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ABSTRACT

In this contribution a quasi-one-dimensional tool for
stationary and transient simulations of post-stall flows in
multistage axial compressors is presented. An adapted version
of the 1D Euler equations with additional source terms is
discretized with a finite volume method and solved in time by a
fourth-order Runge-Kutta scheme. The equations are
discretized at mid-span both inside the blade rows and the non-
bladed regions. The source terms express the blade-flow
interactions and are estimated by calculating the velocity
triangles for each blade row. Several loss and deviation
correlations are implemented and compared to experimental
data in normal flow, stalled flow and reversed flow regions.

Transient simulations are carried out and a parameter
study is presented to analyze the shape of the surge cycles and
the frequency of the surge oscillations. At last, a bleeding
control strategy is implemented to study the recoverability of
the instabilities in a compression system.

Keywords: surge, axial compressor, dynamic simulation,
quasi-one-dimensional model, bleeding control

NOMENCLATURE

a speed of sound

A flow section area

b  blocage factor

B non-dimensional number
E specific internal energy
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F force term

H specific enthalpy

i incidence angle

K, throttle coefficient

L effective length of equivalent duct
P pressure

Q source term

r radius

SW shaft work
U rotor velocity
V, plenum volume

V  absolute velocity

W relative velocity
density

P
T  time scale
® Helmholtz resonator frequency

P, total-to-static pressure coefficient
P, = (P, —R)/(1/2*p*U?)
P, =(P,—P)/(1/2* p*U?)

ts

forward flow

reversed flow

Subscripts
1 blade leading edge
2 Dblade trailing edge
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Superscripts
0 total conditions

INTRODUCTION

Dynamic simulations of post-stall transients are useful for
design purpose and aero-thermodynamic analysis. Many
investigations have been carried out through experimental tests
and numerical simulations. Experimental tests are not practical
for preliminary design purpose. Therefore, in this precise
context, time-accurate numerical simulations are suitable for
the prediction of the stability boundaries, for the simulation of
the post-stall behavior and for studying the control strategy in
compression systems.

The prediction tool presented in this contribution is based
on an adapted version of Euler equations, mass, axial
momentum, circumferential momentum and energy balances
being applied on each control volume at mean radius. These
equations are solved by a time-marching, finite-volume method
[1]. The mesh cells are not only distributed between blade
rows, but also inside of each blade row, allowing for a detailed
representation of the flow field. The source terms expressing
the blade-flow interactions are estimated by determining the
velocity triangles for each blade row. Empirical correlations
have been incorporated to predict the performance for normal
flows, stalled flows and even reversed flows.

The Gamache three-stage low-speed axial compressor is
chosen to validate this model [2]. First, steady characteristics
predicted using different correlations are compared to the
experimental results. Second, transient simulations of the
compression system are carried out. The influence of the
parameter B (as introduced by Greitzer [4]) and of the throttle
setting on the shape of the surge cycles and on the frequency of
the surge oscillations are studied and presented. Third, a
bleeding device is implemented to study the recoverability of
the compression system from stalled conditions.

BACKGROUND

Two kinds of post-stall phenomena, rotating stall and
surge, can occur in compression systems [3]. Rotating stall is a
severe non-axisymmetric flow which includes one or several
stall cells, characterized by lower mass flows and pressure
ratios, propagating in the circumferential direction at a fraction
of the rotor speed. However, the annulus average mass flow
and pressure ratio remain almost constant once the stall cells
are fully developed. Surge is an unsteady 1D phenomenon with
mass flow oscillations in the axial direction. Surge can be
classified according to the amplitude and the frequency of the
oscillations.

Classic surge is defined when the flow direction in the
compressor remains always positive, while deep surge is
characterized by the occurrence of negative flows. Both
rotating stall and surge can cause serious damages to the
compressor because they can be responsible of high
temperatures, vibrations and large stresses on the blades.
Meanwhile, due to the non-recoverability of the stall
phenomenon, it is also necessary for designers to analyze the

post-stall behavior of the compression system subsequent to the
onset of stall.

1D models haven been widely applied to study the overall
performance of compression systems. Greitzer developed a
lumped-volume method to study surge and rotating stall
phenomena, based on the compressor steady characteristics [4,
5]. Davis applied a stage-by-stage method with source terms
extracted from the steady characteristics and carried out
parametric studies [6]. Morini developed a 1D non-linear
modular dynamic model to study the transient behavior of
compression systems through an imaginary steady-state
performance map [7].

On other hand, 2D and 3D models were developed to
describe the onset of rotating stall and the global performance
in presence of stall cells. Takata and Nagato developed a 2D
model to simulate rotating stall in axial compressors, with the
assumption that the blade row is replaced by a semi-actuator
disk [8]. Moore and Greitzer proposed a 2D, unsteady, lumped
parameter model to study the dynamic response of compression
systems and the coupling between rotating stall and surge [9].
Longley described a 2D model to simulate instable behaviors,
but it could not handle reversed flows [10]. Lindau developed a
quasi-3D actuator-disk model to simulate rotating stall and
surge in compression systems, with source terms to represent
blade losses and deviations [11]. Escuret used 3D Euler
equations with source terms estimated from empirical
equations; however, it could not simulate reversed flows [12].
Tauveron proposed new empirical correlations to estimate the
steady compressor performance in all flow regions, and used
them for dynamic simulations [13]. Longley presented a
physical-based blockage-mixing method and a novel blockage-
transport equation to calculate stall and surge transients,
reducing the need for empirical information [14].

Some of the models mentioned above are limited to the
instability inception, while many of them cannot handle
reversed flows. Meanwhile, most of these models rely on
steady compressor maps for all flow regions, which can only be
obtained from experimental data or derived from generic
performance curves. However, steady characteristics
established through rig tests are likely to cover only a part of
the compressor domain. On the other hand, steady
characteristics generated by simple correlations do not take into
account the real geometry of the compressor.

It is therefore worth it to develop an analysis tool to
simulate the dynamic performance of a compressor on the sole
basis of its geometry. For this purpose empirical correlations
have been implemented to predict the steady performance in all
flow regions. These empirical correlations are further used to
simulate post-stall transients.

GENERAL FORMULATION OF THE MODEL

It is assumed that the flowpath meanline is a streamline
and that the flow is axisymmetric.

The quasi-1D Euler equations are set up by the application
of conservation principles to each control volume. Radial
velocities and angular derivatives are neglected. The fluid is
treated as an ideal gas. The mass flow, axial momentum,
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circumferential momentum and energy equations can be
described in vector, non-dimensional, conservative form, as
follows:

oU  oF
[ —— 1
% o Q (1)
pPA PVxA 0
PVxA (P+pV2)A Fy
PV PV A 2
pEOA pHO A sw

The cross section area is calculated through the simple form
A=2xrb.

Source terms are added to represent the interactions
between the blade rows and the flow, and are derived from the
velocity triangles. The axial forces developed by the blades
and the hub and shroud walls are represented by F, , the

circumferential forces by F, and the shaft work SW denotes
the energy brought to the fluid by the blades.

STEADY SIMULATIONS

The accuracy of the simulations is highly dependent on the
source terms in the equations, which are derived from empirical
correlations, particularly those for the loss coefficient and the
deviation angle. Different empirical correlations have been
chosen for different flow conditions, such as normal forward
flow, stalled flow and reversed flow (see table 1).

Table 1: Selected empirical correlations

Loss coefficient Deviation angle

Reference loss Reference deviation

coefficient: Koch and angle: NASA
Forward, Smith model method [15]
unstalled Off-design loss Off-design deviation
flow coefficient: Creveling angle: Lieblein’s

model [16] model [15]
Stalled Moses and Thomason Tauveron deviation
flow loss model [17, 18] angle model [13]
Reversed | Longley modified loss Exit flow parallel to
flow model [14, 19, 20] the stagger direction

The criteria for stall inception

The separation of boundary layers in compressors is not
fully understood. There are several basic criteria to detect it,
such as the incidence angle, the total pressure loss coefficient
or the diffusion rate. Yocum reports that flow separation occurs
at an incidence angle of 8 deg, while Longley and Hypes find
that in a multistage compressor a stage can operate unstalled at
mass flows much lower than the isolated clean-flow stall
inception point [21]. Bloch and O’Brien suggest that the

pumping action of the downstream stages tends to prevent
upstream flow separation and propose a modified criterion
based on the location of each stage in the compressor [22]:

o« N4,—N . .
=8 + total current Al Ai

8 2
stall N ( )

=1 first—stage
total

According to the results of Gamache on his three-stage
compressor, the first stage stalled at 16 deg incidence angle
[23]. It is assumed that this result is generally applicable;
therefore, the bounds on the incidence angle for stall inception
are 8 deg for the last stage and 16 deg for the first stage.

This criterion will only be applied to the rotor. As it has
been stated, a jet-wake structure is formed during the stalled
flow. O’Brien expects that this flow structure has not enough
time to mix to a uniform flow before reaching the downstream
stator [22]. Thus, it seems reasonable to expect that the
downstream stator stalls if the rotor stalls.

The criterion for reversed flow

A negative value of the average axial velocity in the
compressor will be applied to indicate reversed flow
conditions. This can be explained by the fact that the transition
from stalled flow to reversed flow is very fast and that all blade
rows can switch to reversed flow simultaneously.

The source terms
The force source terms can be derived from the steady
Euler equations, as following:

0 0
F F
b,x g.Xx
Q=Q+Q,=| " | 4| ¢ G)
b,0 9.0
sw | [0
0 0
2
F PNo~Adr A
Q = 9. - r 6X+P8X 4)
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0 ’ roox
0

The Q, presents the influences of the blade and the fluid
viscosity, and Q, presents the variations of meanline and flow
section.

These steady forces F,x and Fyg are calculated from the
steady Euler momentum equations and distributed linearly
inside the blade rows. The circumferential force is responsible
for the shaft work [24], which is calculated by:

SW = QrF,, (5)

The equation solver

The computational domain is generated according to the
real flow path and is discretized at mid span using a one-
dimensional mesh. The mesh cells are distributed not only in
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the non-bladed regions but also within the blade rows, to make
sure that the flow is turned gradually, with the advantage that
spurious reflections of pressure waves are eliminated when
they pass through the blade rows.

The integral form of the 1D axisymmetric Euler equations
is expressed on each control volume with the conservative
variables located at the cell centers. A quadratic reconstruction
scheme with an hybrid limiter is applied to extrapolate the
variables at the interfaces. Numerical fluxes are based on Roe’s
flux difference splitting and the spatial integration is
implemented through an upwind scheme. A time-marching
procedure allows the system to evolve toward a stationary
solution. Both explicit and implicit schemes are implemented.
The explicit scheme is based on fourth-order Runge-Kutta
algorithm. The implicit scheme is based on an Euler single-step
forward in time differentiation. This implicit time-marching
method is used for stationary simulations, allowing large local
CFL numbers to speed up the calculation. The boundary
conditions applied at the inlet and the outlet of the multistage
compressor are shown in Table 2.

Table 2: Boundary conditions

Inlet Outlet
Forward flow P’ TO ¢
in? "in? out
Stalled flow P’ TO ¢ p
n?‘in? out
Reversed flow t PP T

The reliability of the numerical results is verified by varying
the number of grid cells and the time step and by checking the
independency of the results.

TEST-CASE

The three-stage, low speed research axial compressor of
Gamache was chosen because of the detailed geometry
information and the available steady experimental results [23].
The steady-state pressure ratio for every stage and the overall
performance are provided by Gamache and Estland for all flow
regions. This compressor rig consists in three non-repeating
stages with an inlet guide vane. The flow path is characterized
by a constant mean radius and a constant annulus area. The
mesh generated for this compressor is displayed in figure 1.

IGV R1 $1 R2 S2 R3 S3

Figure 1: 1D mesh for the compressor of Gamache

During the numerical calculation, the throttle is gradually
turned down in order to obtain a steady operating point in the

stalled region, while the reversed flow is achieved by imposing
the appropriate boundary conditions (see table 2). The
comparison of the numerical results and the experimental data
are presented in figure 2.

It should be emphasized that the empirical correlations
introduced into the model play a critical role for the accuracy of
the simulations and that all correlations mentioned in the paper
come from the open literature. These correlations may not give
an accurate prediction for a particular compressor; however,
they can capture the major flow features for all flow regions.
As far as these correlations can be replaced by a manufacturer’s
own correlations, this simulation tool would certainly be able to
provide better predictions. Meanwhile, further comparisons
with other compressors will be carried out in the future to
validate the empirical correlations used in this model.

TRANSIENT SIMULATIONS

A fourth-order Runge-Kunta method is used for time
integration. However, for transient simulations of rotating stall
and surge, the blade forces extracted from (steady) empirical
correlations are not adequate because the time needed for
mature stall cells to develop can be very long, and compressor
mass flow can significantly change during this period of time.
A first order transient response model is applied on the blade
forces to take account of this time lag, as used by many other

researchers [5]:
dF
TE-F F= Fss (6)

The value of the time constant 7 is approximated to be
several rotor revolutions.

The overall performance comparison
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Figure 2: Comparison between selected models and
experimental data in all flow regions
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A throttle is represented at the outlet of the plenum,
according to the following equation:

1
P= Pambiem + E Koutpvx2 (7)

A characteristic method is implemented for the boundary
conditions in order to avoid numerical spurious reflections. For
positive flow operation the stagnation pressure and temperature
are imposed as inlet boundary conditions, and ambient pressure
is applied at the outlet boundary. In reversed flow operation, it
seems unreasonable to expect surrounding air to flow back into
plenum through the throttle, even though the fluid can enter the
compressor duct from the plenum, and ambient pressure is
always fixed at the outlet boundary. Meanwhile, it is likely that
the flow can be discharged from the compressor through the
inlet duct [12]. Therefore the ambient pressure is imposed at
the inlet when the inlet velocity becomes negative, otherwise
the stagnation pressure and temperature are imposed.

The same three-stage axial compressor of Gamache is used
as a test case. It should be noted that transient experimental
results are not available for this compressor, but experimental
data from Greitzer [5] on a similar compressor can be taken as
a reference. The transient simulations need the empirical
correlations to replace the steady compressor characteristic,
however, the transient results are not affected by the empirical
correlations once the latter have been validated in steady
calculations.

A plenum and a throttle are added to the compressor to
form the compression system. A typical mesh is shown in
figure 3.

. . U
Greitzer introduced a parameter B = 2—a-‘lop /(AL) to

determine whether rotating stall or surge may occur in a
particular compression system. In the numerical simulations,
different volumes of the plenum, different compressor lengths
and different rotating speeds have been selected in order to
vary the values of this parameter B. The throttle is gradually
turned down to approach the instability point.

Figure 3: Typical mesh of the compression system

Rotating stall

It was stated that rotating stall is a 2D phenomenon which
includes a strong non-axisymmetric distribution of mass flow
and pressure. Although the present model is based on the
axisymmetric assumption, it is still possible to predict the
overall performance when the rotating stall is fully developed
[22]. Since empirical correlations can estimate annular average
performance through the blade rows, average pressure ratio and
mass flow can be predicted.

The plenum is designed to obtain B=0.45. This is
somewhat different compared to the experiment of Greitzer
which is conducted for B=0.65 [5], since compressor rigs are
different. Day proposed a modified parameter B to take account
of the influence of steady characteristics [25]. In figures 4 and
5, average pressure coefficient versus time and average
pressure coefficient versus average flow coefficient are shown.

B =0.45
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Figure 4: Average pressure coefficient versus time
In figure 4, it can be seen that the pressure ratio reaches a
constant value after 0.35s of simulated time. In figure 5, a
steady operating point is obtained with a significant drop of
pressure ratio and mass flow coefficient after several small
cycles, which indicates a fully developed rotating stall.

B =0.45

22

N

=
©

Dp/(0.5*rho*U**2)
[
B

=
)

-
(=2}
SN LA L B B L

i

FENETEN NSRATET INEVATINE) ARVAATEN INRTAVIVEN AAVANATSY INPAANE IAATAN |
2 . 0 . 0.8
Vx/U

o
©
O

Figure 5: Average pressure coefficient versus the average mass
flow coefficient

Classic surge

Three different compression systems (configurations 1, 2
and 3) are selected to obtain the same value B=1.0, by
combining different compressor lengths, plenum volumes and
rotating speeds (see table 3), in order to observe their
influences on the shape of the surge cycles and on the
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oscillation frequency. The plenum volume is modified by its

length only, its section being kept constant.

Table 3: Different configurations for B =1.0

Confi Plenum Compresso | RPM | Frequenc
g volume [m”’] r y [Hz]
length [m]
1 4.481 0.508 1968 4.55
2 15.760 1.800 1968 1.30
3 1.908 0.508 3017 6.67

2.2

2

Ps 18
16

1.4

12

1

0.8

0.6

static pressure (plenum)
Vx/U at inlet

Vx/U at outlet

LA LA LI AL i L LU B

Figures 6 to 8 show the oscillations of pressure coefficient
versus time in the middle of the plenum and mass flow versus
time at the inlet and at the outlet of the plenum, for the three
different geometrical configurations. It can be seen that the
pressure coefficient in the plenum increases when the inlet
mass flow is higher than the outlet one, otherwise the pressure
decreases. The magnitude of the pressure oscillations are
similar for the three configurations. However, the frequencies
are quite different, the highest for configuration 3 and the
lowest for configuration 2. This can be explained by the fact
that the relevant time scale of the flow motion is characterized

by the Helmholtz resonator frequency @ =U /2BL_ [4] (see

also figure 12).

Figure 9 shows a comparison of the shape of the surge
cycles for these three configurations, characterized by the same
value of B =1.0. Similar surge cycles are obtained, which leads
to the conclusion that a compression system exhibits a similar
transient behavior for the same value of B, no matter how this
value is achieved [5].

pressure rise coefficient
Vx/U at inlet
Vx/U at outlet

2.2

18

16

in BN R AN R R
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Figure 6: Evolution of the pressure and mass flow coefficients
(configuration 1)
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Figure 7: Evolution of the pressure and mass flow coefficients
(configuration 2)
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Figure 8: Evolution of the pressure and mass flow coefficients
(configuration 3)

In order to observe the transient behavior for different
values of B during classic surge, the volume of the plenum is
adjusted in order to obtain a fourth configuration characterized
by a higher parameter B. The compressor length and the
rotating speed are kept constant. Configuration 4 is compared
to configuration | in table 4.

Figure 10 shows the surge cycles obtained with different
values of B. It can be seen that the surge cycles flatten with
larger excursions in mass flow when B is increased. In figure
11, the pressure oscillations in the plenum are illustrated for
different values of B. The frequency becomes lower with
higher values of B, and this can also be explained by the
Helmholtz resonator frequency during classic surge as shown
in figure 12.
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Table 4: Different configurations of the compression system
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Figure 11: Pressure oscillations in plenum for different B

Configurations 1, 2, 3 and 4 were implemented to observe
the surge transient behaviour; the relationship between the

frequency

and the Helmholtz resonator frequency was

analyzed. The Helmholtz resonator frequency for configuration
1 is assumed as the reference value and the Helmholtz
frequencies for configurations 2, 3 and 4 are calculated by
@ =U /2BL_. In figure 12, the surge frequency is found to be

linear to Helmholtz resonator frequency for all configurations,

as expected [4,5].

RPM=1968
Config Plenum Compressor B Frequency
volume [m’] | length [m] [Hz]
1 4.481 0.508 1.01 4.55
4 5.964 0.508 1.12 3.57
B=1.0
22 B=1.16
L
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Figure 10: Shape of the surge cycles for different B
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Deep surge

As B continues to increase, the compression system
exhibits a deep surge behavior, which is characterized by the
occurrence of reversed flow in the compressor. The
compression system is configured to obtain a value of B=1.54
and the throttle is gradually turned down to approach the

instability point (K ,=7.8).

Figure 13 shows the pressure coefficient versus time in the
plenum, and the mass flow coefficient at the inlet and at the
outlet of the plenum versus time. As it was obtained for classic
surge, the pressure coefficient is directly related to the net mass
flux through the plenum.

Figure 14 indicates the location of the five stations
simulated in the numerical tests. In figure 15 the mass flow
coefficients at these five stations are presented. It can be seen
that the evolution of the flow coefficient in the compressor duct
(stations 1, 2 and 3) becomes of relaxed type; the evolution of
the flow coefficient at the throttle (station 5) is of quasi-
sinusoidal form while the mass flow coefficient in the plenum
(station 4) changes a little.

During deep surge, the mass flow oscillation inside the
compressor duct is not characterized by the Helmholtz
resonator frequency, but includes two different time scales: the
longest one corresponds to the mass flow which varies
gradually when the plenum is built up (or emptied), and the
shortest one corresponds to the mass flow which changes quite
fast after the instability onset or when it recovers from the
rotating stall. This is quite physical compared to the
experimental results [S]. The mass flow coefficient at the
throttle is mainly determined by the pressure difference
between the plenum and the ambient pressure. Since the latter
is constant, the evolution of the mass flow coefficient at the
throttle follows the pressure in the plenum, which is quasi-
sinusoidal (see figure 15). Because the section of the plenum is
15 times higher than in the compressor duct, the velocity in the
plenum is much lower and the variations are rather small.

B=1.54

Pressure rise coefficient
mass flow coefficient at inlet
mass flow coefficient at outlet

15

Dp/(0.5*tho*U**2)

0.5
Vx /U

1 .
Time (second)

Figure 13: Pressure and mass flow coefficients for deep surge

‘ ‘mg !31| nz! szé .najl sa{ Plenum throttle
1 2 3 | 3
4

Figure 14: Simulated stations in the compression system

In figure 16, the static pressure in the five different
locations are displayed. During the reversed flow, the static
pressure drops dramatically at stations 3, 4 and 5, while it
increases rapidly at station 1. The high pressure fluid of the
plenum is discharged through the throttle and through the
compressor at reversed flow, which leads to the fast pressure
drop in the plenum and to the pressure increase at the
compressor inlet. The pressure difference between stations 2
and 3 is created by the compressor that works as a high loss
throttle device when the reversed flow passes through it. The
static pressure at location 1 is constant because ambient
pressure is imposed as the boundary condition once the
velocity becomes negative.

In figure 17, the simulated surge cycle is compared to the
experimental steady performance.

In order to observe the influence of the throttle
setting during deep surge, the throttle is further closed

(K,,=15.0). The surge cycles corresponding to two different

throttle settings but the same compression system configuration
and rotating speed are displayed in figure 18. The higher
pressure ratio from instability point to reversed flow is caused
by the fact that, by further turning down the throttle, the fluid
inside the plenum becomes harder to be discharged through it.
Except for this region, the surge cycle is almost the same and it
indicates that its shape is almost independent of the throttle
setting.
——— Position1

B = 1,54 ~—————— Position2

Position3
——— Position4
——— Positions

0.8
0.6

0.4

Vx/U

0.2

| L |

-0.2

/77

1
Time(second)

o

Figure 15: Flow coefficient versus time at five different stations
during deep surge
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Figure 16: Static pressure versus time at different stations
during deep surge
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Figure 17: Comparison between simulated surge cycle and
experimental steady data during deep surge
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Figure 18: Shapes of surge cycles at different throttle settings

The comparison of the mass flow coefficients in the
compressor for two different throttle settings is shown in figure
19. The ratio of the excursion time between positive flow
region and negative flow region for two throttle settings

changes from (T*/T’) 78:2.25 to (T*/T’) =1.21.

kout=7.. kout=15.0

When the throttle is turned further down, less time is needed to
achieve the same instability point from a positive flow, while
more time is required to dissipate the fluid in the plenum
through the throttle and the compressor resistance during
reversed flow. This is because the compressed fluid in the
plenum is harder to be discharged through the throttle when
further turned down. These numerical results follow a physical
explanation, and similar results were found by Tauveron [12].

Kout=7.8
Kout = 15.0

0.8

0.6

0.4

Vx/U

0.2

LN S B e B B B B E L ST

=

-0.2
0

Time

Figure 19: Mass flow coefficients for different throttle settings
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CONTROL STRATEGY

Aerodynamic instabilities including rotating stall and surge
are major limitations of gas turbine engines. Control strategies
are designed in order to obtain high performance and efficiency
near the surge line.

Many studies have been carried out, focussing on feedback
stabilization methods of compression systems, after the Moore-
Greitzer model. Bleeding is regarded as a possible control
device. This approach allows the compressor to shift from stall
to normal operation. However the recoverability depends on
the bleed location and on the bleed mass flow [22]. The
influence of bleeding is easily introduced in the present model
as additional source terms.

The compression system is configured with B=0.5 to test
the influence of bleeding on rotating stall. The rotating stall
takes place when the throttle is gradually turned down to the
instability point; from there the throttle is kept unchanged. The
bleed is alternatively located at an interstage or at the end of the
plenum, and is opened once the rotating stall is developed
maturely; the bleed mass flow is imposed as 15% of the
unstalled mass flow [22]. All boundary conditions are identical
except the bleed location.

Figure 20 shows the pressure coefficient versus the flow
coefficient, and figure 21 the flow coefficient versus time, for
different bleed locations. The results can be summarized as
follows. The compressor does not recover from rotating stall
when the bleed is located at an interstage, as shown in figure 20
(a). Actually the bleed increases the axial velocity of the
upstream stage so that the incidence is reduced and it recovers
from stall. However the downstream stages are not affected by
the bleed and continue to be stalled as shown in figure 21 (a).
Rotating stall is still present, with a slight increase of the
overall mass flow and the pressure rise.

When the bleed is located at the end of the plenum, all
stages recover from rotating stall as shown in figure 21 (b).
However, when the compressor reaches a stable normal flow,

24—
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(a) the bleed is located between stator 1 and rotor 2
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(b) the bleed is located at the end of plenum

Figure 20: Pressure coefficient versus flow coefficient for
different bleed locations

the pressure rise is much lower than the value without bleeding
as in figure 20 (b).

In another test, the same configuration as used for deep
surge (B=1.54) is used, and a bleed is added to observe the
influence on recoverability during surge. The bleed is located
behind the plenum and 15% of the unstalled mass flow is
applied. The bleeding action is activated after 1 simulated
second, after several surge cycles. Figure 22 indicates that the
compressor reaches a stable unstalled operating point after the
bleeding action is applied.

CONCLUSIONS

A reliable prediction tool based on an adapted version of
the 1D Euler equations with additional source terms has been
developed and implemented to simulate the dynamic
performance and the post-stall behavior of compression
systems.
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(a): the bleed is located between stator 1 and rotor 2
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(b): the bleed is located at the end of plenum

Figure 21: Flow coefficient versus time for different bleeding
locations

This model can be used for preliminary design purpose as it is
based only on the compressor geometry: the blade angles at
mid span and the hub and shroud geometry. The model does
not rely on existing experimental performance curves nor on
generic ones.

The empirical correlations provide a satisfactory prediction
of the steady performance; however further validations using
other compressor configurations are needed.

For rotating stall, the average pressure and mass flow
coefficients can be predicted by the current quasi-one-
dimensional model, provided that the rotating stall is fully
developed.

For classic surge, different geometrical configurations have
been selected to study the shape of the surge cycles and the
frequency of the surge oscillations. It can be concluded that the
shape of the surge cycle mainly depends on the parameter B
and that the frequency of the surge is characterized by the
Helmbholtz resonator frequency.

For deep surge, the evolution of mass flow and pressure
coefficients indicates that the compressor works as a high loss
throttling device during the reversed flow. Meanwhile different
throttle settings have been tested. The shape of the surge cycle
is almost independent of the throttle setting and the ratio of the
time excursion between positive flow and negative flow
decreases when the throttle is further turned down.

A bleeding control strategy has been implemented to study
the recoverability from rotating stall and surge. The
effectiveness of the bleeding depends on its location and on the
bleed mass flow.
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Figure 22: Surge cycle and mass flow coefficient versus time
for different implementations of bleeding
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