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Analysis of the entire surge cycle of a multi-stage
high-speed compressor

By S. Teramotoy

1. Motivation and objectives
Both surge and rotating stall are 
ow instabilities observed at the low mass 
ow side

of the compressor operating range. Rotating stall is a phenomenon in which a part of a
cascade stalls to form a stall cell that rotates circumferentially. In surge, the stall of a
cascade makes the entire compression system unstable and the mass 
ow rate oscillates
violently (Greitzer (1976)). Surge forces the undesirableshutdown of the engine. Fur-
thermore, unsteady blade loading, and rubbing between the casing and the rotor blade
and burning of the blades often results in mechanical damageto the compressor. Surge
is a phenomenon that must be avoided at all costs, and it therefore de�nes the operating
range of a compressor. Surge is an important issue with regard to the development of
a compressor, and hence the cause of surges or the reason for stalls has always been
the subject of active research. Camp & Day (1998) measured the velocity 
uctuation of
a low-speed axial compressor at several circumferential locations, studying the distur-
bances that appear at the initial stage of surge inception and reporting that a stall cell
appears before the surge. The development of the stall cell leads to stall of the entire
cascade, and it causes the compressor surge.

Two types of rotating stalls are reported in the literature: One is modal stall, in which
a relatively large stall cell composed of several cascade passages appears at the early
stage of the rotating stall; the other is spike stall, in which the rotating stall starts from
the stall of one cascade passage. Sekidoet al. (1984), Sasaki & Takata (1981) studied the
in
uence of the radial velocity pro�le upon the growth of cir cumferential disturbances.
Furthermore, Moore & Greitzer (1986) analyzed the stability of circumferential distur-
bances, showing that the growth of circumferential disturbance leads to modal stall.
Indeed, this growth in circumferential disturbance and the subsequent modal stall are
also reported in measurements of wall pressure 
uctuationsin high-speed compressors
(Day & Freeman (1994)).

Based on the idea that increased circumferential disturbance leads to modal stall, Day
(1993) and Paduanoet al. (2001) experimentally demonstrated active control of surge.
They introduced a circumferential disturbance that o�sets the disturbance observed in
the compressor, showing that the surge margin is increased with active control. Recently,
the spike stall has been studied using large-scale unsteadyCFD in connection with clear-
ance 
ow (Hah et al. (2006)).

These studies provide much useful knowledge regarding surge inception, but detailed
information about the 
ow�eld during surge is very rare, esp ecially in relation to prac-
tical, high-speed compressors. There has been little discussion about the correlation be-
tween axial disturbances, circumferential disturbances,the performance of each stage,
and the cascade 
ow�eld. A lack of unsteady stage performance data also results in the
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use of an expedient model in stability analysis. For example, many stability analyses of
modal stall presume that unsteady stage performance is solely determined by parameters
at the cascade inlet and time delay.

The purpose of the present study is to numerically simulate the entire surge cycle and
obtain detailed information about the time history of the entire 
ow�eld that cannot
be obtained by experimental or theoretical analysis. This information will more clearly
elucidate the processes surrounding surge inception.

2. Numerical methods
2.1. Geometry and 
ow conditions

This study examines the core of a PW6000, which consists of a high-pressure compressor
(HPC), a high-pressure turbine (HPT) and a combustor. Essentially, this is the same
engine that was studied by Medicet al., 2007. The HPC has a strut, an IGV, �ve stages
and the HPT, which is composed of one stage (Fig. 1). The combustor has a liner,
but other components such as the fuel nozzle, the swirler andthe dilution air ports
were omitted for simplicity. The work 
uid is assumed to be pure air throughout the
computational domain, and the combustion at the combustor is not modeled but instead
a heat source is introduced at the shaded area in Fig.2. In this region, the source term
� q determined from the following equation is added at the right hand side of the energy
equation

� qijk =
max(0; � ijk ~uijk ~Sijk )� Qtotal

� i � j � k max(0; � ijk ~uijk ~Sijk )

where,� ijk ; ~uijk ; ~Sijk represent the density, the velocity vector and the area vector normal
to � -constant the plane at each grid point. � Qtotal is the total heat input. The mass 
ow
rate at the HPC is controlled by adjusting the heat input. Ble ed at the HPC and cooling
air at the HPT are both ignored.

The mechanical shaft rotation speed is the same as in Medic'sanalysis. The total
pressure, total temperature and 
ow angle at the inlet of the HPC, as well as the static
pressure at the exit of HPT, are �xed to Medic's result.

2.2. Grids

These days, 3� 106� 107 grid points per passage are usually used for numerical simulations
of cascade stall. Each stage of the modern HPC typically has 100 blades, so the total
passage of a 5-stage HPC reaches 1,000. If the grid for the current simulation had 3 �
106 � 107 grid points per passage, the total grid points would be 3� 109 � 1010.

The typical period of the surge cycle is 50 rotor revolutions; therefore, the entire
computational time must be set to the duration of a minimum of 100 rotor revolutions.
When the time step is set to be 1/100 of the blade passing time,it will take 100 time
steps to advance one blade spacing. Considering that each stage has 100 blades, the total
computational steps can reach 106. Such large-scale computation is impossible, even with
today's computer technology. For this reason, a much coarser grid will be used in the
current study, as this allows for more a�ordable computational costs.

The current study focuses on phenomena that have a length scale ranging from the
length of the entire compressor to the thickness of the separation region or the size of
the tip clearance 
ow. Consequently, the smallest scale that must be resolved should be
about 1/20 of the chord length and the number of grid points required for each direction
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Figure 1. Geometry of the computational model.

will be about 50. Therefore, the minimum number of grid points per passage would be
105. The computational domain is also limited to a 20� sector assuming periodicity. Then
the �nal grid point is reduced to 5 � 106. Flow separation resolved on such a coarse grid
may not be \physically correct," but phenomena that have a length scale longer than the
separation region will be resolved correctly with this grid. Therefore, it is still meaningful
to discuss how the separation of the cascade in
uences the whole compressor.

Use of the sector computational domain with a periodic boundary condition introduces
another uncertainty in the numerical result in that each rot or stage has only 2{4 passages
and the stator stage has 1{8 blades within the computational domain. It is unknown
whether rotating stall appears in such a small computational domain.

2.3. Numerical schemes

The code used in this study is a �nite volume compressible RANS solver SUmb, which has
been used in the analysis of the PW6000 at Stanford's Center for Turbulence Research.

2.4. Initial condition and mass 
ow control

First, a steady result with the mixing plane is achieved for several heat input values until
the HPC reaches the numerical stall point. The steady resultat the stall point is used
as an initial condition for unsteady simulation with slidin g mesh.

The numerical solutions near the stall point do not convergeto steady states, as the
combustor has large volume and the 
ow�eld in it is essentially incompressible. Therefore,
simulations of the HPC alone with the static pressure �xed at the di�user exit are carried
out to evaluate steady HPC characteristics.
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Figure 2. Heat source at the combustor.
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Figure 3. Time history of the heat input.

During the unsteady simulation, the heat input at the combustor liner is gradually
increased to reduce the mass 
ow rate, then it is kept constant after 3.5 rotor revolutions,
with the exception of 16.0 to 16.6 rotor revolutions. The mass 
ow rate at the combustor
is close to zero during this period, so the heat input is set tozero in order to avoid
divergence of the temperature. Note that the heat input was increased by 0.8% for a
short period between 41.1 and 41.3 rotor revolutions in order to introduce the initial
disturbance as a means of triggering Helmholtz oscillation. See Fig. 3 for the time history
of the heat input.

3. Results
All the data shown hereafter, except that found in Fig. 9, were preprocessed with a low-

pass �lter to eliminate the Blade Passing Frequency (BPF) component. All the physical
properties are non-dimensionalized using properties at the peak e�ciency condition.

3.1. Surge cycle

The time histories of the mass 
ow rate at the compressor exitand the combustor pressure
are shown in Fig. 4. The system falls into the �rst surge cycleat 8.4 rotor revolutions.
The mass 
ow rate and the pressure then start to decrease simultaneously. The mass

ow rate reaches zero at 8.8 rotor revolutions and the 
ow is reversed until 16.5 rotor
revolutions. The positive 
ow recovers with a slight overshoot afterward and the 
ow
rate returns to its pre-surge value at 25 rotor revolutions.The recovery of the combustor
pressure is much slower than the mass 
ow rate, reaching its pre-surge value at 35 rotor
revolutions.

The mass 
ow rate and the combustor pressure remain constantfor a time, but they
start oscillating immediately after the heat input disturb ance is introduced at 41.1 rotor
revolutions. The amplitude of the oscillation gradually develops and the second surge
cycle begins at 50 rotor revolutions.

The trends of the mass 
ow rate and the combustor pressure shown in Fig. 4 are
essentially the same as those reported in Fig. 3 of Day's study (Day(1994)). The key
features of the surge are well reproduced in the current simulation.

3.2. Disturbances at stall inception

Figure 5 shows the time histories of mass 
ow at each rotor inlet during surge inception
(3.5{8.5 rotor revolutions). Two types of 
uctuations are o bserved: (1) 0.8 rotor revolu-
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Figure 4. Surge cycle. Top: compressor exit mass 
ow rate. Bottom: combustion chamber
pressure.

tions (cycle oscillations) at the front stages (Fig. 5(a) 1RB and 2RB) and (2) 1.5 rotor
revolutions (cycle oscillations) at the rear stages (Fig. 5(b), 3RB, 4RB, 5RB).

In Fig. 5(b), T1 and T2 indicate the local minima of 1.5 rotor revolutions oscillations,
and T4 is the moment when the mass 
ow rate falls below the previous minimum mass 
ow
rate. T3 is the moment when the mass 
ow departs from 1.5 rotor revolutions oscillations.
The downward arrows in Fig. 5(a) denote peaks of 0.8 rotor revolutions oscillations.

The peaks of 0.8 rotor revolutions oscillations for 1RB appear after the peaks for 2RB,
showing that the disturbance propagates upstream. The propagation velocity estimated
from the time di�erence between the peaks is approximately 140 m/s. The 0.8 rotor
revolutions oscillations are a disturbance that corresponds to u � c.

On the other hand, 1.5 rotor revolutions oscillations at the rear stages 
uctuate at the
same phase within the three cascades. There is also no disturbance propagating axially
at the rear stages in history of static pressure, as shown on the left in Fig. 8. Because
the three rear stages oscillate with the same phase, the histories of the mass 
ow and the
pressure at the exit of the last stage (mass 
ow at the compressor exit and combustor
pressure) will be discussed further as a means of understanding these 1.5 rotor revolutions
cycle oscillations. p

When we consider a system with an air column that has a mass ofm, a cross-sectional
area ofS, and a chamber with a volume ofV and a pressure ofpc as shown in Fig. 6(a),
the air column velocities v and pc are described by the following equations:

dpc

pc0
' � 


dV
V0

= � 

Sv
V0

dt (3.1)

dv
dt

'
S(pc � pc0)

m
: (3.2)

Therefore, time derivatives for pc and mass 
ow rate m are described as follows:

dpc

dt
' � 


_m
�V

pc0 (3.3)
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(a) Front stages (1RB, 2RB)
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Figure 5. Mass 
ow at each stage.

d _m
dt

= �S
dv
dt

'
�S 2(pc � pc0)

m
: (3.4)

The actual time histories of the mass 
ow rate at the compressor exit and the combus-
tion chamber pressure, as well as their time derivatives, are plotted in Figs. 6(b) and 6(c).
The dashed line in the �gures denotes gradients predicted from Eqs. (3.3) and (3.4). Here
m, S and pc are approximated as the mass of the air contained between IGVand 5SV,
the corss sectional area at the di�user exit and the combustion chamber pressure. Dur-
ing the period from time T1 to time T2 the mass 
ow rate decelerates when the chamber
pressure is high (Fig. 6(b)), and the derivative of the chamber pressure is proportional to
the mass 
ow rate (Fig. 6(c)). Fluctuations at the rear stages during this period follow
Eqs. (3.3) and (3.4) for the most part. Consequently, the oscillation at the rear stages
can be de�ned as Helmholtz oscillation.

After the time T4, when the system falls into surge, the mass 
ow rate continues to
decrease at a constant rate despite the decrease in chamber pressure. Meanwhile, the
derivative of chamber pressure is still proportional to thecompressor exit mass 
ow rate.

The following possible surge inception scenario can be derived from the above obser-
vation:

Before time T3, the derivative of the mass 
ow is proportional to the chamber pressure
and the derivative of the chamber pressure is proportional to the mass 
ow. Under
such circumstances, both the mass 
ow and the chamber pressure 
uctuate around the
equilibrium point. relationship, the mass 
ow decreases more than that expected from
pressure di�erence, and the excessive decrease of the mass 
ow push the compressor
deeper into surge, resulting in much less discharge pressure, and then the mass 
ow then
begins to decrease monotonically.

Thus, deviation of the d _m
dt -pc curve triggers the surge. Necessarily, there should be

some explanation for the cause of the deviation of thed _m
dt -pc curve at time T3.

3.3. Cascade performances

Figure 7 shows axial velocity contours at time T3. It is almost impossible to discuss a
complicated unsteady 
ow�eld only with only such a picture, so the 
ow�eld will be
discussed with integrated cascade performances hereafter.

The time histories of the cascade performances are plotted in Fig. 8. From the stage
static pressure ratio on the right, it can be seen that the pressure ratio for 3RB and 5RB
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Figure 6. Mass 
ow and pressure at the compressor exit.

Figure 7. Axial velocity contours at time T3 .

decreases signi�cantly atT3, or 7.0 rotor revolutions. The histories of the tip velocities in
Fig. 9 show that a velocity de�cit at the tip region of 5RB enla rges at time T3, indicating
that 5RB stalled at the tip. On the other hand, there is no sign of tip stall in 3RB
(Fig. 9(b)). Therefore, the deviation of the d _m

dt -pc curve, that induced the surge is mainly
caused by the tip stall in 5RB.
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Next, interactions between each stage are discussed as theyrelate to the stage inlet
static pressure, which is plotted on the left in Fig. 8. The following can be determined
from Fig. 8:

� Pressure 
uctuation related to the 0.8 rotor revolution cyc le oscillation is observed
at the front stages. The amplitude of the oscillation increases as it propagates upstream.

� In Fig. 5, the amplitude of mass 
ow 
uctuation for the 1.5 rot or revolution cycle
oscillation is almost the same as that for the 0.8 rotor revolution cycle oscillation however,
pressure 
uctuation corresponding to the 1.5 rotor revolution cycle oscillation is hardly
detectable in Fig. 8 left.

� The pressure deviation caused by 5RB's stall at time 7.0 rotor revolutions is very
small compared to the 
uctuation at the front stages .

All the three phenomena, speci�cally the 0.8 rotor revolution cycle oscillation, the 1.5
rotor revolution cycle oscillation and the cascade stall, in
uence the pressure distribution.
However it is found that the pressure distribution is mostly determined by the 1.5 rotor
revolution cycle oscillation, which is the disturbance propagates upstream.

In order to understand the 1.5 rotor revolution cycle oscillation, the time histories of
the mass 
ow and the pressure ratio of 3RB are shown, along with the characteristic
curve, in Fig. 10. Fluctuations of the mass 
ow and the pressure ratio are both superpo-
sition of 0.8 rotor revolution cycle oscillation and 1.5 rotor revolution cycle oscillation,
but the former is dominant in the pressure ratio, and the latter is dominant in the mass

ow. The amplitude of 0.8 rotor revolution cycle oscillatio n in the mass 
ow rate is
approximately 0.01 in non-dimensional units. The gradient of the characteristic curve
during the oscillation is about 0:015=0:04 ' 0:38, therefore the amplitude of the pressure
ratio expected from the characteristic curve is 0.0038. However, the actual amplitude of
the pressure ratio 
uctuation is approximately 0.01, more than double of the expected
value. This means that the loading (or adverse pressure gradient) of a cascade in an un-
steady environment can be more severe than in the steady condition due to the transient
interaction of the stages.

3.4. Delay time

Considering that cascade loading is largely in
uenced by axial disturbances propagated
inside the compressor, it is important to model unsteady stage performance in order to
predict the behavior of a compressor that may surge.

As previously mentioned, unsteady stage performance is usually modeled by consider-
ing steady performance and time delay, thus the correlationbetween the inlet mass 
ow
rate and the stage pressure ratio is discussed in this section. In Fig. 11, characteristic
curves are plotted at the top and time histories of the inlet mass 
ow rate and the stage
pressure ratio are plotted at the bottom. The plot shows only four representative cas-
cades. Two of the characteristic curves have positive slopes immediately preceding the
surge while the other two exhibit negative slopes.

As for 1RB, the slope of the characteristic curve is negative, meaning that the peaks of
the mass 
ow rate curve should match with the local minima of the pressure ratio curve
if the delay time is zero. At the bottom of Fig. 11(a), the peak of the mass 
ow rate
(represented by a dashed line) appears after the minima of the pressure ratio (represented
by a solid line), therefore the delay time for 1RB is negative. As shown in Fig. 5(a),
the 
uctuation at 1RB is mainly caused by the propagation of d isturbance from the
downstream stages. Hence, the variation of the exit properties precedes that of the inlet
properties, indicating that the negative delay time at 1RB is a result of the upstream
propagation of disturbance. The slope of 2RB's characteristic curve is positive, so the
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Figure 8. Cascade performance (left: inlet static pressure, right: static pressure ratio).
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(a) 5RB exit axial velocity contour. Black dots denote point s where the velocities are plotted.
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Figure 9. Rotor tip velocity (3RB, 5RB).
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Figure 10. 3RB characteristics.

peak of the pressure ratio corresponds to the peak of the inlet mass 
ow. The peak of
the mass 
ow precedes that of the pressure ratio at the bottomof Fig. 11(b), so the
delay time is positive despite the fact that the upstream propagation of disturbance is
still dominant in this stage. The delay time of 4SV, which has a negative curve slope, is
negative. For 5RB, which triggered the surge, no clear phase-lag between the mass 
ow
rate and the pressure ratio is observed at the bottom of Fig. 11(d).

After comparing all 10 cascades, no correlation was found between the sign of the delay
time and other parameters such as the slope of the characteristic curve, the position of
the stage (front or rear) or the type of blade (rotor or stator ). With regard to a multi-
stage high-speed compressor, the unsteady cascade performance cannot be described by
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a simple model that considers steady cascade performance and delay time. Disturbances
propagating axially inside the compressor largely in
uence the unsteady cascade charac-
teristic, so the e�ect of this unsteady cascade necessarilyneeds to be considered when
predicting the unsteady performance.

3.5. Stall criteria

Unsteady cascade performance is usually modeled by considering steady performance
determined solely by inlet parameters together with time delay. However, discussions
so far have revealed that unsteady cascade performance is governed not only by local
parameters, but is also also due to the transient interaction of the stages.

In the same way, the stall limit of a cascade cannot only be determined by local
parameters. The incidence-pressure ratio correlation andthe mass 
ow-pressure ratio
correlation of 5RB are plotted in Fig. 12. Here, the incidence is the reltive 
ow angle
evaluated from mass-averaged meridional velocity and circumferential velocity. Both the
stage pressure ratio and the mass 
ow rate are non-dimensionalized using properties of
the peak e�ciency condition. Cascades at steady conditionsstall when the mass 
ow
falls below the critical mass 
ow or the incidence exceeds the critical incidence. However,
the incidence at which the cascade stalled betweenT3 and T4 was below the maximum
incidence during oscillation, and the mass 
ow betweenT3 and T4 was above the minimum
mass 
ow during oscillation.

In Fig. 11(d), 5RB's pressure ratio oscillates at the periodof 0.8 rotor revolutions, and
the pressure ratio is at peak when the cascade stalls at time 7.0 rotor revolutions.

These results imply that a cascade with an unsteady inlet or outlet condition can
stall with an incidence smaller than the maximum incidence or with a mass 
ow larger
than the minimum mass 
ow rate, and the di�erence between steady and unsteady stall
characteristics can be attributed to the 
uctuation of stag e loading due to transient
interaction of the stages.

4. Summary
Surge of a multi-stage high-speed compressor was numerically simulated, and the entire

surge process | from surge inception to the second cycle | was studied.
At the inception, two types of 
uctuation were observed: One is an upstream propa-

gation of disturbance and the other is Helmholtz oscillation. Helmholtz oscillation was
dominant at the rear stages and triggered the surge. Indeed,at the moment the mass

ow-discharge pressure correlation deviated from the Helmholtz correlation, the system
surged.

In the current study, the key factor in
uencing an alteratio n of the mass 
ow-discharge
pressure correlation was 5RB's tip stall. This cascade stalled at an incidence lower than
the maximum incidence and at a mass 
ow higher than the minimum mass 
ow. There-
fore, the stall limit of a cascade in an unsteady environmentis not determined solely by
local inlet parameters. It appears obvious that disturbances from other cascades have to
be considered.

Phase correlation between the mass 
ow rate and the stage pressure ratio was studied,
but no clear correlation was found. Disturbances propagating axially inside the com-
pressor largely in
uenced the unsteady cascade characteristic. Consequently, the e�ect
of such disturbances must be considered when predicting unsteady performance.

These results can only be achieved from simulating the entire surge process. For this
reason, the present simulation provides new insight with regard to surge phenomena.
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