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throttle parameter 11 
diameter [m] 
Helmholtz frequency [Hz] 
mass flow [kg/s] 
pressure [Pa] 
pressure difference [Pa], p — po 
dimensionless time 
dimensionless blow-off valve position 
number of diffuser vanes [-] 
dimensionless mass flow 
dimensionless compressor pressure rise 
dimensionless plenum pressure rise 
flow coefficient H 
density [kg/m 3] 
Helmholtz rotational frequency [rad/s] 

Subscripts 
0 	ambient conditions 
1 	conditions at the inducer inlet 
2 	conditions at the impeller outlet 
a 	casing side 

compressor 
co 	conditions at the compressor outlet 
h 	hub side 
p 	plenum 

throttle 
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ABSTRACT 
Surge is measured in a low-speed radial compressor 

with a vaned diffuser. For this system, the flow coefficient 
at surge is determined. This coefficient is a measure for the 
inducer inlet flow angle and is found to increase with in-
creasing rotational speed. Moreover, the frequency and am-
plitude of the pressure oscillations during fully-developed 
surge are compared with results obtained with the Greitzer 
lumped parameter model. The measured surge frequency 
increases when the compressor mass flow is throttled to a 
smaller flow rate. Simulations show that the Greitzer model 
describes this relation reasonably well except for low rota-
tional speeds. The predicted amplitude of the pressure rise 
oscillations is approximately two times too small when deep 
surge is met in the simulations. For classic surge, the agree-
ment is worse. The amplitude is found to depend strongly 
on the shape of the compressor and throttle characteristic, 
which are not accurately known. 

NOMENCLATURE 
compressor flow through area [m 2] 
Greitzer stability parameter [-] 

L e  equivalent compressor duct length [m] 
rotational speed [rpm] 
temperature [K] 
velocity [m/s] 

V 
	

volume [m3 ] 
number of impeller blades [-] 

a 	speed of sound [m/s] 
width [m] 
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INTRODUCTION 
Stable operation of both axial and radial compres-

sors is limited by the occurence of aerodynamic flow 
instabilities: rotating stall and surge. These instabili-
ties can lead to catastrophic failure of the compressor 
due to large mechanical and thermal loads. Therefore, 
the instabilities constrain the working range, and so the 
performance and efficiency of compressors (De Jager, 
1995). 

This study focuses on radial compressor surge. Sur-
ge is characterized by large amplitude pressure rise os-
cillations, and unsteady annulus-averaged mass flow. It 
affects the entire compression system and is seen in the 
compressor map as a limit cycle oscillation. In the liter-
ature, many results can be found about the behavior of 
the compressor subsequent to instability onset. Less is 
known about the physical background of surge incep-
tion, i.e., the emergence of large amplitude pressure 
rise oscillations out of small disturbances. Especially 
for radial compressors, aerodynamic flow instabilities 
are not fully understood (Fink et al., 1992; Greitzer, 
1981). 

Hunziker and Gyarmathy (1994), and Kammer and 
Ftautenberg (1986) report that at low rotational speeds 
the flow coefficient, which is a measure for the inducer 
flow angle, is constant at the point where inducer re-
circulation occurs. This critical flow coefficient can be 
seen as a critical flow angle at the inducer inlet. A local 
reversed flow occurs, which grows fast with decreasing 
mass flow. This causes a breakdown of energy trans-
fer of the inducer to the flow, and surge is obtained. 
At higher rotational speeds, surge is obtained at larger 
mass flows than expected from the critical inducer flow 
angle. The contribution of the diffuser to the pressure 
rise becomes more distinct, and, eventually, the dif-
fuser is found to be the critical element. 

The two main contributions of this paper are the 
following. First, experimental results are discussed of 
surge in a radial compressor. The critical flow coef-
ficient is evaluated for the investigated radial com-
pressor. Second, the Greitzer lumped parameter model 
(Greitzer, 1976a) is applied to describe the measure-
ments. For the investigated compression system with 
a radial compressor, the prediction capability of this 
model is studied in case of fully-developed surge. 

The first part of the paper presents the examined 
experimental set-up and discusses experimental results. 
For varying rotational speeds, the critical flow coef-
ficient is determined from measurements at the ii- 

tiation of surge. Therefore, the location of the surge 
line is measured. Furthermore, for varying flow condi-
tions the surge frequency is determined during fully-
developed surge. The second part of the paper de-
scribes the Greitzer model and shows simulation re-
sults for different operating conditions. These results 
are compared with measurements. More specifically, 
the frequency and amplitude of the measured pressure 
rise oscillations are compared with simulation results. 
Finally, conclusions are drawn and directions for future 
research are discussed. 

EXPERIMENTAL SET-UP 
Surge is investigated in the gas turbine installation 

shown in Fig. 1. Similar to the experiments described 

Figure 1: Scheme of the gas turbine installation. 

by Fink et al. (1992), the test turbocharger is driven 
by the turbine, and the compressor discharges via the 
compressor blow-off valve, which is placed closely to 
the compressor, and the instrumented blow-off duct 
into the laboratory room. The turbocharger (BBC VTR 
160L) consists of a low-speed, single-stage, radial com-
pressor with an unshrouded, radial ending impeller with 
out bacicsweep and a diffuser with straight vanes, which 
is mounted on the same rotational axis as the axial tur-
bine. Due to the small plenum volume, the occurring 
surge oscillations are assumed to be less harmful for the 
equipment. Additionally, the steady-state compressor 
characteristics can be determined up to relatively low 
mass flows. Contrary to Fink et al. (1992), the external 
supplied compressed air flows into a combustion cham- 
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ber where natural gas is added and burned. The hot 
exhaust gases expand over the turbine and deliver the 
power to drive the compressor. Relevant compressor 
parameters can be found in Table 1. The duct be- 

Table 1: Compressor and model parameters. 

• ammeter Value 
MPL 	R 

number of blades Z 20 
inducer inlet diameter (casing) di,. Ern] 0.106 
inducer inlet diameter (hub) dim  Em] 0.054 
impeller diameter d2 [m] 0.180 
impeller exit width b2 m 0.007 

ED DIFF SER 
number of vanes z 45 
vanes inlet diameter d3 [m] 0.215 
vanes outlet diameter d4 m 0.258 
Plenum volume VI, m 3.75 • 10—  
Compressor flow through area A, [m 2) 9.56 - 10-3  
Equivalent compressor duct length Lc [m] 1.00 
Speed of sound a [m/s] 340 
Helmholtz frequency hi [Hz] 27.34 
Rotational speed N [103 . rpm] 18 - 35 
Greitzer stability parameter B [-] 0.49 - 0.96 
Throttle parameter c t  0.2994 

tween the compressor outlet and the compressor blow-
off valve is small compared to the wave length of the 
surge oscillations. Therefore, the pressure fluctuations 
measured in the compressor outlet duct are not asso-
ciated to a standing pressure wave pattern (Ribi and 
Gyarmathy, 1995). More detailed information about 
the experimental set-up is given in (Van Essen, 1995). 

To determine the overall performance of the com-
pressor, the compression system is equipped with tem-
perature probes and high-frequency response pressure 
transducers, as shown in Fig. 1. The rotational speed 
of the impeller is registered by a semi-conductor pulse 
tachometer and two instrumented orifices determine 
the steady-state turbine and blow-off mass flow. Inlet 
conditions are taken equal to ambient conditions. 

The uncertainty of the measured rotational speed, 
the compressor outlet pressure, and the compressor 
mass flow, determined from the measured noise level 
and expressed in percentage of the mean value, is 0.6%, 
0.4%, and 4%, respectively. 

Measurements of the transients into and during 
surge consist of data from the high-frequency response 
pressure probe at the outlet of the compressor, the  

blow-off valve position sensor and the rotational speed 
transducer. Each measurement is triggered by a cer-
tain blow-off position. While closing the blow-off valve 
the "trigger" point is reached and data is acquired for 
15 [s] with a sample frequency of 200 [Hz], which is 
well above the expected surge frequency. 

EXPERIMENTAL RESULTS 
Surge line 

Steady-state measurements are performed to deter-
mine the overall performance of the compressor and to 
find the mass flow where surge is initiated. Figure 2 
shows the pressure ratio, i.e., the compressor outlet 
pressure divided by the ambient pressure, versus the 
mass flow through the compressor. The lines represent 
the performance of the compressor at various constant 
rotational speeds. Furthermore, the surge line is pre-
sented. 

The measurement points on the surge line are de- 

1.2 

Figure 2: Steady-state compressor performance. 

termined from the pressure traces, as is shown in Fig. 3. 
The initiation of surge is defined as the point where the 
amplitude of the pressure trace starts to grow. While 
the mass flow is further reduced, large amplitude os-
cillations in the pressure trace are obtained. Due to a 
constant shaft power, the reduction of mass flow results 
in a slight increase of the mean rotational speed and a 
decrease of the mean pressure. For the fully-developed 
pressure oscillations, a frequency of about 20 [Hz] can 
be recognized. 

All measurements are performed at low rotational 
speeds. According to the results reported by Hunziker 
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Figure 3: Inception of surge. 

and Gyarmathy (1994), and Kimmer and Rautenberg 
(1986), the inducer is the critical stage element to cause 
surge at low rotational speeds. If so, the flow coeffi-
cient, defined as: 

(19  =  	 ( 1) 
PO4 U2 I  

should be nearly constant at the initiation of surge. 
Figure 4 shows the critical flow coefficient, i.e., the flow 
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Figure 4: Critical flow coefficient versus rotational 
speed. 

coefficient determined at the initiation of surge, versus 
the rotational speed. It can be seen that the flow co- 
efficient increases with increasing rotational speed. In 

terms of the.inducer flow angle, the increase of the crit-
ical flow coefficient in the range from 0.022 to 0.028 
corresponds with a critical inducer flow angle reduc-
tion of 2 degrees. 

An increase of the rotational speed increases the 
adverse pressure gradient in the impeller channel, which 
may force the inducer to experience reversed flow at a 
smaller inducer flow angle. This means that the flow 
coefficient would increase with increasing rotational 
speed, as is shown by the data. Besides breakdown of 
the inducer flow, it may also be that in the tested com-
pressor the diffuser already plays a significant role in 
the behavior of the compressor, and therefore, can be 
the surge initiating element. To be able to make a dis- 

Figure 5: Surge frequency versus rotational speed (dif-
ferent symbols indicate different shaft powers). 

tinction between the behavior of the different elements 
of the compressor, detailed measurements should be 
performed. 

Surge frequency  
Surge data is collected for different shaft powers 

and so for different rotational speeds. The surge fre-
quency has been determined from a spectral analyses of 
the fully-developed pressure oscillations. This way the 
computed surge frequency is within 0.5 [Hz] of the real 
frequency. Figure 5 shows the obtained surge frequency 
versus the rotational speed. Toyama et al. (1977), and 
Ribi and Gyarmathy (1993) found for their compres-
sor systems that the impeller speed did not noticeably 
influence the surge frequency. Such a conclusion can 
not be drawn from the data shown in Fig. 5. In Fig. 6, 
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the surge frequency versus the position of the blow-off 
valve is plotted (0 is closed, 1 is fully open). In the 
investigated speed range, the position of the blow-off 
valve appears to determine the surge frequency. 
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Figure 6: Surge frequency versus blow-off valve position 
(different symbols indicate different shaft powers). 

GREITZER LUMPED PARAMETER MODEL 
Simulation model  

The Greitzer lumped parameter model (Greitzer, 
1976a) is used to model the investigated compression 
system, see Fig. 7. This model can describe transients 
subsequent to surge onset and is based on a Helmholtz 
resonator type of compression system model. Originally, 

plenum 

Figure 7: The Greitzer lumped parameter model. 

the Greitzer model is developed for low-pressure ratio, 
axial compressors. However, reasonable prediction is 
also reported for surge in radial compressors (Hansen 
et al., 1981; Pinsley et al., 1991). In the Greitzer model, 

compressibility effects are associated with the (isen-
tropic) compression of the gas in the plenum while in-
ertia effects are lumped on the acceleration of the gas 
in the compressor and throttle duct. Consequently, the 
flow in the ducts can be described by a one-dimensional 
momentum equation, and in the plenum a mass bal-
ance is applied. As the overall temperature ratio is 
supposed to be near unity, an energy balance is not 
used. Moreover, the influence of rotor speed variations 
on the system behavior is neglected. From measure-
ments performed on the studied compression system, 
it is verified that the rotor speed is almost constant 
during fully-developed surge. Assuming inertia effects 
in the throttle duct negligible and considering the com-
pressor pressure rise to be quasi-steady, this leads to 
the following set of dimensionless equations: 

= B[Tc( 4)c) — dt 
(2) 

dEP 	1 
di = T3 [41)` — 4.t(ultb)]  

where 4>c  and V) are defined as: 

thc 	 App 
(D e  = — and = 	in 	(3 ) Po AcUz 	 7 p0,./ 2  

and time t is scaled with the Helmholtz frequency um: 

= a‘i A` VpL e .  

The Greitzer stability parameter B is given by: 

B = g, 	
U2

, 
44/Hlic 

Similar to Moore and Greitzer (1986), the dimen-
sionless compressor characteristic xli c  is approximated 
by a cubic polynomial in 

wc(4) c) = w 	1 c(o)+H [1+ 2 =4'  —1) — 1 	— 

	

2 \ W 	/ 

The parameters T e (0), H, and W are determined from 
steady-state measurements of the compressor charac- 
teristics, see Fig. 8. Note that measurements are not 
available for low mass flows (1) < 

'I 'surge). Using the 
data of the parameters for different speeds, they are 
interpolated by polynomials in N. For the operating 
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Figure 9: Simulation (-) and experimental results (--) 
in case of classic surge. 
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Figure 8: Dimensionless BBC VTR 160L compressor 
map (Ni = 18,000 [rpm], N2 = 21,000 [rpm], N3 = 
23,000 [rpm] and N4 = 25,000 [rpm]). 

region that is investigated in the sequel, %If", N) is 
shown in Fig. 8. The speed line N4 is obtained from 
extrapolation. The dimensionless throttle characteris-
tic is given by: 

= ctuNtr,b. 

This equation holds for subsonic flow conditions and 
the throttle parameter ct is estimated from available 
measurements. A detailed description of the Greitzer 
model can be found in (Greitzer, 1976a). 

Simulation results  
Simulations are done with the same blow-off valve 

position u(t) as applied in the experiments. The val-
ues of the parameters used in the Greitzer model can 
be found in Table 1. For a classic surge case, detailed 
simulation results are shown in Fig. 9. The left figure 
shows the limit cycle oscillation obtained from simula-
tions. This type of result is not shown for the experi-
ments since no instantaneous mass flow measurements 
are available. The dotted lines represent the compres-
sor and throttle characteristics, which are plotted for 
reference. In the right figure, the dimensionless plenum 
pressure rise oscillations are shown for fully-developed 
surge. As seen in (Day, 1994; Pinsley et al., 1991), the 
frequency during classic surge is on the order of the 
Helmholtz frequency. Therefore, the plenum volume is 
tuned in such a way that the Helmholtz frequency is 
on the order of the frequencies found in the measured 
pressure rise oscillations; besides the volume between  

the compressor outlet and the blow-off valve, the vol-
ume of the duct after the blow-off valve is included. 
Using the actual area A, of the duct between the com-
pressor and the blow-off valve and an approximation of 
its length L, then, a Helmholtz frequency of 27.34 [Hz] 
is found. 

Similar results are obtained for a deep surge case, 
see Fig. 10. During deep surge, the frequency of the 

Figure 10: Simulation (-) and experimental results (-.) 
in case of deep surge. 

pressure rise oscillations is normally well below the 
Helmholtz frequency since it is set by the plenum fill-
ing and emptying time (Fink et al., 1992; Hansen et al., 
1981; Pinsley et al., 1991). Nonetheless, the difference 
between the frequency during classic and deep surge 
is small in the two cases shown. This can be expected 
since the plenum volume is relatively small. Details 
about the classification of surge can be found in (De 
Jager, 1995). 

With data collected during fully-developed surge, 
first the frequency corresponding to the highest peak in 
the power spectral density of tP is determined. The re-
lation between this frequency, and the rotational speed 
N and the blow-off valve position u is shown in Fig. 11. 
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Figure 11: Surge frequency: experimental (x) and sim-
ulation results (o). 

the agreement between simulation and experimental 
results is poor for low rotational speeds, i.e., low B 
values. One reason for this difference is that the com-
pressor characteristic W e  is not accurately known for 
low mass flows ((Fe  < 4h- surge); additional simulations 
show that the shape of the compressor characteristic 
can influence the surge frequency. 

From an analysis of the simulation results, it is ob-
served that the compression system is in classic surge 
for the three outliers in the right figure of Fig. 11. 
But, in the three other cases where classic surge oc-
curs (ut,H=0.308 and uni=0.283) prediction is good. 
It is seen that for the three outliers the amplitude of the 
plenum pressure rise oscillations is significantly smaller 
than in the other classic surge cases. Deep surge is 
encountered in all other cases. Obviously, the predic-
tion of the surge frequency is influenced by the ampli-
tude of the plenum pressure rise oscillations and not 
by the amplitude of the mass flow oscillations. On the 
whole, the results are in accordance with the experi-
mental results of Greitzer (1976b): if the B parameter 
is increased, the amplitude of the mass flow oscillations 
will increase significantly and, thus, deep surge is more 
likely to occur. 

For the data collected during fully-developed surge, 
the predicted and measured amplitude of the plenum 
pressure rise oscillations are compared with each 
other. As illustrated in Fig. 10, the predicted ampli-
tude is approximately two times too small in cases 
where deep surge is encountered in the simulations. 
If classic surge (not in the outliers) is encountered, 
the amplitude found from simulations is approximately 
three times too small, see, e.g., Fig. 9. Remarkably, 
in all examined cases the agreement between the pre-
dicted and measured maximum values of is fair. But,  

the dimensionless plenum pressure rise differs signifi-
cantly for low mass flows. Greitzer (1976b) reports sim-
ilar results for an axial compressor. This difference can 
be expected since steady-state measurements are per-
formed near the peak of the compressor characteristic 
and no steady-state compressor data is available for 

< lisurge • 

Further examination of the two state Greitzer model 
demonstrates that the amplitude of the plenum pres-
sure rise oscillations depends on the B parameter and 
the shape of the throttle and compressor characteris-
tics. The amplitude of these oscillations increases for 
increasing B. This can be realized by reducing L c  or 
increasing Vp , although, then, the Helmholtz frequency 
can change. The amplitude is also seen to increase 
when ct  is reduced. Changing the shape of the com-
pressor characteristic can result in larger amplitude 
oscillations; the parameters 44 0 (0) and H are changed 
in such a way that the valley point of the compres-
sor characteristic is moved towards lower pressure rise 
without changing the position of the peak. This is done 
for the case shown in Fig. 9. From Fig. 12, it is seen 

Figure 12: Deep surge simulation results (-) using the 
modified compressor characteristic and measurements 

that the prediction of the amplitude is improved when 
the modified compressor characteristic is applied. 

In summary, the dependence of the surge frequency 
on N and it is predicted reasonably well, but quanti-
tative agreement between simulation and experimen-
tal results is not obtained for low speeds. The mea-
sured amplitude of the plenum pressure rise oscilla-
tions is predicted approximately three times too small 
in the classic surge cases with relatively large pres-
sure rise oscillations. For deep surge, the underestima-
tion is reduced to a factor two. From this study, it is 
concluded that exact knowledge of the shape of the 
compressor and throttle characteristics is important 
to accurately describe the dynamic system behavior. 
Therefore, steady-state measurements with a smaller 
plenum volume are required. This can be realized by, 
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e g, removing the volume after the blow-off valve. In 
addition, the influence of this volume on system be-
havior can be studied. 

CONCLUDING REMARKS 
An experimental study is done on a so-called small 

B compression system with a low-speed, single-stage, 
radial compressor. For the investigated system, the flow 
coefficient at the initiation of surge is determined. Con-
trary to the constant flow coefficient found by Hunziker 
and Gyarmathy (1994), the flow coefficient increases 
with increasing rotational speed in the studied system. 
This increase can be caused by a growth of the adverse 
pressure gradient in the impeller or a higher loading of 
the diffuser. To find the critical element, detailed mea-
surements should be performed. Frequency and ampli-
tude of pressure rise oscillations during fully-developed 
surge are determined for varying operating conditions. 
The experimental results show the following trend: the 
surge frequency decreases as the blow-off valve position 
is increased. 

The experimental results are compared with results 
of the two state Greitzer model. This relatively simple 
model is used to describe the compression system be-
havior during fully-developed surge. The relation be-
tween the surge frequency, and the rotational speed 
and blow-off valve position can be predicted reason-
ably, but, there is not much agreement between experi-
mental and simulation results for low rotational speeds. 
It is seen that the prediction of the surge frequency is 
influenced by the amplitude of the plenum pressure 
rise oscillations; prediction is better for larger plenum 
pressure rise oscillations. Furthermore, the agreement 
between the predicted and measured amplitude of the 
plenum pressure rise oscillations is best when deep 
surge is met in simulations. More specifically, in the 
case of deep surge the amplitude is predicted approx-
imately two times too small whereas the amplitude is 
underestimated by a factor three for classic surge with 
relatively large plenum pressure rise oscillations. From 
simulation results, it is seen that the influence of the 
shape of the compressor and throttle characteristics 
on the amplitude of the oscillations is significant. As 
a result, the compressor characteristics have to be de-
termined up to lower mass flows. Then, it is expected 
that the prediction capability of the model improves. 
As the Greitzer model is often used for active surge 
controller design, future research will also focus on the 
prediction capability of surge initiation for the investi-
gated system. 
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