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ABSTRACT

This study presents a numerical simulation of the
formation of rotating stall and the initiation of surge in order
to study the connection between stall and surge in centrifugal
compressors. Also, the current paper introduces an
optimization of the air injection method as a way to increase
the surge margin. Results showed that during stall, the
compressor is exposed to velocity and pressure fluctuations
varying with time, and these fluctuations are increased
suddenly and causing surge initiation. The major part which is
responsible for the sudden increase in fluctuations is the
vaneless region because it was found that the problem starts at
the impeller exit near the shroud surface and then transfers to
the impeller inlet. Results also showed that during surge,
forces on the impeller blades increase to nearly double of its
initial value and then decrease again. By using air injection at
the vaneless region with different injection angles, it was
found that injection with angle of 30" has a good effect on
preventing surge and minimizing the pressure fluctuations
comparing to other injection angles results. Results showed
finally that the surge margin can be increased by using the
injection with angle of 30" and with injection mass flow rate of
1% of the design inlet mass flow rate and this causes the surge
limit to shift from 4 kg/s to 3.9 kg/s.
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1. INTRODUCTION

The efficiency of centrifugal compressors is
depending on the operating condition which is related to the
mass flow rate and rotational speed. The compressor safe
working range is bounded between two limits which are the
surge limit and choke limit corresponding to lower and higher
mass flow rate than the designed value respectively. If the
working condition is inside the safe region and near the surge
limit, there is a possibility of formation of some flow
disturbances known as stall cells which may develop with time
and cause compressor surge with high pressure fluctuations.

Rotating stall is a phenomenon that happens when the
flow separations occur at impeller blades, and these separation
areas increase with time until it forms stall cells which can
cause flow blockage and high pressure fluctuations on
compressor blades [1, 2].

It is important to study and identify the events which
appear during stall and the factors which cause performance
deterioration and surge initiation. McDougall et al. [3]
reported that there are two dimensional, long length scale
disturbances which are called modes that appear when the
compressor is working close to the surge limit, and these
modes can develop slowly and rotate at speeds between 20%
and 50% of the impeller speed. 1. Day [4] presented an
experimental study about the formation of spike disturbances
during stall. It was shown that some flow disturbances with
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short length scale rotate with a speed nearly 70% of impeller
speed. These disturbances, called spikes, can grow very
quickly in a few rotor revolutions and form stall cells. The
experimental results of [4] were recently confirmed by several
experimental studies [5-8]. Vo et al. [9] investigated
numerically rotating stall inception in an axial compressor, it
was noted that the flow separation at impeller leading edge is
the main cause of stall inception because this allows some
flow to pass from the clearance at tip and this is called the tip
leakage flow. This tip leakage flow is interacting with the
main flow and causes blocking of the rotor blade passages.

At the early stage of stall formation, back flow starts
to initiate from the diffuser and hits the impeller blades, and
part of this flow comes from one of the impeller passages to
enter the adjacent passage [10].

Increasing the surge margin or the compressor safe
working range is required for delaying the stall inception and
keeping the compressor stable at low mass flow rates, and this
can be achieved by controlling the parameters which affect the
growing of the stall cells. There are several methods to control
stall and these methods are classified into two main categories
which are the passive and active control methods. The passive
control idea depends on changing or modifying the
compressor geometry especially at the casing in order to
minimize the tip leakage flow. On the other hand, the active
control methodology depends on adding or attaching a device
to control the flow behavior without making any modification
to the main compressor geometry. The passive control method
was found to increase the surge margin but in the same time
cause large efficiency losses [11-14]. For the active control
technique, the air injection method is providing the shift of
surge limit to lower mass flow rates with relatively small
losses in efficiency [15-17].

Feng et al. [18] investigated experimentally the effect
of air injection on the performance improvement for a
compressor cascade. The results showed that the air injection
is affecting the end wall region in a positive way by
decreasing the vortices and correcting the flow path with small
losses in static pressure. Skoch [19] reported that using air
injection at the vaneless region of a centrifugal compressor
using injectors with adjusted injection angles or using control
tubes results in increased surge margin. It was found that
injecting air in the same direction of impeller rotation
increases the surge margin by 12.7 % with injection mass flow
rate of 0.9 % of the main flow mass flow rate, while injecting
air in the reverse direction of impeller rotation needs relatively
higher injection mass flow rates to achieve the same result but
it is accompanied with relatively higher pressure losses. Skoch
[20] studied the air injection of a centrifugal compressor at the

hub surface between the impeller and diffuser using different
angles of injection, and results proved that injecting the air
towards the diffuser vane pressure sides gives better results
that injection towards the suction sides. Lim et al. [21] made
an experimental study on the effect of changing the injection
profile for a low speed axial compressor. A comparison was
made between injecting air continuously and making a discrete
injection, and results showed that the controlled discrete
injection can achieve additional extension of the surge margin
and in the same time can reduce the total amount of the
injected air comparing with the continuous injection. Hiller et
al. [22] introduced an experimental analysis for the
compressor behavior when using air injection with different
injection mass flow rates and various injection temperatures. It
was shown that increasing the injection mass flow rate more
than 2% of the main flow rate has a significant effect on
increasing the stability zone, and it was found also that the
variation of the injected air temperature does not affect the
compressor stability margin.

The main objectives of this paper are to (i) simulate
the development of stall into surge in order to find the
parameters which are causing this change and need to be
controlled, and (ii) increase the compressor safe region by
optimizing the efficiency of the air injection method in the
way of varying the angle of injection at a specified injection
mass flow rate.

2. SPECIFICATIONS OF THE CASE STUDY

The NASA CC3 transonic centrifugal compressor
was chosen for performing the numerical simulations. Figure 1
shows picture of the impeller and diffuser of the NASA CC3
compressor.

Figure 1. NASA CC3 compressor [23]
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McKain and Holbrook [24] provides complete
information about the NASA CC3 compressor including the
geometry and design parameters. Table 1 summarizes the
main geometry dimensions and design conditions of this
compressor. There is a lot of information available about flow
behavior in the NASA CC3 compressor from previous studies
[16, 19, 20, 25-28].

Table 1. Specifications of the NASA CC3 compressor

Number of impeller
. 15
main blades
Number of impeller 15
splitter blades
Number of diffuser 24
vanes
Tip clearance 0.2 mm
Geometry Tor kot
Impe~ er inlet tip 210 mm
diameter
Irnpe}ler exit tip 431 mm
diameter
Diffuser inlet diameter 465.5 mm
Diffuser exit diameter 724 mm
Rotational speed 21,789 rpm
Design Mass flow rate 4.54 kg/s
conditions Total pressure ratio 4:01
Adiabatic Efficiency 83.30%

3. METHODOLOGY OF THE NUMERICAL
COMPUTATION

The finite volume method was used to solve the
governing equations of fluid flow using FLUENT [29]. The
governing equations are the continuity equation, Navier Stokes
equations, energy equation and the turbulence equations. For
the turbulence modeling, the k- ¢ realizable model was used
because it can give accurate results for the unsteady high
speed flows with strong flow separations. The sliding mesh
method was used to simulate the rotating zones and the static
zones by modifying the mesh at each time step. Equation 1
describes the general governing equation for the sliding mesh
model.

ijpgﬁa;~'+ J,{)gﬁ (H—H‘,) dA= j I'Vé-da+ Jsd,ay (1)
di - ar s 3V ;

Where ¢ is a symbol for any general flow variable
and ¥ is the mesh volume and p is the fluid density and u is the
flow velocity vector and iz, is the mesh velocity of the moving
mesh and /" is the diffusion coefficient and S, is the source
term of ¢. The integration term over the volume at the left
hand side in equation 1 can be calculated from equation 2 as
follows:-
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Where n , nt+l are representing the quantity at the
current and next time step respectively, and the term V™' is
calculated from equation 3

prelopn 4y, 3)
dt

The idea is that the term dV/dt can be computed by
the summation of dot product of the velocity and area for each

face of the mesh cell volume as shown in equation 4.
n
f
dv J‘ — -
—=|U,dA=2u, i A; 4
dt g ¢ zj' 8. )

Where n; is the number of faces on the control
volume and 4; is the j face area vector and i, is the mesh
velocity of the moving mesh.

Figure 2 shows the numerical model which is
composed of three main parts; the inlet guide vane, the
impeller, and the diffuser. Also, there is a bend at the exit of
the diffuser where the flow exits from the bend in the axial
direction or in other words is aligned with the axis of rotation.

Figure 2. The compressor numerical model
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3.1. Mesh Sensitivity Analysis

The aim of this analysis is to find the suitable mesh
size that will give accurate results with the minimum error as
possible. In order to simplify the problem, this test was done
on a part of the whole geometry by using a part of the impeller
and the corresponding part of the diffuser in order to save the
computational time. Five mesh levels in the range between
550000 and 1505000 mesh elements were used for comparing
with measurements [25]. Figure 3 indicates the variation of
pressure with radial distance for all mesh cases and for the
measurements. It can be noted that by increasing the number
of mesh elements to be more than 1050000, the results remain
the same and this means that this is the minimum level of the
required accurate mesh. Based on that, the final number of
mesh elements for the whole geometry that was used in the
current study is 14 million cells in order to insure the results
accuracy. The time step used in simulations is 2x10 second
with 15 iterations per time step and it was increased in some
cases to 20 iterations per time step; and the Courant number
used was about 4 which achieved the solution stability and
convergence.
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Figure 3. Pressure distribution for different mesh sets and for
measurements

4, RESULTS
4.1. Validation of the CFD Numerical Model

The efficiency map of the compressor was generated
by using the numerical model to solve at a specified flow rate;
and the efficiency was calculated from the data obtained for

pressure and temperature. Figure 4 shows the efficiency map
for the numerical model results and also for measurements
[25]. It can be noted that the numerical results are in good
agreement with measurements, and there are small differences
for the maximum efficiency values for the 70% and 80%
speed curves. The numerical analysis shows a maximum
efficiency of 85% while the corresponding measured value is
84%. This suggests that there is 1.2% relative error. Also, the
maximum relative error between numerical results and
measurements is 2% for points near the surge line.
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Figure 4. Compressor efficiency map (the numerical results
versus measurements [25])

4.2. Stall and Surge Simulations

In order to simulate stall and surge, the numerical
simulations were done at a point located inside the surge
region corresponding to the design speed line at mass flow rate
of 3.9 kg/s. When the stall starts, there are pressure and
velocity fluctuations at some places in the compressor,
especially near the shroud surface; and these fluctuations
continue and may increase with time to cause surge. Figure 5
shows the fluid stream lines at 95% of the span length through
the impeller and diffuser starting from stall inception condition
up to condition after surge initiation. It can be noted from
Fig.5 that the stream lines are normally distributed with little
disturbances at diffuser exit and the vaneless region when stall
initiates. After 5 rotor revolutions from the beginning of stall,
flow separations start to appear at the impeller blades leading
edge and the fluid deviates from the ideal flow path. After 7
rotor revolutions from stall initiation, separations are seen in
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most of the impeller passages; and the stream lines in the
vaneless region become close to the tangential direction, and
there is back flow in some of the diffuser passages. After 9
rotor revolutions, this is considered the beginning of surge
because the number of diffuser passages with back flow
increases, and there is a complete breakdown of flow
distribution with complete back flow within 2 rotor
revolutions from the beginning of surge.
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Figure 5. Stream lines distribution during stall and surge at
location near shroud surface

It is important to monitor the flow at the tip
clearance, because this gives an indication about the strength
of the tip leakage flow. Five points located at the tip clearance
gap above the impeller blades tip were selected in order to
monitor the dynamic pressure as shown in Fig.6. Figure 7
shows the dynamic pressure variation with the number of time
steps during stall at the five points selected and shown in

Fig.6, where the time step used in simulations is 2x10
second. It can be noted from Fig.7 that for all pressure signals,
there are fluctuations with time; and the amplitude of
fluctuations varies from one point to another because there is a
different pressure distribution for each point according to its
location. The fluctuations at all points started at some time to
increase suddenly and this is an indication of stall inception.
Signals at points 1 and 2 have very large variations comparing
with other points, and this means that the tip leakage flow at
points 1 and 2 or at the impeller blades tip trailing edge is
stronger comparing with other locations, and also this means
that the problem of stall is coming from the vaneless region
between the impeller exit and diffuser inlet.

Figure 6. Location of the numerical monitor points at the tip
clearance gap
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Figure 7. Dynamic pressure variation with time at points in the
tip clearance gap

Based on the results shown in Fig.7, the vanless
region may be the reason for the high pressure fluctuations at
impeller exit, so, a point was selected in the vaneless region to
monitor the pressure variation with time as shown in Fig.8.
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Figure 8. Pressure variation with time during stall and surge
for a point in the vaneless region

It can be seen from Fig.8 that the pressure
fluctuations develop with time from 250000 pa and reach
450000 pa and then decreases again to 350000 pa, and this is a
part of the surge cycle when the back flow appears at the
maximum pressure value in the curve, and this cycle is
supposed to be repeated during surge. Figure 8 shows also
velocity vectors for part of the vaneless region at three
locations; before stall initiation, during stall and during surge.
The velocity vectors before stall initiation are uniform without
any deviation, but during stall, velocity vectors start to turn
from some diffuser passages to the impeller. During surge, the
velocity vectors show that the there is a complete back flow
from the diffuser to the impeller.

Figure 9 indicates the pressure distribution at impeller
blades surfaces at different time frames from stall to surge.
The pressure distribution is slightly different for all blades, but
after 5 rotor revolutions from stall initiation, there are some
blades which are exposed to higher pressure than the other
blades. After 7 rotor revolutions, regions of high pressure
extend to the impeller blades leading edge, while after 9
revolutions corresponding to surge initiation, there are
localized very high pressure regions at the blades tip near the
trailing edge. This indicates that the problem of appearance of
high pressure locations is coming from the vaneless region and
then transfers to the impeller exit and then to impeller inlet.
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Figure 9. Pressure distribution on impeller blades and its
variation with time
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Pressure fluctuations during stall can be expressed in
the form of forces. Figure 10 shows the variation of the force
acting on the impeller blades in the axial direction with time
during stall and surge.
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Figure 10. Variation of the force affecting impeller blades with
time during surge

There are three curves indicating; the force on the tip
of the blades, the force on suction and pressure blades
surfaces, and finally the total force which equals the
summation of the forces of the other two curves. It can be
concluded from Fig.10 that the total force is increasing up to
double of its initial value while the force acting on blades tip
increases 1.5 times of its initial value during the surge event,
and this increase in force is followed by another decrease as a
part of the surge cycle which can be repeated with time, and
this means that the blades may be damaged due to this strong
variation in force.

4.3. Air Injection Simulations

The injection of air at the vaneless region was used in
order to increase the surge margin of the compressor. Figure
11 shows the compressor configuration with indication of the
air injection points at the shroud surface of the vaneless area
between impeller and diffuser. Twelve points were selected
because it is recommended to use at least 8 points of injection
based on a previous study [19]. Figure 12 shows a clarification
of the injection angle © at one of the injection points at the
vaneless region. The air was selected to be injected with
injection mass flow rates of 1% of the inlet design mass flow
rate and with injection angles of 10°, 20°, 30", 40". The reason

of using these specific injection angles is that it is required to
find the best injection angle that will give the best results
knowing that the previous studies done on this compressor
were interested in two angles 0° of and 180" only [16, 19].
Also, the reason for selecting injection angle values as a
multiple of 10° is that it is important to test the air injection
performance when injecting air close to the diffuser vane
angle which is 13.4°. So, air injection at angle of 10" and at
angle of 20" represent the injection toward the pressure and
suction sides of the diffuser vane respectively. In order to
examine the effect of using more injection angles while
keeping constant difference between any two injection angle
values, the injection angles of 30" and 40° were also used.

Figure 12. Representation of the angle of injection

The theoretical flow is a flow without any losses in
the vaneless region where there is no losses in kinetic energy
and no deviation in the fluid angle between the impeller exit
(entrance of the vaneless region) and the diffuser inlet (the end
of the vaneless region), but in reality, there are some losses in
the vaneles region; and these losses become very large in the
case of stall. Figures 13 and 14 show the variation of average
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fluid velocity and average fluid angle respectively with time at
the diffuser inlet for all cases of injection and for the case of
no injection. Figure 13 shows that there is a big drop in the
kinetic energy for the case of injection angle of 10° and for the
case of no injection. Also, these losses in the kinetic energy
are increasing with time for the cases of injection of 20° and
40°. For the case of injection with angle of 30°, the kinetic
energy losses are small relatively and seem to be nearly
constant. Figure 14 indicates that there are very high
fluctuations in the value of the fluid angle for the case of no
injection, and there are relatively high fluctuations for all cases
of injection except for the case of injection with angle of 30°,
where the fluid angle is nearly constant and is always close to
the diffuser vane angle value of 13.4.
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Figure 13. Velocity variation with time at diffuser inlet for
different cases of injection
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Figure 14. Flow angle variation with time at diffuser inlet for
different cases of injection

Figures 15, 16, 17 and 18 show the fluid stream lines
colored by velocity magnitude in m/s for the cases of injection
angles of 10°, 20", 30, 40" respectively at time corresponding to
20 rotor revolutions after the initiation of the rotating
instabilities.
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Figure 15. Stream lines distribution after 20 revolutions from
stall initiation for the case of injection with angle of 10°
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Figure 16. Stream lines distribution after 20 revolutions from
stall initiation for the case of injection with angle of 20’
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Figure 17. Stream lines distribution after 20 revolutions from
stall initiation for the case of injection with angle of 30°
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Figure 18. Stream lines distribution after 20 revolutions from
stall initiation for the case of injection with angle of 40°

It can be noted that all the cases with injection are
subjected to surge except the case of injection with angle of
30°, because when looking at figures 15, 16 and 18, there is
complete recirculation of the stream lines inside the impeller
passages and the fluid fails to enter most of the diffuser
passages. On the other hand, for the case of injection with
angle of 30" (Fig.17), the stream lines distribution is uniform
and the solution is nearly steady with small separations at the
exit of the diffuser.

Figure 19 shows the forces acting on impeller blades
for different cases of injection and for the case of no injection;
it is shown that the case of injection with angle of 30" achieves
the compressor stabilization because the force is fluctuating
around a fixed value without the sudden rise which appears in
the other cases.
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Figure 19. Force variation with time for different cases of
injection

5. CONCLUSIONS

(1) During stall, fluid stream lines variation showed that
the formation of stall is starting from the impeller
inlet where flow separations take place; and in some
impeller passages, there is a strong fluid deviation
from the blades surface, while in other impeller
passages, the fluid distribution is normal, and this
causes the fluid to exit from impeller with angle and
velocity magnitude differ from one passage to
another. This non uniformity in the flow behavior at
impeller exit causes formation of high pressure
regions and random flow in the vaneless region, and
this is considered the moment of stall development.

(2) There is a possible connection between stall and
surge because the stall is causing flow deterioration at
the vaneless region, and this causes back flow
formation in some diffuser passages and strong
pressure fluctuations to appear at the vaneless region
and then move to the impeller blades. For that reason,
the vaneless region may be the main reason of surge
initiation.
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)

Air injection method is an effective method for
increasing the safe region of the compressor and
when using air injection angle larger than the diffuser
vane angle, forces acting on the impeller blades are
reduced comparing with injecting air at angles lower
than the diffuser vane angle.

By injecting air at an angle of 30° and with injection
mass flow rate of 1% of the design inlet mass flow
rate, the forces on blades are maintained constant and
the flow is stabilized at an operating condition inside
the surge margin corresponding to a mass flow rate of
3.9 kg/s.

As a suggestion for future studies, it is important to
make an optimization of the air injection parameters
by using several values of the injection mass flow
rate, and also by varying the injection angle with
interval difference value less than 10°.
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