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ABSTRACT 	 NOMENCLATURE 

	

. Subjected to an oscillating flow rate a compressor may feed ad- 	A 	area 
ditional (excitational) energy into the attached piping system. The 	Ard 	relative distance from the stability line 

relation between this additional energy input and the instantaneous 	a 	velocity of sound 
behavior of a centrifugal compressor stage is dealt in a first part. 	B 	stability parameter as defined by Greitzer (1981) as 
Modeling the stage behavior by taking into account either inertia

B 	
U2 	U2 	V 

— 
of the enclosed fluid mass or a first-order transient element or tram 	

=
2.01/21Lc 2aV  LcAc  

sient stall in any component leads to a different energy input. 	 BI 	blockage 

	

The energy input at a flow rate oscillation of given frequency 	D 	diameter 

and amplitude was calculated as a function of the slope of the char- 	Dp 	non-dimensional pressure rise 

acteristic and the reduced frequency applying a previously pub- 	 Dp= AP 
,, 2 lished model to describe the instantaneous behavior of the stage. In 	 PE,,  u2 

this model transient stall in the diffuser is taken into account. At 	f 	frequency 
reduced frequencies above unity the energy input of the diffuser was 	h 	enthalpy 
reduced by a considerable amount due to the specified instantaneous 	L 	length 
behavior of the diffuser. This indicates a potential to reduce the 	ril 	flow rate 
additional energy input of the diffuser either by increasing the time 	Mu2  ' peripheral Mach number 
constant of the stall process or by increasing the mild surge - 	 U2 

frequency. For the investigated diffuser size the required reduced 	 Mu2 	 
ir IrCrE  

frequencies imply mild surge frequencies in a range being too high 

It 	
pressure 

for industrial application (> 200 Hz). Still, this method turned out 
II 	'gas constant 

to give useful insight into the link between the instantaneous r 	stagnation temperature 
behavior of the compressor and its energy input. 	

Tperiod P 

	

In a second part for the same centrifugal compressor the energy 	To 	time constant 
contribution of several stage segments during mild surge oscilla- 	t 	time 
tions was determined from detailed instantaneous measurements. As 	V 	volume 
a result the contribution of each stage segment to the conservation 	V 	volumetric flow rate 
of the mild surge pulsation emerges. Although at the investigated 	r 	radius 
mild surge frequencies the stage segments no longer behave strictly 	U2 	impeller tip speed 
quasi-steadily their contribution to the additional energy input is 

Greek symbols found to be mainly determined by the slope of their quasi-steady 
characteristic. 	 am 

perturbation quantity 
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SE 	energy input per time 

phase shift 

flow coefficient 

41  = 	2  
PE u2D2 

isentropic head coefficient 
isentropic coefficient ic 

density 

f2 
	

reduced frequency 

angular velocity to 

Subscripts 
A 	stage exit 
• leading edge of the diffuser vanes 
• diffuser throat 
• referring to the compressor 
• stage entry 
• referring to the Helmholtz resonator analogue 

referring to segment i 
MS 	referring to mild surge 
tot 	total 
0 	normalized 
1 	impeller inlet 
2 	impeller outlet 
3 	diffuser channel leading edge 

INTRODUCTION 
In the context of compressor flow range enlarging, the field of 

active surge control by suitable devices has been widely discussed. 
Despite its experimentally proven potential the use of additional 
equipment such as sensors, controllers and actuators is undesirable 
in industrial application. In addition the limitations of active surge 
control for large installations in terms of large B-parameter are 
evident e.g. from Simon et al. (1992). 

In order to find means to enlarge the flow range, compressor 
manufacturers rather would like to act on the compressor stage it-
self than on the attached piping system. Therefore, in operating 
points with system instability such as mild surge the question is, 
how the additional energy fed into the system by the compressor 
can be lowered, rather than how this energy can be damped out by . 
the system. 

In a previous paper by Ribi and Gyarmathy (1991) it was shown 
how deep surge was preceded by mild surge. The transition from one 
system instability into the other will be delayed if the growth of 
the mild surge amplitude is prevented'. The mild surge amplitude is 
a function of both the additional energy input of the stage resulting 
from the mild surge oscillations and the ability of the attached duct 
work to dissipate this energy. As a consequence the additional en-
ergy input of the stage has to be minimized. 

Hunziker and Gyarmathy (1991) considered the slope of the 
stage component and subcomponent characteristics in order to 

I) It was found that this transition is caused by impeller rotating stall. 
Although the time mean operating point is far above the limit for rotating 
stall this stall was intermittently triggered when Mixing mild surge oscil-
lations the instantaneous flow rate dropped below the associated limit. 

quantify their tendency towards dynamic instability. Once the sys-
tem became dynamically unstable (i.e., mild surge oscillations are 
present), this slope was taken as a measure to assess the compo-
nent's contribution to the conservation of the oscillations. As 
long as the components behave quasi-steadily the slope determined 
by time avenged pressure measurements is an adequate measure for 
this. However, the situation is different when the components do 
not behave quasi-steadily. Then their contribution to conserve the 
oscillations has to be determined in another way. 

PART I: STAGE BEHAVIOR AND ENERGY INPUT 
Assume a compressor system as shown in Fig. 1 consisting of a 

compressor, a duct where all flow inertia is taken into account, a 
plenum allowing transient mass storage and a throttle ("Helmholtz 
resonator analogue"). In this system the compressor acts as an en-
ergy feeding element while the throttling device and the piping 
friction are the damping elements. 

Dul Lc 

Compressor Ac 

Fig. 1: 	Helmholtz resonator analogue 

The theory about dynamic instability (set Greitzer, 1981) states 
that additional energy can be fed into the compression system as 
soon as the slope of the compressor characteristic is positive. As 
long as the compressor behaves quasi-steadily any variation of 
mass flow rate leads to a sithultaneous variation of the associated 
pressure rise which is either exactly in phase (Fig. 2, left) or 180° 
out of phase (Fig. 2, right) depending whether the pressure rise 
characteristic is positively or negatively sloped. The integrated 
value of the product of mass flow perturbation times pressure rise 
perturbation is the net production of additional energy per cycle. 
With a negative slope this product is negative too. The compressor 
assists in damping out any flow oscillations. In contrast, a positi-
ve product is found in case of positive slopes. As a consequence ad-
ditional energy is fed into the compression system. If this 
additional energy cannot be dissipated by the throttling device 
small disturbances will grow in time in an exponential manner 
until non-linear effects limit their amplitude. 

Whether the additional energy can be damped out or not depends 
on the system in which the stage is embedded. Greitzer (1981) 
showed that the ratio of pressure forces to inertial forces has to be 
examined by viewing the stability parameter B. However, focusing 
only on the stage itself, in this paper the influence of the system 
will not be discussed. 

lhrothe 
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a) dynamically unstable 	b) stable 
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mot) 80) 

Energy input 	 Energy dissipation 

Fig. 2: 	Relation between pressure rise slope and additional en- 

ergy due to any oscillation 

Quasi-steadiness and Non-auasi-steadiness 

So far it is obvious that there is a relation between the additio-
nal energy fed into the compression system during any flow oscil-
lation and the way the compressor behaves. At a positive slope of 
the pressure rise characteristic this amount is positive and it rea-
ches its maximum for a given flow rate perturbation when the asso-
ciated pressure rise perturbation WO is in phase with the flow 
rate perturbation 8V(t); i.e., if the stage behaves quasi-steadily. In 

this case the amount of additional energy is proportional to the 
slope. 

However, it is well known that above a certain oscillation fre-
quency the stage no longer behaves in a quasi-steady manner. The 

flow rate perturbation and pressure rise perturbation will no longer 
be in phase. The amount of net energy is altered. The question how 
far it is altered is strongly linked to the compressor behavior. 

There are several attempts to take non-quasi-steadiness into ac-

count. 

Inertia of the enclosed fluid mass 
Abdel-Hamid (1985), for example, published some investiga-

tions performed on a centrifugal blower. He proposed to model the 
stage by adding an inertia element of an effective length of 0.4 
times the impeller circumference. As shown below the influence of  

inertia depends on the enclosed fluid mass; i.e., the flow path 
length of the segment considered and, therefore, does not change 
the additional energy input. 

First-order transient model 
In addition to accounting for mass inertia, being usually signif-

icant in the inlet and exit flow paths of the compressor, - the be-
havior of the stage itself is often described by a first-order transient 

model involving a time constant To (e.g. Greitzer, 1975). While 

some authors bring To to agreement with their experiments trying 

to find a corresponding flow path length with a representative ve-
locity (e.g. Hansen et al., 1981, Bons, 1994, Fink et al.. 1991), To 

is chosen for example by Lible (1986) as the time needed to 
change the circulation around the blades, In all these publications, 
however, the influence of transient stall is neglected. By assuming, 

for simplicity, a linear quasi-steady characteristic over the flow 
range of interest, this approach results in symmetric deviations of 

the instantaneous pressure rise around the steady operating point at 
the mean flow rate. 

The influence of a compressor behaving as a first-order tran-
sient element (inertia being neglected) on the additional energy in-
put during any flow oscillation can easily be shown. For simplifi-
cation it is assumed that the compressor is subjected to a sinusoidal 
flow fluctuation of a given frequency Cis and amplitude 84. It is fur-
ther assumed that the time delay can be expressed as a phase shift c 

between 4(t) and the associated isentropic head coefficient tg,(t). 
41 5(0 is chosen instead of the pressure rise Ap(t) in order to avoid 
non-linear terms. Then the instantaneous characteristic 41,(t) = 
f(4(t)) can be expressed by the quasi-steady•characteristic plus the 

phase shift e. As shown in Appendix A the following expression is 
found for the non-dimensional energy input per time no after lin-
earizing: 

8E0 	
P cos  ox cos(0/ - e) dt =7F.  

I a% t.,i{r-T 

= I  —4' a4)2COSE 
as 
	

(I) 

Thus the amount of 8E0 is proportional to the slope of the 
quasi-steady characteristic 414 and the cosine of the phase shift 
E between OW and w s(t). As long as the slope avyacp is positive, 
8E0 is positive also and vice versa. If E is ± 900 , 8E0 is zero 
regardless of ay 5ia0. By dividing the equation by the factor 84 2 , 
the influence of the amplitude vanishes. The resulting amount of 
energy, 8E0/84 2 , is termed "normalized" energy input per time. As 

a consequence of normalizing this parameter, the resulting values 
of 6E0/42  of any characteristic or any amplitude 84 can be plotted 
on the same 1ys/a4 versus e field. 

The dependence of 8E0/84 2  is shown in Fig. 3 for the slope 

aitr 5ia4 varying between ± 4.0 (according to a quasi-steady charac-
teristic given by an arbitrarily chosen polynomial) and the phase 
shift c varying between 00  and 90°. ' 

At a given positive slope aiir,M4, the amount of the normalized 
energy input per time 8E0/84 2  can be reduced by increasing the 
phase shift e. This phase shift increases with a higher oscillation 
frequency. As a consequence a compressor behaving as a first-order 
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Fig. 3: 
	

Additional energy input as a function of the slope of the 
isentropic head coefficient and the phase shift between 
flow rate oscillation and isentropic head oscillation 

Transient stall 

The deviations of the instantaneous pressure rise or isentropic 
head coefficient around the steady operating point at the mean flow 
rate are no longer symmetric if transient stall is present. Therefore, 
the behavior of 5E0/80 2  with respect to a delayed pressure build up 
is expected to be different too. 

Ribi and Gyarmathy (1995) investigated and modeled the be-

havior of a centrifugal compressor stage during mild surge oscilla-

tion. It is by no means postulated that the model is of general 
validity for all centrifugal compressors. However, this model helps 
to elucidate the influence of transient stall on the additional energy 

input. The model is therefore briefly sketched without further 
detai Is I) . 

Stage Segments and Measured Instantaneous Behavior 

In order to determine the instantaneous behavior of the com-
pressor, the stage was subdivided into individual segments which 
were defined as a result of the particular location of the pressure 
transducers (see. Fig. 4). These are: 

• inlet duct and impeller (E - 2), 

• impeller exit to diffuser exit (2 - 3) and 

• diffuser exit to collecting chamber exit (3 -A). 

1) As outlined by Davies etal. (1995), for axial compressors a possibility is 

given to take transient stall into account by the use of the "Dynamic 

Turbine Engine Compressor Code (DYNTECC) in combination with the 

wide-range compressor stage performance model described by Bloch 
and O'Brien (1992). 

Due to the position of the sensors, a suction pipe element of 

930 mm length was comprised in E- 2, and an exit pipe element of 
about 1050 mm length in 3 - A. 

Colleding chamber 
Segments 

0.0 inlet duct phis impeller 

	

0- 	diffuser 

	

©- 	 diffuserexit to col- 
lecting chamber exit 

Fig. 4: 	Subdivision of the stage 	into segments in order to de- 
termine their instantaneous behavior 

With this arrangement it was possible to determine separately 
the instantaneous pressure rise across these segments during a 
given flow rate oscillation (imposed by the piping system and 

variable by changing its configuration, see Fig. 10). As a typical 
result, Fig. 5 shows the instantaneous pressure rise vs. flow rate 
traces (cycles) for the stage and its segments at an oscillation fre-
quency of about 20 Hz. The results refer to one stage configuration 

Kim = 25° , see Part II) measured at four speeds (Mu2 = 0.4, 0.6, 

0.75 and 0.9). The dots represent the normalized instantaneous 
pressure rise Dp(t) during flow oscillations around a mean value 
The full lines are the time-averaged characteristics Dp(t•) known 
from measurement by pneumatic devices. (Most lines fall off to the 
left of the maximum of the stage head DpEA, where time-averaged 

a 2 
	

2 
DP 10° 1 °2 • 50300  5°40° Dp 

	
1001 	0°2 ° 0 °  5 

1.6 
	

1.6 

1.2 	 1.2 

0.8 	 0.8 

0.4 	 0.4 

0.0 	 0.0 

-OA 	 -OA 
0.02 0.04 0.06 0.08 0.10 	0.02 0.04 0.06 0.08 010 

Fig. 5: 	Cycles described by the different stage segments in a 
Dp-O-map during mild surge oscillations 
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measurements yield a lower value due to mild surge fluctuations.) 

The largest instantaneous deviations from the pneumatically deter-
mined characteristic are seen to occur in the diffuser (2 - 3), while 

the inlet duct plus impeller (E - 2) seems to follow closely this line 
with the exception at Mu2 = 0.4. No deviation appears in the col-
lecting chamber plus exit duct. All cycles are run through counter 

clockwise. 

Basal on such measurements the determination of the instanta-
neous behavior was possible. It was found: 

The pressure rise oscillations recorded in the impeller-plus-
inlet-duct segment (E - 2), are fully explained by the inertia 

of the air column comprised in the inlet ducti ) . Therefore at 
least at the investigated frequencies (max. 20 Hz) the im-
peller itself is seen to follow the mild surge pulsations in a 
quasi-steady way. 

The pressure rise oscillations in the diffuser segment 2 - 3, 

however, exceed the pertinent inertial effect by far. The un-
steady behavior of the diffuser is likely to be governed by 
non-inertial (i.e., kinematic-type) flow phenomena. 

As outlined by Ribi and Gyarmathy (1995) this non-inertial 

flow phenomena can be explained by transient stall either in the 
vaneless or in the vaned part of the diffuser. This is sketched in 

Fig. 6: 

OW =0 min 
	

OW >0 trim 

Ageo 	 Agoo 

An 

Fig. 6: 	Model to take into account transient stall in the diffuser 

If a region of stalled fluid is developed (time t i ) it takes a while 
for the healthy stream to carry this fluid out of the diffuser channel. 
In the meantime (time t2) the stalled fluid restricts the flow area in 

the diffuser throat and channel. As a result the pressure recovery is 
reduced. 

Description of the Model 

The behavior of both the impeller-plus-inlet-duct segment and 
the diffuser segment was described by a simple mathematical 
Model. 

In the impeller-plus-inlet-duct segment the quasi-steady charac-
teristic known from measurements is modeled by a polynomial. To 
model the instantaneous pressure head for this segment, mass iner- 

I) Pressure excursions near the left ends of both loops, impeller-plus-inlet-
duct and diffuser are due to intermittent rotating stall triggered below a 

critical flow rate. These excursions are non-real apparent effects 

caused by the use of a single pressure sensor at some point of the cir-
cumference for measuring the impeller exit. Although this instrumenta-

tion is sufficient whenever the flow is uniform all around, it is not any 

more representative for the average impeller exit pressure in case of 
distorted flows as the ones associated with rotating stall phenomena. 

tia is assumed to be the principal influence, resulting in an addi-
tional term to the polynomial. 

For the diffuser, steady flow diffuser correlations published in 

literature are used as a guideline'. For the instantaneous pressure 
rise, inertia is neglected due to the fact that.these effects are com-
paratively small. However, it is assumed that the cycle is governed 

by kinematic effects as previously sketched. Based on the guideline 

to get the steady state pressure recovery the influence of a zone of 
stalled fluid was expressed by a delayed blockage in the diffuser 
throat, Blc. (This blockage may, as during quasi-steady conditions, 
increase with increasing incidence angle but after having reached 

the maximum of incidence, Blc may be delayed by a function of 
first order. The needed time scale To may be proportional to the 
time the fluid needs to pass the diffuser channel.) 

Additional Energy Input due to Flow Rate Oscillation 

Based on this model, it is possible to describe the behavior of 
the stage and hence it's energy input at any mild surge frequency. 
The energy input is examined separately for the impeller-plus-in-
let-duct and the diffuser, The model is not adapted to take into ac-

count inertia effects in the diffuser segment or any transient stall in 
the impeller at higher frequencies. This allows quantifying the two 
influences separately. 

As an example, one of the measured set of characteristics was 
modeled and subjected to an oscillating flow rate at a given fre-
quency, fms, and a given amplitude, 80. The normalized energy in-
put per time for the impeller-plus-inlet-duct segment, 8E0 E.2/86 2 , 
and for the diffuser segment, 8E 0  2.3/86 2 , were then calculated at 
mean flow rates giving different slopes aw do. The oscillation fre-
quency, ftvis , was varied in a range yielding reduced frequencies 0 
for the first segment as high as 100 and in the much shorter diffuser 
element up to 10. (0 is the transit time through the segment times 
the angular velocity of the oscillation.) For the amplitude three 

values were selected: 44 = 0.05, 0.1 and 0.2 while the four slopes 
were aw s/a0 = -0.2. +0.2, +0.4 and +0.6. 

Since the phase shift c is a function of both the inertia and the 
slope, the normalized energy input per time, 8Eo/80 2 , is plotted 
against the reduced frequency instead of C. Figure 7 shows the 

findings for the impeller-plus-inlet-duct segment on the left and 
those for the diffuser segment on the right. 

For the impeller-plus-inlet-duct segment the normalized energy 
input per time, 8E0 E.2/80 2 , reveals to be independent of the reduced 
frequency2) . Since inertia is taken into account for this segment the 
reduced frequency 0 is governed by the flow path length consid-
ered. This length is arbitrarily fixed by the instrumentation and not 
the result of a physical mechanism. Therefore, BED E4/84:1 2  is not 
influenced by £2. However, 8E0  a.2/86 2  is a function of av sap. 

I) The required correlations between pressure recovery and throat block-

age or throat blockage and diffuser vane incidence angle were taken, 

e.g., from Kenny (1972), Vcrdonk (1978), Stein (1986), Japiksc (1987), 

Clements and Artt (1987) or Hunziker (1993). 
2) By virtue of the chosen quasi-steady characteristic given by a polyno-

mial of second order 8E0 E.-2/50 2  is independent of the amplitude 8OrcT) 
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Influence of the slope and the reduced frequency on the 

normalized energy input determined by the model 

Left: impeller, Right: diffuser 

For the diffuser segment, where only transient stall was taken 
into account, an additional strong dependence of the reduced 
frequency 0 emerges for 8E0 2.3/802. As soon as CI exceeds unity, 

5E0 2-3/502  begins to decay regardless whether the slope is positi-
ve or negative. At very high values of 0, the amount of 8E 43  2.3/502  
becomes negative although the slope is positive. Observing the 
associated cycle in a w,-4i-plot reveals how the strong delay of 141,(t) 

against 4,(t) overturns the cycle so strongly that it resembles a 
forced cycle in an operating point with negative slope. The influ-
ence of the amplitude 844 becomes very important at 0 1 since 
it determines whether 8E0 2.3/802  already begins to decay or increa-
ses slightly prior to the drop. 

The influence of inertia on the one hand and of transient stall on 
the other hand may emerge more clearly by examining the energy 

input of the segments while subjecting the compressor to a given 
flow rate oscillation at various degrees of throttling along a speed 

line. For this, the varying time mean operating point the ampli-

tude of flow rate 80 and the oscillation frequency f m s are needed. 
While the amplitude 80 was kept constant (= 0.01), the oscillation 
frequency fms  was set to 20, 50, 100 and 200 Hz. 

In any given time mean operating point the normalized energy 
input per time, 8E0/4 2 , is related to the slope of the characteristic 
4130 and the reduced frequency as shown in Figs. 8 and 9, 

again for the two stage segments. Taking one frequency (i.e., 20 

Hz), during the throttling process one moves from negative slopes 
to positive slopes; because of the decreasing flow rate, fl increases 
slightly. At higher oscillation frequencies, is shifted to higher 
values. With increasing oscillation frequency the energy supplied 

This is no longer valid for the diffuser segment: At oscillating 

frequencies yielding (2> I 8E024/882  becomes significantly lower 

at positive slopes. As a consequence, the same diffuser feeds less 

energy into the piping system if it is forced to oscillate at a higher 

frequency. However, the problem is that in most applications it 

might be impossible to realize a piping system provoking a self 

8E0 F4  
84,2 

1.00 

0.50 

0.00 

-0.50 

-1.00 
1.0 

Fig. 8: Amount of the normalized energy input per time of the 
impeller 8E0 E.2/802  during throttling (reduction of ( .4.2) 
for different oscillation frequencies f ms  due to the modeled 
instantaneous behavior (inertia taken into account) 

fm =20Hz 

Fig 9 Amount of the normalized energy input per time of the dif-
fuser 8E0 2.3/80 2  during throttling (reduction of (12.3) for 
different oscillation frequencies fms due to the modeled in-
stantaneous behavior (transient stall taken into account) 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

-0.1 

-0.2 

-0.3 

-0.4 

-0.5 

6 

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/G

T/proceedings-pdf/G
T1997/78682/V001T03A019/2408521/v001t03a019-97-gt-084.pdf by guest on 19 M

ay 2023



induced oscillation with such high frequencies. For the compressor 
examined in this paper a useful reduction in 8E0 24/80 2  is found for 
oscillation frequencies fms of about 200 Hz, which is definitively 

too high to be realized as the natural frequency of an appropriate 
piping system. Therefore, an increase of the reduced frequency has 
to be performed by increasing the diffuser time constant To rather 
than the oscillation frequency. This might be achieved by slowing 
down the process of flow reattachment in the diffuser. 

PART II: MEASUREMENTS 
AxperImental Set-up  

The centrifugal stage of the Laboratory for Turbomachines at 

the ETH (Zurich) is described in detail by Henziker and Gyarmathy 
(1993). The impeller was combined with different diffusers varying 

the diffuser vane angle setting a2D (see reference). In order to vary 
the mild surge frequency fms these stages were operated in two dif-

ferent compression systems termed as configuration A and B. Due 
to the different arrangement of ducts and volumes the two systems 
lead to the excitation of different acoustic modes during mild surge. 

As a result mild surge frequencies of 10.5 Hz (Config. A), 17 - 20 
Hz (Config. B), resp. were found. The two configurations are 

sketched in Fig. 10. (Those parts which are not relevant for deter-
mining the acoustical mode are drawn with shaded lines.) 

C
• - 

onfiguration A Heat 
exchanger 

Configuration B 

Fig. 10: Compression system configurations yielding different 
mild surge frequencies 

Measurements 

Segments 
In order to capture the different instantaneous mechanisms, so 

far the compressor stage was divided into one segment containing 
the impeller-plus-inlet-duct and another segment containing the 
diffuser. To analyze the energy input experimentally, the diffuser  

was then further subdivided using additional transducers. The fol-
lowing may be identified as segments: 

impeller-plus-inlet-duct (E - 2), 

vaneless space (2 - B), 

semi-vaneless space (B - C), 

diffuser channel plus downstream vaneless space (C - 3) and 

collecting chamber (3 - A). 

Compared to the theoretical analysis in Part I, this results in a sub-
division of the diffuser into three additional segments. 

Figure II is a sketch of the subdivided stage and the related 

isentropic enthalpy rise. Figure 12 shows more details of the dif-
fuser geometry faze = 25°) and the location of the segments. 

Fig. II: Subdivision of the stage into segments in order to de-
fine the individual amount of additional energy input due 

to mild surge oscillations 

Mesurement planes 

(i) Diffuser entry 

€0 Leading edge of 
diffuser vanes 

Impellerexit 
	e Diffuserthmat 

Ci) Diffuser exit 

Fig. 12: Diffuser geometry and inside segments 

The individual energy input 5E; of these segments was then ex-
amined. As a result a distinction between the segments providing a 
positive contribution to the additional energy input and those with 
a negative contribution is possible. In addition the results can be 

....... 

--■111A 
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compared with the findings reported by Hunziker and Gyarmathy 
(1993) or Hunziker (1993) where the energy input was assessed 
based on the quasi-steady slope alone. 

Since a suitable device to measure the instantaneous flow rate 
was only provided at stage entry (E) the assumption of the same 
mass flow at time t in any segment is a prerequisite. It can easily be 
shown that mass storage is negligible in the segments from E to 3 

for the given oscillation frequencies. However, in the last segment, 

the collecting chamber, mass storage is probable. Therefore, the 
results for 8E 3 . A may not be fully reliable. 

In Appendix B it is shown how the normalized energy input per 
time of an individual segment, 8E 0  AP, can be expressed as 

8Eo 
= — 	SOW Stirs i(t) dt 

ft+r„ 

502 T sA2 t  
(2)  

provided that the oscillation of the mass flow and of the isentropic 

enthalpy rise can be expressed as the sum of a stationary part and a 
time variant part. 

Instrumentation and Data Handling 
Signals were recorded from all pressure transducers as well as 

from a fast response pitot probe giving the instantaneous flow 
lawn. With in-house software running in a VMS environment the 

stored pressure readings were analyzed by phase locked conditional 
sampling (over 46 to 98 periods, each with 50 to 60 values) and 
subsequently further processed to get the instantaneous flow rate 
0(0 and the instantaneous isentropic head coefficient ur s  i(t) 
produced in the individual segments. After integrating these values 
8E0 /Se was calculated. 

All data were taken from operating points with steady mild 
surge oscillations, just beyond the stability line. A nearly constant 
amplitude 84 was ensured by this procedure without the risk of trig-
gering rotating stall and running into deep surge. The relative dis-

tance from the stability line A rei , defined as 

Oms Are!  = 

(3)  

I) The pitot probe was located in the inlet duct at a radius ratio of 
0.76IR4ua  (with Rduct  as duct radius). It can be shown that the instanta-

neous velocity profile of a flow oscillating at the given mild surge fre-

quencies and the given viscosity of the fluid is almost constant across the 

given duct diameter. As a result at the chosen position the instantaneous 

average velocity can be determined with adequate accuracy. The length 

and diameter of the probe itself were selected to allow the detection of 

flow fluctuations by the in-built transducer up to the expected mild surge 

frequencies without any phase lag or amplitude attenuation. 

a20 = 15°  a20 = 25°  azo = 30°  

Mu2 = 0.9 B a B 

Mu2  = 0.75 B B 

Mu2 = 0.6 B B 

Mu2 = 0.4 NB e 

Tabl. I: 	Stages and peripheral Mach numbers being analyzed 

Results 
Figure 13 (see further behind) is a bar diagram showing the con-

tribution of each segment to the additional energy input. The 
height of a bar indicates the relative amount of the segment to the 

total of the energy input produced in the compressor, SE,,. There-

fore, their sum equals unity with the-exception of the stage with 

a2D = 15 0  where the contributions were normalized by the amount 

produced in the diffuser channel 8Ec.3. The three segments vaneless 
space (2 - B), semi-vaneless space (B - C) and channel plus down-
stream vaneless space (C - 3) form the diffuser (2 - 3). The sum of 
this segment is also shown in Fig. 13. 

Impeller. Diffuser. Collector 

Referring to the upper bar diagrams in Fig. 13 (Config. B), first 

consider the whole diffuser as one segment. Consequently the con-

tributions of impeller, diffuser and collector are examined, bearing 
in mind that the contribution of the collector may be inaccurate due 
to the possibility of mass storage. 

It is seen that with increasing a2D  the main contribution to 

Etot is produced by the diffuser rather than by the impeller. Since 
the observed operating points are only slightly beyond the stabil-
ity line (Arei  small) this behavior agrees with the findings of 
Hunziker and Gyarmathy (1993) where the quasi-steady slopes were 
analyzed near the stability line. It can be seen that: 

With an "open" diffuser; i.e., a rather large diffuser vane an-
gle setting elm = 30°), it is the diffuser which brings addi-

tional energy into the system, while the contribution of the 

impeller is negative at higher Mu2 (0.75 and 0.9) or almost 

zero at lower Mu2. This was also concluded by Hunziker 
(1993). 

At a2D = 25°, the impeller and the diffuser are jointly res-
ponsible for the conservation of the oscillation (8EE.2 > 
0) 1) . At Mu2 = 0.6, the diffuser is a stabilizing segment 
However, its amount is positive at all other speeds. 

With a "closed" diffuser (azo = 15°), the situation has com-

pletely changed. The impeller feeds additional energy into 
the system2)  and the diffuser tends to stabilize this situa-
tion. 

For configuration A (where only the stage with the 25°-diffuser 
was measured at Mu2 = 0.4), the time-mean operating point is 

1) At Mu2 = 0.4 and 0.6 the time mean operating point lies below = 0.05 

where a strong flow recirculation at impeller inlet leads to a positively 

sloped impeller characteristic. 

2) The impeller characteristic is again positive due to the flow recirculation 

at impeller inlet. 

Oms 

is given as percentage value (see Fig. 13). 

Table I reveals which stages (a 20) and peripheral Mach numbers 
(Mu2) have been analyzed in which configurations (A or B). In con-
figuration A only one stage configuration was tested (ot N-20 = 25) at 
Mu2 = 0.4. At higher Mu2 the compressor encountered surge with-
out the required amount of mild surge cycles. For the diffuser vane 
angle settings a2D = 15° in configuration B stable mild surge was 
only found at Mu2 = 0.9. 
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closer to the stability line than the comparable operating point in 

configuration B. As a consequence the contribution of the diffuser 
is still negative. 

The contribution of the collector is always positive. Conside-

ring the quasi-steady slope, Hunziker (1993) predicted almost zero 
energy input. 

Vaneless Space, Semi-vaneless Space and Diffuser Channel 

The contributions of the individual diffuser segments are evalu-

ated as follows: 

In every configuration the diffuser channel (plus down-

stream vaneless space, C - 3) shows a positive value of 
8E0.3 . Subjected to the mild surge oscillations this segment 
obviously feeds additional energy into the system. This is 

again expected because of the positive slope of the diffuser 
channel segment (Hunziker and Gyarmathy, 1993). 

Considering the semi-vaneless space (B - C) a negative 
value of the energy 8E0.c is found in all configurations ex-
cept the ones measured with the 30°-diffuser at higher Mu2. 

Focusing on one example (Config. B, 25°-diffuser at Mu2 = 
0.75), also Hunziker found this segment being still stabi-

lizing near the stability line (i.e., negative slope). 

The vaneless space (2 - B), is almost neutral in the example 

reported by Hunziker. This also agrees with the amount of 

energy measured in the same configuration. In many cases, 
however, this segment plays an important role in determin-
ing whether the total amount of the additional energy is 
positive or negative. With the 30°-diffuser 5E24 is always 
positive while negative values are found for a2D = 15°. In 

between. am = 25 ° , 8E2.0 is either positive or negative. 

Part III: COMPARISON BETWEEN THEORY AND 
MEASUREMENT 

A cross-check is made with the measured energy input at 20 Hz. 
As long as the amplitude BO is small enough, the model says that 

the normalized energy input per time of the impeller-plus-inlet-duct 

a. 	 a. 
Fig. 14; Measured normalized energy input per time 8E 0 /802  

and its dependence on the slope aw s/d0 

Left: impeller, Right: diffuser  

segment, 8E0 E.2/80 2 , will depend only on the slope of the quasi-

steady characteristic. This is true for the diffuser segment too if the 
reduced frequency f12.3 is small enough (< 1.0). At a mild surge fre-

quency of 20 Hz f22.3 is < 1.0 for all measured speeds. According to 

the model the factor between the slope ay,* and the normalized 
energy input per time 8E0 '802  is 0.5 (see Fig. 7). A comparison is 

made possible by plotting the resulting energy inputs gained from 
different measurements with different peripheral Mach numbers 
Mu2 or diffuser vane angle settings a 2D  against the slope aw s/a. 
(Fig. 14). The agreement is fairly good, indicating that the slope of 

the quasi-steady characteristic is a determinant factor. 

SUMMARY AND CONCLUSIONS 
The findings may be summarized and interpreted as follows: 

Assessing the potential of a compressor stage to feed exci-
tational energy into the attached piping system during mild 
surge oscillations requires the knowledge about the instan-

taneous behavior of the stage. 

A considerably different energy input is predicted when the 
behavior of the given stage (being subjected to an oscillat-
ing flow rate of given reduced frequency) is modeled in dif-

ferent ways; i.e., by taking into account either inertia of the 
enclosed fluid mass or a first-order transient element or tran-

sient stall in any component. 

Modeling transient diffuser stall in the diffuser investigated 
indicates a considerable reduction of the energy input at re-

duced frequencies above unity. Therefore, a potential to re-
duce the additional energy input by the diffuser must exist 
by delaying the flow reattachment in the diffuser or by in-

creasing the mild surge frequency. However, for the diffuser 
size investigated, reduced frequencies above unity lead to 
mild surge frequencies in a range being too high for indus-

trial application (> 200 Hz). 

• The contribution of each stage segment to the conservation 
of the oscillations was identified by determining the addi-
tional energy input of the several stage segments by instan-

taneous measurements during mild surge oscillations. 

Although at the investigated mild surge frequencies the 
stage segments no longer behave quasi-steadily their con-
tribution to the additional energy input is mainly deter-

mined by the slope of their quasi-steady characteristic. As a 
result the findings agree with those concluded from examin-
ing the quasi-steady slope of each segment close to the sta-

bility line as reported by Hunziker and Gyarmathy (1993). 

Therefore, the following behavior is found: 

By "closing" the diffuser (i.e., decreasing the diffuser 
camber line angle from circumferential direction), the 
main contribution to the additional energy is shifted 

from the diffuser to the impeller. 

The diffuser channel was found to be a segment which al-
ways provides additional energy and, therefore, ampli-

fies any oscillation. 
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- For the semi-vaneless space, a negative energy contri-

bution was found in all configurations except the ones 
measured with the most 'open r diffuser. 

- In many cases the vaneless space plays an important 

role in determining whether the total amount of addi-

tional energy is positive or negative. 
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Fig. 13 	Contributions of the individual stage segments to the total amount of additional energy fed into the pip- 
ing system during mild su ge oscillations 
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APPENDIX A 
Influence of a first-order transient element on the 
additional energy input due to flow oscillations  

The quasi-steady characteristic of a compressor is assumed to be 
known. Then the additional energy per cycle with the period ; is 
given by: 

	

t+Tp 	 — SE  
(Al) 

The term to the .far right of Eq. (Al) is the quasi-steady energy 
input while the term to the left is the energy input during the oscil-
lations with the period T r  The difference between these two terms 

corresponds to the additional energy fed into the piping system by 
the oscillation. With the definitions 

Oh, 

Eq. (AI) can be written as: 

SE = u pEDi {.1
+Tn 

 0(0 WE) dt - Ir sTp} 

	

, 	t  

and 

= f (t - To)) 

w5(t) = git + SO cos (ux – c)) 

These expressions are inserted in Eq. (A3). After the multiplica-
tion those integrals with an odd power of the perturbation quanti-
ties 54) or Sw, vanish and as a result  

{ + T re=Tp _ 
50(0 Sws(t) dt 

(A4) 

is found. A further simplification occurs by linearizing Sur, with 
the slope a,/a4': 

5Eo= 541  
allfs  2{ et + Tn  

r cos 01 cos (OX –E) dt 

1 avs e  = 	09 COSE 
I P uS) 	 (A5) 

In order to exhibit the dependence of SE° on the slope and the 
phase shift an arbitrarily characteristic given by 

= f()= 42  + txT) 

is chosen while the slope siviao is varied between ± 4 and the 

phase shift c between 00  and 90°. 

APPENDIX B 
Separation of the total amount of energy input into 
the contribution of each component  

The additional energy which is fed into the attached piping sys-
tem by the stage from E - A due to the oscillation during the period 
T is (see Eq. (AD): 

t + Tp  
SE = 	tii(t) Oh, EG,A.(t) dt - m b7h Eo.A. Tp  

At all times it is: 
5 

ahsE0-/e=allsEt2 +ahs2-B 	D-A° 
1=1 	(B2) 

and at time t: 

Ohs c*-A4t) = 	ee-2(t) + Ah,2c(t) + + ahs D.A4t) 
5 

ZAlt,1(t) 
1=1 	 (B3) 

and so: 

sE = f n rit) ah, ;(t) dt - rh, Tp  
t + T 

(B4) 
1=1 

As a consequence the amount of energy can be subdivided into 
the contribution of each component: 

5  
SE= f " 

,
MO) Oh, i(t) dt rhs  Tp  

t +7 

J 

If th(t) and Oh, i(t) can be expressed as the sum of a stationary 
part and a time variant part; i.e., 

rit(t) = + Sib(t) 	and 	Oh s  ,(t) = 	+ bah, i(t) 	(86) 

then (135) can be written as: 

t +7, 
SE, = 	Sm(t) SAh, ;(t) dt 

3 	t + T _ 	n 
– U2D2p4 	80) 8Ws  ,(t) dt 

(A2)  

provided that there are neither pressure nor temperature fluctuations 
at the stage entry. Then the non-dimensional energy input per time 
(net power input) is: 

8E0 = T 	4(t) Ws(t) 	WsTp { t 

ft+Tp _ 

(A3)  

The oscillation of flow coefficient O(t) is assumed to be sinu-
soidal while the associated isentropic head rise may be delayed by a 
phase shift c: 

OM = + SO cos ox 

= {ft+Tp  

T 
E4 cos OX olyis  cos (01– e) dt 

(B5) 

(B7) 
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