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Computational Analysis of Stall and Separation Control

in Centrifugal Compressors

Alex Stein,* Saeid Niazi,*and L. N. Sankar'
Georgia Institute of Technology, Atlanta, Georgia 30332

A three-dimensional compressible Navier-Stokes code has been used to model the steady and unsteady flowfield
within a low-speed centrifugal compressor configuration tested at NASA Lewis Research Center. Near-design
conditions, the performance map, pressure field, and the velocity field were in good agreement with measured
data. At off-design conditions, the calculations show that flow reversal first occurs near the blade leading edge. If
left unchecked, the reversed-flow region grows spatially and temporally. Injection of air upstream of the compressor
face was found to modify the local flow near the blade leading edge and to suppress rotating stall and surge. Even
a moderate amount of air, typically around 5% of the total mass flow rate, was sufficient to extend the useful

operating range of the compressor.

Nomenclature
A = area
F = inviscid flux vector
m = mass flow rate
n = unit normal vector
Py = stagnation pressure
p = static pressure
q = state vector
R = viscous flux vector
R = leading-edgetip radius
S = surface
t = time
t* = time at instance of part-span stall
U, = leading-edge tip velocity
\4 = velocity vector
Ve = vector of grid velocities
a, B = injection angles
P = density
Subscripts
in = inflow property

n = normal property
out outflow property
= far-field property

8
[

Introduction

ENTRIFUGAL compressors are currently being used in tur-

bine engines’ poweringtanks and rotorcraft. This is mainly due

to theirability to producehigh-pressureratios with fewer stagesthan

axial compressors,leadingto an overallreductionin size and weight.

However, the useful operating range of a centrifugal compressor is

limited by the unsteady flow phenomenathat occur at low mass flow
rates. These aerodynamic phenomena are rotating stall and surge.

Rotating stallis a local phenomenonin which a circumferentially

uniform flow patternis disturbed,and some of the blades experience

stall. The stalled regions move from blade-to-blade, and appear to
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rotate about the shaft axis, at an angular velocity that is one-third to
one-half that of the shaft angular velocity. Rotating stall may lead
to vibrations and fatigue of the compressor blades, and is often a
precursor to surge. It is to be avoided at all costs.

Surge is a global one-dimensionalinstability that can affect the
whole compression system. It is accompanied by low-frequency
fluctuationsin pressure and mass flow rate. If surgeis severeenough,
even complete flow reversal is possible.

To avoid these instabilities, the designer is forced to introduce
a safety margin of typically 20% between the stall (or surge) line
and the engine operating condition, thus decreasing the efficiency
of the compressor. In the past, many attempts have been made to
reduce this margin by using appropriate stall detection and control
devices.Over the last five decades, a number of experimental studies
have been conducted for axial compression systems.! ~® Centrifugal
compressor stall and surge control have not been studied in nearly
as much detail because of the geometric complexity of centrifu-
gal impellers, and due to the difficulties in visualizing the flow and
measuring velocity and pressure fields within blade passages. Ref-
erences 7-11 are representative examples of experimental studies
aimed at controlling centrifugal compressor stall and surge.

Computational fluid dynamics (CFD) methods provide an effi-
cient way to study these complex flow phenomena. Because of the
massive increase in computing power and the development of so-
phisticated flow-visualization tools, it is now possible to do three-
dimensional real-time simulations of compression systems. Engine
industries routinely use CFD methods for compressor and turbine
system design. Many of these methods are also suitable for mod-
eling stall and surge, and are convenient vehicles for testing novel
control strategies.

A number of CFD codes for detailed modeling of turbomachin-
ery flowfields exist. Chima and Yokota,'? Hall,'* Dawes,'* Hah
and Wennerstrom," and Adamczyk et al.,'® among others, have
developed three-dimensional codes that are capable of analyzing
unsteady turbomachinery flow with multiple blade passages and/or
rotor-stator interaction. Most of these applications, however, have
been limited to modeling the steady-state phenomena in axial and
centrifugal compressors, or for modeling unsteady flow phenom-
ena caused by rotor-stator interactions. Many researchers have also
simulated rotating stall and surge in axial compressorsusing simple
one- and two-dimensional codes.'”'® Three-dimensional simula-
tions of stall and surge have not been done due to the computational
resources required.

In an effort to model unsteady flow within centrifugal compres-
sors, the present authors have developed a three-dimensional un-
steady flow solver. Preliminary code validation studies for a NASA
Lewis Research Center low-speed centrifugal compressor (LSCC)
configuration were reported in Ref. 19. In Ref. 19, this CFD code
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was also used to study the effect of steady bleeding on the perfor-
mance of the compressor. It was shown that bleed valves placed
in the diffuser walls help to improve the flow pattern within the
diffuser, and eliminate diffuser stall. However, bleeding has the dis-
advantage of removing useful, high-pressure air from the system,
thereby decreasing the overall efficiency of the system. Murray?
also showed that a compression system that utilizes a bleed valve
controller is ultimately not stabilizable, it can only achieve oper-
ability enhancements.

As mentioned earlier, various alternatives to bleeding have ex-
perimentally been tested. Such control strategies include movable
plenum walls, inlet guide vanes, and air-injection jets upstream of
the compressor face. In these approaches, the presence of a grow-
ing instability (stall precursor waves) is first detected. A countering
fluid-mechanical disturbance is introduced in the flowfield, effec-
tively canceling and eliminating the instability. Because rotating
stall is detected and eliminated before it grows into a fully devel-
oped surge, a relatively small amount of control power may be suffi-
cient. There is a need for systematic computational models of these
control devices to help understand how and why they work.

The present study is aimed at modeling and understanding the
effects of air injection on the operation of the compressor. Steady
and unsteady flow results in the form of performance map, velocity
fields, and pressure data are presented for the NASA LSCC config-
uration. Details of the flowfield are discussed that explain how air
injection enhances the performance of the centrifugal compression
system.

It should be noted that the current study is limited to the simula-
tion of a single blade passage, thus taking advantage of the blade-
to-blade periodicity in centrifugal compressors. This approach was
chosen to reduce the overall grid size and to keep computational ex-
penses at areasonablelevel. However, as a result of this, instabilities
that propagate in the circumferential direction and are of greater-
than-blade-width length scales (rotating stall) cannot be modeled
within the scope of this study. Instead, this research and the applied
control methodology (air injection) focus on the development, un-
derstanding, and avoidance of global one-dimensional instabilities
(surge).

Numerical Formulation

The mathematical and numerical formulation behind the three-
dimensional flow solver used in this study has been described in
Ref. 19. Therefore, only a brief description of the formulation is
given here.

The three-dimensional unsteady compressible Reynolds-aver-
aged Navier-Stokes equations are solved in strong conservation
form. This involves solving the governing equationsusing a control
volume form. An implicit time-marching procedureis used, starting
fromaninitial flow condition, with appropriateboundaryconditions.
The governing equations in integral form can be written as

% qdv+# (F—qV5) -nd5=# (R) -ndS (1)
14 S N

Here, V and S refer to the control volume and control surfaces, re-
spectively. The viscous fluxes R are computed explicitly, whereas
the inviscid fluxes F are calculated implicitly using Roe’s approx-
imate Riemann solver?! V; is the grid velocity in an inertial co-
ordinate system to account for the rotor motion. To solve the sys-
tem of equations, first, a three-factor alternating direction implicit
scheme?? is used to factorize the implicit coefficient matrix opera-
tor into block tridiagonal matrices. Then, the equations are solved
using the Thomas algorithm?* This makes the scheme first-order
accuratein time. To model the effect of turbulence, the one-equation
Spalart-Allmaras® model is used.

Flow through only a single blade passage has been studied in the
presentapproach. Simple blade-to-bladeperiodic conditionsare im-
plemented in the code. No-slip boundary conditions are used at all
solid walls. At these surfaces, density and pressure are extrapolated
fromthe interior. In the inlet, the stagnationpressure,stagnationtem-
perature, and flow angles are prescribed. The static pressure at the

exit is prescribed. A one-dimensional Riemann characteristic wave
equation is solved at the inlet, allowing the acoustic disturbances
to leave the computational field through the inlet face. At the exit,
entropy and vorticity are also extrapolated from the interior.

Results and Discussion

The geometry chosen to simulate compressor stall control is the
NASA LSCC configuration, shown in Fig. 1. This impeller has ex-
tensively been tested by Hathaway et al.>> and Wood et al.?® at
the NASA Lewis Research Center, providing a well-documented
case for CFD code validation purposes. The compressor charac-
teristics are given next: Impeller: 20 full blades with 55-deg back-
sweep; inlet diameter: 0.87 m; exit diameter: 1.52 m; tip clearance:
2.54 mm (1.8% of blade height at trailing edge); and design con-
ditions: mass flow rate =30 kg/s, rotational speed = 1862 rpm, to-
tal pressure ratio =1.14, and adiabatic efficiency =0.922. Several
researchers’™?° have performed CFD studies of this compressor
and compared their results with measured data at compressor de-
sign conditions. They generally observed good agreement between
the computed and experimental results. Areas of relatively poor
agreement, the impellerblade loading and flow details in or near the
tip clearance gap, were identified and addressed in some detail.

The computationalgrid used to model the single compressor flow
passageis showninFigs. 1 and 2. Ithasdimensionsof 129 X 61 X 41
in the streamwise, spanwise, and pitchwise directions, respectively.
Four cells are used in the clearance gap between the blade tip and
the compressor casing. Most calculations with this mesh were car-
ried out on a Silicon Graphics Origin 2000 with four processors,
though using only a single processor per run. The code executes
at about2 X 1073 s per point per time running in a time-accurate
mode. Although the present implicit scheme can use large time

Fig. 1 Perspective view of single flow passage grid for NASA LSCC.
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Fig. 2 Grids in streamwise and meridional plane.
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steps, the Courant-Friedrichs-Lewy number was kept at or below
2 for resolving the unsteady flow in a time-accurate manner. The
calculations were generally run for 1572 compressor revolutions,
before a steady state or a limit-cycle oscillation (indicative of sepa-
ration and/or surge) was achieved. The mass flow rate across several
streamwise planes was monitored and used as a convergence crite-
rion.

A limited number of grid sensitivity studies were done to en-
sure the spatial accuracy of the flow solver. For this purpose, the
compressor performance map was calculated with the baseline grid
described earlier, and with a coarse grid that consists of every other
grid point of the baseline mesh. To construct the performance map,
the compressor code was run with various exit pressures to give the
desired mass flow rate for the particular setting. This correspondsto
areal compressor where the mass flow rate is controlledby a plenum
throttle valve. The total pressurerise across the impeller was found
by mass averaging the stagnation pressure across each streamwise
plane. The pressure ratio then becomes
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Fig. 3 Comparison between performance map using fine grid and
coarse grid.
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The comparison between the fine and the coarse grid performance
map shown in Fig. 3 revealed no great discrepancies. Initially, it
seemed that the flow simulations obtained with the coarse mesh
yielded satisfactory results. However, a more detailed study of the
flowfield, particularly the region in and near the clearance gap,
showed that the baseline fine grid should be used to obtain a better
resolution of certain flow features. Thus, all subsequent results in
this paper are based on this baseline (fine) mesh.

Results at Design Conditions

Figure 4 shows a comparison between computed and measured
blade pressure contours. Results are shown near the blade pressure
surface and the blade suction surface. Good agreement between the
computed and measured data is observed in most flowfield regions.
Both the CFD and the experimental data show a region of minimum
pressure near the leading-edge blade tip of the suction side. As
the fluid enters the impeller region, it first experiences a sudden
acceleration, similar to the case of an airfoil at an angle of attack.
This increase in velocity is accompanied by a decrease in static
pressure.On both blade surfacesthroughoutthe impeller the highest
pressure occurs on the hub, and decreases gradually along the span
of the blades. This is because the pressure in this plot is shown
without its centrifugal contribution. In general, the pressure rise
across a centrifugal compressor stage consists of 1) the pressure
rise due to the work done on the fluid by the compressor, and 2) the
increased turning of the fluid away from the rotation axis resulting
in an acceleration of the flow:

1 2
Pstatic = Pcompr + Peentr = Pcompr + EPV (3)

To emphasize the pressurerise due to work done on the fluid, the
static pressure rise in Fig. 4 is shown without its centrifugal part
Pecentr-

A region that shows discrepancies between the CFD and the ex-
perimental data is located near the shroud on the pressure surface
(~140% chord length). Here, the CFD data show a region of high
gradients that is not reflected in the experimental data. It is unclear
whether this phenomenais due to insufficient CFD modelingor to a
loss in information due to the spatial averaging applied experimen-
tally.
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Suction Surface
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Fig. 4 Comparison between computed and measured®’ surface pressure p/po at design conditions.
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Fig. 5 Velocity field in meridional planes 4, 50, and 97 % away from the blade pressure surface at design conditions.

Figure 5 shows the development of the impeller throughflow in
the form of vector plots. In these plots the velocity vectors were
obtained by transforming the three-dimensional velocity field into
the x-r-meridional plane. Three such planes with projected veloc-
ity vectors are shown: 4, 50, and 97% away from the blade pres-
sure surface. In each plane the overall flowfield is well behaved
and attached. Small regions of reversed flow are present near the
compressor shroud. This separation zone is part of a throughflow
momentum deficit that exists in the outer 10-20% of the span. The
same wakelike phenomenonwas reported by Hathaway et al.,?’ who
experimentally analyzed the NASA LSCC configuration. They con-
cluded that this momentum deficit is generated as a result of the tip
clearance flow. This phenomenon has also been observed in sev-
eral centrifugal compressor facilities by other researchers. It will be
shown in this paper that this wake will eventually develop into a
strong reversed-flow region and lead to a stalled condition when the
mass flow rate through the compressor is reduced.

To address this issue, the compressor flowfield was calculated
for different operating conditions, parametrically changing the back
pressure. Figure 6 shows the comparison between the calculated and
the experimental performance map on the right, stable branch of the
curve. Both data show the same quantitative behavior. However,
the CFD results overestimate the pressure rise by about 1.5%. The
authors believe that this slight discrepancy is due to an insufficient
modelingof some flow details that would contributeto areductionin
total pressure;e.g., tip clearance, turbulencemodeling. For operating
conditions below 20 kg/s, strong limit-cycle oscillations in several
flow properties (mass flow rate, pressure) were observed. This is in
agreement with the experimental report by Hathaway et al.,>> who
reported audible unsteady flow conditions for operating points just
below 20 kg/s.

The time history for four selected points, A-D of the performance
map, is shown in Fig. 7. The four points were chosenas A:mass flow
rate =32.5 kg/s (stable operation); B:mass flow rate =20.5 kg/s
(onset of stall); C:uncontrolled, stalled operation; and D:mass flow
rate = 17.5 kg/s, injected mass flow rate = 1.75 kg/s (controlled op-
eration, 10% air injection).

Plots A-DinFig. 7 show the amount of fluctuations(in %) in mass
flow rate and pressurerise at each operating condition, respectively.
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Fig. 6 NASA LSCC performance map; comparison between com-
puted and measured®’ data.
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Fig. 7 Total pressure rise fluctuations (in %) vs mass flow rate fluctu-
ations (in %) for selected points A-D.
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These plots are similar to the Poincaré maps used to study chaos
in nonlinear systems. At the stable operating point (referred to as
an attractor) A, fluctuations in mass flow rate and pressure rise are
limited to just 0.2-0.3%. As the mass flow rate is decreased, the
fluctuations grow to 3-4% near the onset of stall (point B), but
remain bounded about the attractor. A further reduction in mass
flow rate causesthe oscillationsto grow unbounded with time, which
eventuallydrivesthe systemto a stalled condition.In this case, much
of the flow through the impeller is reversed, and the compressor is
surging. In addition to Fig. 7, the time history of the mass flow rate
fluctuations (in %) for points A, B, and C is shown in Fig. 8. This
plot underlines the growth of instabilities at a reduced mass flow
rate. It is interesting to note that at the onset of stall (point B), the
frequency of mass flow rate and the rotational frequency are of the
same order (30 Hz).

To improve the characteristic map, the flowfield at the onset of
stall was studied in detail, and results in vector plots at the midpas-
sage meridional plane for different time steps are shown in Fig. 9.
Figure 9 shows that the local reverse flow originates in the leading-
edge region of the impeller blades. This reversed-flow region grows
rapidly in size and extends to the diffuser,leading to large mass flow
rate fluctuations and stall after three cycles.

Results at Off-Design Conditions and Stall Control

Considerable experimental evidence exists that air injection in a
steady or unsteady fashion improves the overall operability of the
compressor. By properly designing fast-acting injection valves and
placing them upstream of the compressor face, various researchers
were able to achieve operation stability and a significant increasein
stall margin. However, to date, a certain degree of confusion exists
in the compressor community as to why air injection is successful.
Day*’ proposed that the suppressionof stalling disturbancesand the
removal of stalling cells be the primary mechanism. Weigl et al.>!
attributed the increase in operability to the additional momentum
addedby the jets thatincreasesthe total pressureat the rotorinlet and
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Fig. 8 Mass flow rate fluctuations (in %) vs time (in ms) for selected
points A-C.
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Fig. 10 Schematic of injection characteristics for NASA LSCC.

suppresses separated and/or reversed flow. Together with Murray,?°
Weigl et al.’! unanimously concluded that air injection inherently
modulatesthe shape of the performancemap and shifts the last stable
operating point to lower mass flow rates.

In this study, uniform, steady air injection was used. Such types
of injection may not be efficient for use in a practical compressor
system because of the high-pressure air supply needed to operate
the injection system. It may be better to incorporate the injection
actuators in a closed loop with appropriate stall sensors and a con-
troller unit to activate the injectors only if the compression system
experiences any onset of stall. Air injectors can be configured in
many ways; typically a number of injection valves are located up-
stream of the compressor face on the circumference of the compres-
sor casing. The proper choice of injector characteristics (injected
mass flow rate, injection angle, yaw angle) may vary from system
to system. Figure 10 shows a schematic of the simulated annular
flush slot injectors used in this study. The injection geometry was
configured to inject an axisymmetrical sheet of high-momentum
air along the casing wall into the rotor tip region. The injection
angle o was 5 deg, the yaw angle B was zero (injection perpen-
dicular to compressor face), and the injected mass flow rate was
either 5 or 10% of the throughflow mass flow rate. The amounts
of injected air were chosen based on previous experimental stud-
ies by Weigl et al.*! and Giffin and Smith,*> who applied injection
control to compressors using 1.5-5.8% and 4% injected mass flow
rates, respectively. In this spirit, a 5% blowing fraction can be cat-
egorized as a reasonable choice, a 10% blowing fraction would be
a high value to be applied in an industrial compressor. However,
for the purpose of investigating the physical processes, the num-
bers can be considered reasonable. To implement the air-injection
scheme into the CFD flow solver, the velocity along the injector
boundaries was prescribed to yield the desired injection rates and
angles. The remaining flow properties, density and pressure, were
extrapolated from the interior. The compressor mass flow rate in
the case of air injection was then determined at the compressor
exit.

Figures 11a and 11b show photographs of regions near the im-
pellerleading edge that experiencereversed flow (regions with neg-
ative streamwise velocity). The figure compares flowfield simula-
tions with and without air injection. It is evidentin the case without
injection that much of the impeller flow passage sees reversed flow
(part-span stall or mild surge), which will eventually lead to the
complete stall of the compressor (full-span stall or deep surge).
This instantaneous operating condition shown in Figs. 11aand 11b
corresponds to point C on the performance map discussed earlier
in Fig. 6. The transient response of the compressor when operated
with this throttle setting is plotted in Fig. 7 (plot C). The compres-
sor undergoes large fluctuations in mass flow rate (5-10%) until a
complete stall condition is encountered.

Figure 11b demonstrates that by injecting 10% of the mass flow
rate into the main flow, much of the stalled reverse-flow regions dis-
appear, and the compressor is able to operate at a stable operating
condition. Referring back to the performance map [Fig. 7 (plot D)]
shows the transient response of the compressor when operated with
10% air injection (at mass flow rates below point B only). Fluctu-
ations of mass flow rate and pressure are very small (2-3%). The
useful operatingrange of the compressor for 5 and 10% air injection
has been extended to 12.5 and 10 kg/s, respectively, ~60% below
the design condition of 30 kg/s.
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Fig. 11 Regions with negative streamwise velocity.
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Fig. 12 Circumferentially averaged spanwise distribution of axial ve-
locity: a) without injection for different cycles and b) comparison be-
tween injection and no injection.

In an attempt to understand why and how the air-injection mech-
anism works, the flowfield was examined after various impellerrev-
olutions (cycles). Figures 12a and 12b show a comparison between
normalized axial velocities at points C (stalled, unstable condition
after different number of cycles) and D (stable condition, with air
injection). The data were taken at a distance 0.11Ry,e; upstream of
the compressor face and were referenced by the impeller exit tip
speed U, =153 m/s. It is seen that local reversed-flow regions first
originate near the blade leading edge. This may be due to the sep-
aration at the blade leading edge, which has a small leading-edge

radius. Associated with this local unsteady separation are the local
pressure fluctuations, or the so-called precursor waves. Precursor
waves are small short-lengthfluctuationsin flow properties(density,
pressure, etc.) that are indicative of the beginning development of
compressor instabilities such as rotating stall. If no attempt is made
to eliminate this leading-edge separation, the reversed-flow region
grows in size and envelops much of the inlet (shown in Fig. 11a).
When air is injected into the main flow at an appropriateangle, even
in small quantities, the local effective angle of attack is decreased,
and the flow in the leading-edgeregion reattaches;the reversed-flow
regions near the leading edge disappear (shown in Fig. 11b), and
the compressor returns to a stable operating regime.

Conclusions

A computer code for modeling single and multistage centrifugal
compressors has been developed and validated. At reduced mass
flow off-design conditions, local reversed flow was first found to
occur in the leading-edge region of the impeller blades. If left
unchecked, this reversed-flow region grew rapidly in size, leading
to an uncontrolled growth in the mass flow rate and pressure rise
fluctuations.Injectionof air at the compressor face was seen to elim-
inate the local separation and extend the useful operating range of
the compressor. Even a moderate amount (~5%) of injected mass
was sufficient to eliminate the leading-edgeflow reversal and return
to a controlled, stable operation.
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