for a given re-
duction in flow rate the more unstable the system
becomes. Further experimental work is currently
unlerway to determine the variation of the diffuser
inlet flow velocity with flow rate in the apparatus
used in the present investigation. The objective
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.
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OP .L`JSIOVS

1. The feneral:ion of rotating stall in a ce,ntri-
fugal mel.l.er-vaneless cif{user co	nation `as bcen

==Town to depend on diffuee ciameter and width ratios.
For diffuser width ratios ,greater tear 0.038 the
larger the diamct r ratio the higher the critical
f; ow coefficient.	or a given diameter ratio, tae
smaller the width ratio the higher the critical flow
coefficient.
2. The rotational speeds of the oscillation pat-
terns were found to dep-cnd strongly on the c'irfuser
diameter ratio and weakly on the diffuser width
ratio. The natlern^ rotated Th the same direction as
the impeller but at a fraction of its speed. The
larger the diffuser diameter ratio the smaller the
rotational speed of tine pattern. Patterns with larger
number of lobes rotated at a lower speed than those
with fewer lobes.
3.	The cIaracteris*ics of the o_henomena measured in
the present study seem to differ `rpm those of pre-
viously reported investigations in manv respects.
These differences are very distinct and point towards
the eossibility of existence of r:ore than on^ set of

flow conditions which could lead to the occurr-nce of
the unsteadv phenomena in an impeller diffuser com-
bnation.
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