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Aerodynamic instabilities due to rotating stall initiation and surge trigger in
the axial flow compressors were investigated using different mathematical
models. Limit of stability of the rotating stall was detected using simple
model that considers transport of energy by the rotor wakes passing through
the stator. Active suppression of the aerodynamic instabilities in the axial
flow compressors were demonstrated using mechanical compensated system
with controlled plenum simultaneously with air injection through reed
valve. A nonlinear controller based on a bifurcation theory was used to
design feedback control system for eliminating surge and rotating stall as
well hysteresis. The bifurcation analysis was performed to determine the
effect of throttle gain on the compressor limit of stability and then modifying
the throttle characteristic to eliminate hysteresis and suppresses surge. The
Moore—Greitzer model was extended to include the influences of the air
injection on the axial flow compressors performance characteristics and to
enhance the limit of stabilities of both the stall and the surge. Comparisons
of the present theoretical results with the available previous experimental
and theoretical results were carried out.

KEYWORDS: Axial flow compressors, Rotating stall, surge, Limit of
stability.

1- INTRODUCTION

The axial flow compressors are widely used in various engineering applications. Their
functions are to increase the pressure of the fluid and they are designed to operate in
steady axisymmetric flow. As one decreases the flow rate through the compressor, the
pressure rise increases and this improves the performance. Below a critical value of
the flow rate, phenomena of aerodynamic instabilities occur, which are classified as
(deep) surge, rotating stall and classic surge. However, various efforts to either avoid
or control of those phenomena have been studied [1-26]. Rotating stall is the limit
cycle resulting from higher-order, rotating-wave disturbances, while surge is a large-
amplitude, low frequency (compared to rotating stall) oscillation of the total, annulus-
averaged mass flow rate. Aerodynamic instabilities in axial flow compressors and
possibilities to suppress them with feedback control are being investigated in an
increasing number of theoretical studies often accompanied by experiments. Some of
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the available control approaches can be divided into two main categories, linearization
and linear perturbation models e.g., [1-5] and Bifurcation analysis e.g., [6-9].
Experiments were performed by Freeman et al. [10] show that the stable operating
range of axial compressors was increased by 25% with using a feedback controller.

NOMENCLATURE

AC axial flow compressor U rotor speed, m/s

A: compressor area, m? Vp plenum volume, m®

A throttle area, m? B2 exit flow angle, degree

a  sound speed, m/s ¥ specific heat ratio

B nondimensional parameter p density, kg/m?

U U [Vp ¢ perturbation in flow coefficient
B= 2— = 2— —L ) flow coefficient, = C, /U
] thC a_ Aclc oy Helmholtz frequency, Hertz

Cx  axial fluid velocity, m/s vy perturbation in pressure coefficient
G reed mass parameter , ¥ pressure coefficient = 2AP / p U?
h throttle area (control), m w  discharge velocity in wake, m/s
L compressor length, m 7 nondimensional time, = oyt

Lt throttle length, m _

Subscripts

MPW movable plenum wall
M, Mach number relative to the rotor
p static pressure, N/m?

css steady state compressor curve
e equilibrium

h  rotor hub
AP pressure rise, N/m? p  plenum
r rotor radius, m t  rotortip
T temperature, K I stagnation temperature relative
t time, s to the rotor
I" stagnation temperature ratio,(wake s  stall
to inviscid) W wake

References [11-13] present output-feedback controllers for axial-flow
compressors. Chaturvedi and Bhat [19], deals with the use of feedback control to
prevent hysteresis and surge in axial-flow compressors. Surge suppression using
controlled plenum wall in centrifugal compressors was investigated [20-21] and with
centrifugal blower [22]. In addition, considerable research has been done on the
application of feedback control techniques to the problem of eliminating hysteresis
and surge oscillations in axial flow compressors [23]. Rotating stall was controlled
using pulsed air injection that is distributed around the annulus of the flow compressor
[26]. Protz [27] and Yeung [28] have investigated air injection controllers, and Weigl
et al. [29], Protz [30], D’Andrea et al. [31] have carried out successful experiments.
However, most of the control-oriented studies published during the last decade employ
simplified versions of an ordinary partial differential equation compressor model by
Moore and Greitzer [3] because of its remarkable ability to qualitatively describe and
predict compressor operation.
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In the present study, initiations of rotating stalls and limits in the axial flow
compressors were investigated. Active suppression of the aerodynamic instabilities in
the axial flow compressors were established using mechanical compensated system
with controlled plenum simultaneously with air injection through reed valve. The
bifurcation analysis was performed to determine the effect of throttle gain on the
compressor limit of stability and then modifying the throttle characteristic to eliminate
hysteresis and suppresses surge. The Moore and Greitzer model was extended to
include the effects of air injection on the compressor performance and to increase the
limit of stability.

2. DETECTION OF ROTATING STALL IN AXIAL COMPRESSORS

Previous investigators [15] show that the stagnation temperature at the exit from stator
of the axial flow compressor is not uniform and substantial stagnation temperature
wake can exist downstream of the stators. In addition, when the axial flow compressor,
shown in Fig. 1, operates at low flow rates, the rotor wake fluid has energy in excess
of the inviscid flow, which the pressure side of the stator collects it. If the transport of
energy by the rotor wakes passing through the stators is considered, the static and

stagnation temperatures of the rotor wake fluid To,,, Tq2\, Can be written respectively
as:

Tow =2y Ty — W5 /2Cp 1)
T02W = FZWTrl +U 2 (1— 2W2 sin ﬂz /U)/ZCp (2)
where, I'is the stagnation temperature ratio I", w is the discharge velocity in the

wake relative to the blade and f, is the exit flow angle measured from the axial
direction.

Pee 7
Pl, T1 P2’ Ts Fixed 4-"'
~ Inlet duct wall —
Compressor =
iglet AC Throttle
—_— s — valve
Po1, Tox Rotor Plenum
/ Stator \

Fig. 1: Axial flow compressor of a fixed wall plenum.

Using definition of the tangential Mach number: Mt:\/UZICpT(y—l), the

stagnation temperature of the rotor wake fluid in Eq.(2) relative to inlet temperature
can be written as:

Tozw = Towlrs + (7 DML - 2wy sin B V)] 1y (3)
Whereas, the stagnation temperature for inviscid flow is:
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Toow =1 + (7 ~)MA[L— (2W, sin B, 1U)]/ ¥ @)

Substitute I'y; =1+0.5(y — 1)Mr1, where M1 is the Mach number relative to the

rotor. The wake, therefore, has an excess of stagnation temperature over that of the
inviscid flow, given by:

2 2 i
Algg = (Tow —DIL+0.5(y ~HM 1]+ (¥ —)Mgj sin S (W5 —w) /U ()
Equation 5 indicates that the wakes may have a deficiency of stagnation temperature,
conditional on the magnitude of sin Sy (W, —w,)/2U . This means a recirculating

flow (rotating stall) of stagnation temperature is expected to be distributed across the
passage rather than appearing in the stator wake that is called rotor wake fluid.
Similarly, the stagnation pressure of the wake is given by:

Poaw = Pofl+[(Wa cos B5)% + (U —wy sin 5)21/2CpT 3 10D

hence
I(7-1)
Py [(1+;/—1M2) 1+ (Wy 1U)2 = 2(w, /U)sin 4, T 4 ©
= 1
P2 TowlL+0.5(y ~)MZ]-05(y ~)M F (w; /U)?

When, 0.5(y —1)M7 <<1 and T, =1 then, Eq. (6) becomes:

P P,
oo 02 {Mtl(?’ 1) 2 =2 22)sin 5, - (7)
P P
Equation (7) indicates that the wake have an excess or a deficiency of stagnation
pressure, depending on the relative magnitude of (W, +w,)/2U andsinf,.

Therefore, it is expected a recirculating flow or rotating stall of stagnation pressure to
be distributed across the passage rather than appearing in the stator wake. That is, the
energy transport inside the stator leads to impingement of the wake flow on the stator
pressure surface that leads to recirculation or rotating stall inside the stator passages.
This concluded that, the rotor and stator wakes are the main cause of rotating stall
initiation. However, this method for rotating stall detection does not take the pressure
losses that directly effects on compressor performance characteristic. Therefore, a
simple model that considered the pressure losses similar to Le et al. [16] is used for
description of rotating stall initiation in the axial flow compressor. This reference does
not consider effect of the incidence loss on the compressor pressure coefficient. The
radial equilibrium equation at rotor down stream can be written as:

dp, = pa®(1—gtanBy)* rdr ®)
where ¢ is the compressor local flow coefficient. When the compressor operates at

condition different from those of design conditions, the flow is accomplished with
incidence losses that appear to be zero at compressor design operating conditions. The

loss in the compressor pressure coefficient due to incidence is 0.5pU 2Cigzﬁz where,
C,; is the incidence loss coefficient that depends on the incidence angle. The Bernoulli
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and Euler equations those corrected for losses that give the value of the down stream
pressure can be written as:

p2 =R +05pU “[L-¢* (L+tan” B,) - Cig? ~Cy (1+4%) ~Con($~o)* ~Crug] (9)
where C; is the rotor blade loss coefficient, Cg, is the loss coefficient at stall
condition and Cjy,is the wall loss coefficient. Those were taken similar to [16]
C; =0.075, C,,=3 and C,=0.25. Integrating of equation deduced from Egs.(8) and

(9) by removing of p», gives the radial distribution of the local flow coefficient ¢ :

2
[4(4.475+tan’ B,) —3¢0]d—¢+[tanﬂ2 4taNB2 | 4 4754 2tan? ﬂ2]¢—
dr dr r (10)
dgy 2 dg, 0075 1
—[3%+F(tanﬂ2+3¢o)]¢+3¢0%+T+F(3¢02)=0

The overall mass flow coefficient that gives the constant of integration can be written
as:

®= 2jrrh‘ $r2dr /[ (% - 12 (11)

It can be seen, without integrating of Eq.(10), that since the coefficient of d¢/dr

vanishes when at some radius, the condition ¢q = 3¢, /(4.475 + tan ﬁ22) is satisfied;
for values of the overall mass flow coefficient @ smaller than the corresponding stall
mass flow coefficient @, no continuous solution of Eq.(10) can be obtained in the

domain I, <r <r . The equation that describes the compressor characteristic curve

of compressor used in the present model is illustrated in Fig.2. However, Eq.(9), gives
the physical meaning of this result: Since the derivative dp, /d¢ vanishes also for,

@ = ¢ . The stall limit given by this analysis appears as the ultimate mass flow rate

for which radial pressure equilibrium can be obtained in a continuous way. The
experimental and theoretical results of Le et al. [16] are transferred to the compressor
characteristic curves (¥—®) as shown in Fig. 2.

The present theoretical analyses that include the incidence loss beside the other
mentioned losses are shown in the figure. It is clear in the figure that there is an
acceptable agreement for the present analysis in respect to the theoretical data of Le et
al. [16] in respect of stall limit. The results of the present analysis beside the data from
the experimental and theoretical of Le et al. [16] confirmed that, the causes of rotating
stall initiation are the separation of the flow from the rotor and stator blades. This
concluded that the present analysis could be used for detection of stall limit in the
axial flow compressor characteristic. Figure 2 shows some differences between the
experimental and theoretical resells of Le et al. [16] in respect of the limit of stability,
this may be attributed to the assumptions of his theoretical work or errors of measuring
of stall initiations or detections.
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~ 1.2 +0.4arctan[120(d — 0.37)]—
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Fig. 2: Stall limit of the present model, experiment and Le et al. [16].

3. MODELS AND DETECTIONS OF ROTATING STALL AND SURGE

3.1 Compression System Model without Controller
Consider the compression system model that consists of an axial flow
compressor modeled as an actuator disk, inlet or upstream annular duct, downstream
annular duct (fixed plenum wall) and a throttle valve as shown in Fig.1. The
momentum, continuity throttle and the compressor transient response equations those
describing the compression system with fixed plenum wall are:
dm

lo - = APy — AP, (13-2)
’;—\g’% = —thy (13-)
IT%?:APp—AH (13-<)
79§3=A&$—A& (13-d)

where Pygqis steady state measured compressor curve of Greitzer [17]. Eq.(13) is

nondimensionalized as follows:

do
TC =B[¥ . (D¢) _\Pp] (14-a)

dv, 1
i ?[CDC — 07 (Yp)] (14-b)
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9T _ Jp[w, —wr (@7)] (14-<)
e @) _ Lpy (@) - we(@¢)] (14-4)
dr T

where, ‘P is the axisymmetric compressor characteristic relating steady state values
of the pressure rise to steady state values of mass flow, @ is the annulus averaged
mass flow coefficient (axial velocity divided by compressor speed), Greitzer—B -
parameter, B=U/Q2oyl;), wp=oclloyl:), A=XIXt. % =Lc/Ac,
Xt =Ly /Ay and the subscripts c, p,T are the compressor, plenum and throttle
respectively.

3.2. Compressor and Throttle Characteristics
The throttle characteristic @1 is modeled as: @1 (Wp) =, /h¥p —1, where

h is a coefficient (control) depending on the throttle valve area. \Pp is the plenum

pressure. The compressor characteristic W (®.) is taken as a polynomial function
(or cubic curve) as described by Mansoux et al [18],

Y (D) =12117D2 —2.423D, +0.221; . <0.1
— 496202 +39509D2 —6.413D, +0.395; 0.1<d, <04  (15)

~10.0695D2 +9.43D, —1.184; d, > 0.4

Figure 3 shows an axial flow compressor characteristic curve during the stable and
unstable operation conditions. This figure includes the compressor characteristic (solid
line in the path from point F to just before point B) represents all stationary solutions
for Eqg.(14a). The throttle characteristic starting at the origin represents all stationary
solutions of Eq.(14b). As the throttle valve is slowly closed, the throttle characteristic
becomes steeper, the intersection point between W¢(®d) and ¥+(®) changes, and the
equilibrium operating point of the compressor moves from high flow rate to low flow

rate. Since ® .= zero is a stationary solution for Eq.(15), that concludes that the

intersection of the two curves is a stationary solution (called design flow) for all
system that represents by Eqs (14a, 14b and 15). While, surge is a limit cycle in the
two ordinary differential Egs.(14a and 14b).

However, when the compressor operates at the design mass flow rate, the flow
through it is axisymmetric and stable. As the flow decreases, the pressure goes on
increasing until point A is reached where abrupt transition occurs to point B into
unsteady operations at point C. There is severe hysteresis between steady
axisymmetric flow and rotating stall. At point C, two different phenomena of rotating
stall or surge can be occurred depending on the throttle characteristic. A typical surge
cycle is shown in Fig. 3. This cycle starts at point B where the flow becomes unstable,
then jumps to approximately zero flow rates at the points D and E, and jumps to point
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F of steady flow characteristic to point A as well as point B through the compressor
maximum pressure rise coefficient, and the surge cycle repeats. However, the stability
of the point of the intersection between ¥(®) and W+(®) has been the topic of
numerous studies [16-18], due to its importance in the safe, high performance
operation of the axial flow compressor operations.

12 |
5. f /B A Throttle
ltp o= A position
= < A
& 0.8 if Installorsurge / Ingreasing'ks
= it operationNg/ ., -
o 06i1F /. e
o ol R e
) l [ / "l a ,’. 'A/"
S 04if S T
§ { //// Steady operation
a 0.2 >~E~ //// — — Unsteady operation
A+ 1 R R Throttle chara.
O [ et L L Fl L L L L 1 L L L L 1
0 0.2 0.4 0.6 0.8

Flow coefficient, @

Fig. 3: Compressor and throttle behavior during stable and unstable operations.

3.3. Compression System Model Using Mechanical Compensated System

The aim of the present work is to increase steady operation zone of the axial flow
compressor by using mechanical compensation system, Fig. 4. This mechanically
compensated system is essentially constructed from a vibratory plenum wall and
injection air through reed valve. In addition, air will be injected through a reed valve
that is operated by a cantilever which is linked to a damper system. This reed valve
works under effect of the pressure perturbations of the flow upstream the axial flow
compressor on the cantilever that moves these perturbations to the damper system.

Influence of the controller on the axial flow compression system stability is described
as follows: The first effect is the movable wall that has a surface area A,,. This

surface is a part of spring-damper system responding to the unsteady plenum pressure
perturbation, with a displacement Yy that is proportional to the driving force. The

change in plenum volume is YA, and the plenum mass change is pyA,. The
movable wall balancing equation in one direction is:

My + Dy + Ky = (Ay +C)AP, (16)
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Fig. 4: Axial flow compressor of a movable plenum wall.

The second effect is injection using reed valve that responds to static pressure
perturbations in the upstream flow field. This reed valve is modeled in a first
cantilevered bending mode as single degree of freedom, mass-spring-damper system.
The control force is generated by a feedback system that processes the signal detected
by a pressure sensor located at compressor exit or in the plenum. The nondimensional,
second order equation that describes the reed valve dynamics is:

G+2Q¢4+Q%q=GAP, /6 (17)

where, q is the nondimensional reed valve opening (q=06/J,d is the reed valve
opening and J is the annulus height) and Q is the natural frequency of the reed valve

normalized by rotor frequency (Q=awpHr/U). However, Greitzer and Moore [3]

concluded that the compression system could inter in surge if the system B-parameter
was greater than a critical B-parameter. Operation of a system with the B-parameter
less than the critical B-parameter leads to the development of rotating stall instabilities
rather than surge. Whereas, in fact the stability of the compression system must
depend on both the throttle coefficient Ky and the Greitzer B-parameter. For larger
values of the throttle coefficient Ky these axisymmetric solutions are stable, denoted
with a solid line on Fig. 3. However, similar to Eqg.(14) the compression system model
with the movable plenum wall can be written as:

dod
€ =B[W (D) - Vpl- p®Pc —G ¥ (D) (18-a)
?—E( c—@7)-(F+ )(?4‘ p) (18-b)
d;LTT =AB[¥p — W1 (P7)]-¢ G W (D) (18-c)
PolPe) _ 1[LP — Yo (Pc)-h¥p] (18-d)

dr
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where, G :plr2 /6m, (I is the length of reed valve normalized by annulus height
and m is the model mass of reed valve), ¢ =b/(2mw,), (b is the reed valve

damping constant, @, is natural frequency of the reed valve), F = (p aZAW)/(yK) :

H= (paZC) /(yK), f = K/D (spring stiffness/viscous damping coefficient) and h
is a constant depending on the throttle valve opening area. However, using the
controller of a movable wall system of spring-damper four terms were added. The

pressure-induced motion of the movable wall surface causes the term fF‘Pp that

reduces the resonance frequency. While the compression system surge limit is
increased by the control force term fH ‘I’p. The other terms, (Fd‘I’p/dr) and

(Hd‘Pp /dt) are according to using spring. In respect of the reed valve, one term is

added to the system ¢ G ‘P that enhances the compressor surge limit.
The nonlinear perturbation equations for the quantitiesg, Yp ,¢r and

v from Eqgs.(18) can be written in a matrix forms as:

s+ u—(B-G)y, B 0 0 | 0
-1/B s@+F+H)-f(F+H) 1/B 0 |[w¥p _ 0 (19)
Gy, - /B s+AByt 0 |4 0
welt hiz 0 SO |y, 0

To determine the effects of the control parameters on stability or surge margin , the
reed valve dynamics were taken similar to Gysling and Greitzer [4] as G = 3.5, Q =

1.5, £ = 0.3 to 3. Also, the values of the coefficients of x ,B ,F ,H, f A,y h,

d, 7, are assumed as 0.02, 1.28, 0.9, 0.9, 0.6, 120, 900, 1.32, 0.03, 0.48, 50.3t
respectively. However, the fixed wall behavior is obtained in the limit of F = —H .
Equation (19) reduces to the characteristic equation:

s4+a333+a232 +aS+ay =0 (20)
Substituting the above values of the constants, the coefficients, ag,a5,a4,a, can be

determined and using the Mat lab to solve Eq.(20) to determine the values of the
complex growth rate, S can be determined using the Mat lab program. Then Eq.(19)
can be solved to determine the system limit of stability. The throttle and compressor
characteristic curves in steady state operation were taken corresponding to Greitzer
[17]. However, the limit of stabilization for a given value of B-parameter, using the
controller will occur at a point of the compressor characteristic where the slope
(d¥/dd) is1/B. This slope can be compared with that of natural surge point, that

occurs at a value of (dW/dd) given by substituting d¥/d® = (BZG‘PT [ 0Dy )_1, or

for a parabolic throttle curve, d¥/d®d =d/2B2¥. On the other hand, Eq.(20)
constitutes an eigenvalue problem for complex growth rate, s, solving the eigenvalue
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problem as a function of the marginal natural frequency and the mean flow coefficient
using the experimentally determined compressor characteristic curves of Greitzer [17]
enables prediction of the compressor instability onset condition for various system and
control parameters. Therefore, similar procedures were carried out for the system
without controller to determine the surge limit.

Figures 5 and 6 show the effects of the controller on the compressor
characteristics, stability limit with the uncontrolled system (Fig. 5) of Greitzer [17] in
which the compression system of the hard plenum walls and the controlled plenum
(Fig. 6) of a movable plenum wall at the same value of B-parameter of 1.28. It is clear
in Fig. 5, that at the surge condition the flow reached to zero flow rate or reversed flow
may occur and a very large surge cycles were shown in this figure from the
experimental and theoretical model of Greitzer[17]. Figure 6 shows a large surge
cycle in case of the present model without controller at flow coefficient of 0.48 similar
to that with Greitzer (Fig. 5). This figure shows effect of controller on the very large
surge cycle becomes very small or eliminated at the same test conditions of B=1.28
and flow rate of ® = 0.48. Figure 6 also shows surge cycle with the controlled system
but at low flow coefficient of 0.32. That is the surge point moved from ® = 0.48 to
0.32 results of system controller. Those figures concluded that the controller has
moved the surge boundary notably toward the left system stability enhancement by

about 24 %.

Pressure coefficient,

1.4

o
0

o
o))

o
N

-
-

—&— Steady,Greitzer
—/— Unsteady,Greitzer

—o— Exp. surge cycle,Greitzer

- = = =Theo. surge cycle,Greitzer

o
(N

0.2 0.4 0.6 0.8
Flow coefficient,®

Fig. 5: The compression system without controller, Greitzer [17],B=1.27 .

Effects of B-parameter on the fluctuations of pressure and flow coefficients
are shown in Fig. 7. This figure shows that increasing the value of B-parameter
increases both the amplitudes of pressure and flow fluctuations. The controller
decreases the fluctuation of pressure by about 27% and mass flow fluctuations about
40%. This figure shows good comparisons between the experimental and theoretical
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results of Greitzer [17] and with the present theoretical results without controller.
However, effect of B-parameter on the compression system stability can be explained
as follows; at large B-parameter, the pressure forces dominate over the inertia forces
and produce a driving force for the acceleration of the fluid in the system. Therefore,
global oscillations, in this context referred to as surge, grow stronger and destabilize
the system. On the contrary, in systems with small B-parameters, the inertia forces
dominate over the pressure forces and cause the oscillations to decay. Therefore, the
control effectiveness decreases as either or both B-parameter and the slope of the
compressor characteristic increase.

1.4
12 |
5
s 17
ko
o 08
(&)
o
506 f
% —@®— Steady operation
o — = =Very small cycle with stable operation
a 04 | = = = = Surge cycle at lower flow rate
r Present theoretical without controlle
02 L L L L 1 L L L L 1 L L L L i L L

0 0.2 0.4 0.6 0.8
Flow coefficient,®

Fig. 6: The compression system with and without controller, B=1.27.
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Fig. 7: Effect of controller on fluctuation of pressure and flow coefficients.
(WO = without controller and WC= with controller)
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The physical reason for the decreased effectiveness of the controller with increase in
B-parameter is related to the overall decrease in stability that occurs as B-parameter
increases. That is because large B-parameter implies a more throttle is less coupled to
the unsteady flow through the axial flow compressor.

4. EXTENDED MODELS FOR ROTATING STALL AND SURGE CONTROL

4.1 Bifurcation Analysis of Extended Moore Greitzer Model

The target of this part in the present work is extending the Moore-Greitzer
model [3] for increasing the axial flow compressor range of stable operation using
bifurcation analysis. The three nonlinear ordinary differential equations of the model
arise from a Galerkin approximation of the local momentum balance, the annulus
averaged momentum balance and the mass balance of the plenum, are written similar
to McCaughan [7], Chatururvedi and Bhat [19] as follows:

D¢ (2) =¥ (7) + ¥ (P (7)) - 3D (7)R(z) (21-a)
¥ (7) = [ () - D1 (P(2))]/B? (21-b)
R(7) = oR(7)[1- @& (r) — R(7)] (21-c)

where, R is the differentiation in respect to time of the square of the normalized
rotating stall perturbations amplitude and o is a nondimensionalized parameter that
depends on the compressor geometry and the shape of the compressor characteristic.
The equilibrium mass flow is controlled by opening and closing the throttle, i.e., by

increasing and decreasingh. The general form of the throttle (®7) and the
compressor W (d) characteristics in steady axisymmetric flow respectively can be
written as:
Y1 (D) = h‘{’p -1 (22)
P, (@) = Peo +1+1.50, —0.50,° (23)

where h is the throttle nondimensionalized parameter that proportional to the throttle
valve area (control). Setting the dot quantities in Eq.(21) to zero and taking the
compressor shutoff coefficient, Wy =1.3, B=0.71, R=0and o =7. Thus, Eq.(21)

represent possible steady state operating points of the compressor. A focus on
Eq.(21-c) reveals two possibilities: axisymmetric equilibrium solution with R=0or

non-axisymmetric rotating stall equilibria with R =1—c1>§. From Eq.(21-a), the
pressure rise for axisymmetric equilibrium solutions is ¥ =¥, which is the cubic

compressor characteristic defined in Eq.(23). The pressure rise ‘¥, (®) for rotating
stall equilibria solutions, called the rotating stall characteristics is:

P, =W, (D) 30 (1- D) =P, +1-150 + 2.503 (24)
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For each equilibrium value of the mass flow coefficient (®,=®), the compressor
can operate at an axisymmetric equilibrium for®g >1, given by (®g, Ve, Re)
= (g, e (¥e),0) or at rotating stall equilibrium for|®g| <1, that given by
(@g, ¥o,Re) = (g, ¥ (D), 1-D3) , where Wy (@) = ¥ (D) —3D(L—D?) is the

rotating stall compressor characteristic. The value of throttle parameter needed to
maintain operation at the equilibrium mass flow ®, can be obtained from Eq.(22)

as: hg :(1+CDe)/\/‘{’_e. On the other hand, at the axisymmetric operating point
(D =D, denoted asXqp), Eq.(21) has a steady solution with R,= 0, where
Xo1 = (Pe, ¥e.,0), Og =D (V¥,), Yo =Y (D). The Jacobian derivative of
Eq.(21) can be written as:

W, (Do) - 3R, -1 ~3d,
1/B? —Pr (V,)/B? 0 (25)
— 20D R, 0 o(l-dZ - 2R,)

Substituting Xy in the Jacobian derivative (Eq. (25)), the associated eigenvalues can

be calculated. At fully open throttle, the eigenvalues all have negative real part and the
steady axisymmetric flow is stable. The first eigenvalue to become positive

is: A = 0—(1—q>§) , where A is the eigenvalue of Jacobian derivative. At the critical
flow rate (throttle settingh=h;or ®, =1, =0), the associated eigenvector is
(De, Ye,1) pointing up out of the R = zero plane. Closing the throttle further results in

loss of stability of Xq;. If the throttle is closed more to a point where the real part of

the complex pair of eigenvalues is zero (a Hopf bifurcation point). At this operating
condition, the Jacobian derivative reduces to;

Ve (@) -1

1/B? — b7 (¥,)/ B2
This matrix has a purely imaginary pair of eigenvalues when its trace is zero which
follows; B? = D1 (P, )/ ¥ (D) which is shown in Fig. 8. This figure shows that
decreasing h corresponding to reducing the compressor flow coefficient reduces
system stability. Whenh < h;, the fixed point is stable to all perturbations and under

the curve it is axisymmetric stable. This figure shows also that as the shutoff head
coefficient of the compressor, ‘Y., decreases the compressor limit of stability

decreases, due to increase in throttle slope. Because the slope of the compressor
characteristic is equal tol/B at maximum gain therefore, the instability occurs when
the slopes of the compressor and throttle lines are equal. That is the limit of
stabilization will occur at a point on the compressor characteristic where the slope

(26)
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(d¥/dd) is 1/B. This slope can be compared with that for natural surge point, which

occurs at value of d‘P/dd)zll[BZ(é‘PT O ®/2B%¥ . This means that the

control effectiveness as either or both the slope of the compressor characteristic and B-
parameter increase. This conclusion agrees well with results of Gysling and
Greitzer [4].

Shutoff head coefficient =1.75
— = Shutoff head coefficient=1.65
- = = :Shutoff head coefficient=1.55

=
(6]
T

‘|
",

--------------

B-parameter
o
(6] =

1

o

0 0.2 0.4 0.6 0.8 1
Throttle parameter, hr(=h/hc)

Fig. 8: Effect of shutoff head coefficient, ‘¥, on compressor stable operation.

4.2 Compressor Instability Elimination by Modifying the Throttle
Characteristic

Back to Fig. 3, operating the compressor at the critical flow condition of
instability (h =h.), the system makes transition (jump) to rotating stall or surge rather

than the axisymmetric depending on the throttle characteristic and B-parameter. Limit
cycles from Hopf bifurcations in R =0 plane cause deep surge. As the flow rate
decreases, the surge cycles lose stability at a fold bifurcation, and the system jumps to
the rotating stall equilibria solution. Thus, there are two ways hysteresis between
steady axisymmetric flow, surge and rotating stall.

The aim of this part in the present work is to eliminate the hysteresis loop
associated with steady axisymmetric flow and avoids instabilities using a nonlinear
feed back control law. As discussed above the hysteresis occurs due to jump at
different values of h or depends on the throttle characteristic. This means that
hysteresis in compressor characteristic can be eliminated by modifying the throttle
characteristic such that the jumps do not occur. Therefore, doing throttle characteristic
cut the instability (hysteresis) at the maximum pressure coefficient point, makes the
bifurcation supercritical leads operating point will vary smoothly from instability
characteristic and vice versa. However, it is clear in Fig. 3 and according to Equ. (24),
that the stability of the compression systems dependent on the throttle coefficient,

therefore the bifurcation solution at h =h; can be written as h =h(R). However, the

maximum value of h(R)occurs at R>0 and is responsible for jump between the
rotating stall and axisymmetric equilibrium characteristics. Then this jump can be
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avoided if h(R) is made to occur atR =0. Therefore, Gupta and Ananthkrishanan
[25] made such control law, given by

h=(Jho +Kq/ [¥p)? (27)

where hy is the new nominal value of the throttle position, Kjis the gain which will

eliminate the hysteresis between the steady axisymmetric flow and rotating stall. To
increase the compressor limit of stability, substituting the modified throttle

characteristic, d1 = /hO‘Pp +Kj -1), into Equ. (15-b) which becomes:

dv 1
0 :¥(®C‘M+Kl—l) (28)

It must be mentioned here that the above assumption for modified throttle
characteristics do not consider the compressor critical flow coefficient or equilibrium
points. Adding those parameters to the throttle coefficient, Equ.(28) becomes:

dv 1
dTp :¥(®C — JhoWp +1- Ky (1+ D) (29)

However, solving of the modified system for the equilibrium values, to determine the
value of K; the following expression were found for the throttle coefficient, h,

2 2
_[e(1-Ky) - Ky +1° _ [®g(1—Ky)— Ky +1]
e Yoo —1.50, + 2,503 +1
To eliminate the compressor instability (hysteresis), maximum value of hg(R) must
occur atR=0, i.e. dholdRe|R . =0. The variation of throttle coefficient in
e=l

ho (30)

relative to instability perturbations amplitude can be written as:

dhy /dR, = (dhy /dD, ) (dD, /dR,) (31)
At the equilibrium condition, R =0 and®, =1, then,ddy/dR, =-0.5/dg,
hence
dhy /0D ={2%,[(De (1-Kq) - Ky +1-[(@p (- Ky) - Ky +1]°(-1L5+ 7.502)}H P2 (32)
Solving for Equ.(31) atdh,/dR, =0 with ®, =1land ¥ ;,=1.02 the value of
Kqcould be evaluated. Accordingly, in order to increase the limit of stability of

Paduano et al.[5] axial flow compressor, relative to his experimental work, the value
of Kqshould lie between 0.67 and 1.35. Figure 9 shows effect of throttle gain K; on

the instability perturbations amplitudes, R versus the throttle coefficient, h, . The solid

lines are for stable operation while the dotted lines represent unstable regions. The
area between the two arrows in the figure indicates the unstable operation section. The

left arrow is at the critical throttle valve opening (h = h. ) that corresponds to the peak
of the compressor characteristic, 0V, /0® =0. This figure suggests a hysteresis
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region as the throttle is closed R =0 is a stable solution untilh =h, at which point

the stable solution for R # 0 which corresponds to a jump to unsteady flow of rotating
stall or surge. As the throttle opening area (h) continues to decrease, the stable
solution for R continues to be non-zero. If the throttle is then opened, beginning
ath <h;, the system continues to involve along the unsteady branch until h is

increased to a value substantially greater than hgbefore returning to the R=0

branch. That is, the system has substantially different solutions depending on the path
that the throttle valve opening follows. However, in Fig. 9 the area between the two
areas are for unsteady operation. That is decreasing the value of the throttle gain

Kqdecrease the instability and the suitable range of the throttle gain Kqshould lay
between 0.67 and 1.35 at values of throttle area less than or equal to 0.67. According
to the results in Fig. 9 the hysteresis may occur at h < h; without controller ( K;=0),
at throttle opening, h=0.67-0.78. That is, this controller cannot eliminate the surge

while could be controlled rotating stall only. Therefore, another controller should be
making to control the surge. The suggested controller is to modify the throttle control

low (adding anther throttle gain Ko beside K1) to become:

h=Ky*{Jho +¥p °[Ky + L+ D) (K ~D)]F (33)
Substituting Equ.(33) into Equ.(21b) gives:
Yo = @+ D — Ky —Jhy ¥ ) /(K2B?) (34)

Equation (34) shows that the controller gain K can be used to degree the value of B-
parameter. In this case the throttle gains Kjand K, can be selected as K;=0.67 and

K2=0.1-0.05. Figure 10 shows effect of the throttle gains on compressor stability or
so-called bifurcation diagram. It is clear in the figure that there is no hysteresis or
Hopf bifurcation point. At value of K;1=0.67 and K,=0.1 very small perturbation was

wo_g e _:_-_'_':' = ~a 0.15 ——K1=0.67, K2=0.1
2 L=2.- - .. \)}* o —— K1=0.67, K2=0.07
- — ~ ~ O c — = =
20.7 K1=1.35 K1=1.0 N o S K1=0.67, K2=0.05
o K1=0.8 K1=0.67 A\ ©0.11

5 — - =K1=05 = = = =K1=0.3 I \ % o

§o5 po-K=00 Y g

o ~ H . =y
2 : sl 2007

20.3 N
e 5 ) I
: — )]
50.1 E Sy 5008

£ A
< | <

_0'1 1 1 1 1 0 Ol

03 04 05 06 07 08 ' 0

Nominal value of the throttlecoeff., hg

Fig. 9: Effect of throttle gain, K1.

- 0.2 0.4 0.6 0.
Nominal value of the throttle coeff.,h,

Fig. 10: Effect of throttle gain, K1.
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shown while at K;=0.67 and K,=0.05 the gain does not reaches the critical limit of
0.67. That is the surge is eliminated or suppressed by this controller.

4.3 Control of Stall and Surge Using Air Injection

According to the experimental results of Behnken et al., [26] the air injection
actuators improved the compressor performance characteristic. The target in this par of
the present work is to apply this idea of air injection (increase the angular momentum)
into the present model hoping to increase the compressor performance. In order to
control the aerodynamic instability, the air injection actuators is considered as direct
actuators of the steady state compressor characteristic and the feedback is to
proportional to instability perturbations amplitudes (R). Then, the compressor
characteristic with air injection, W (D) is:

Wi (D) = Ve (D) + KoRWeq (39)
where, W5 =€, +€®; , €and e;are coefficient used to fit the experimental data
of [26]. Since, the aim of this part of the preset work is to shift the steady state
compressor characteristic that proportional to R, the slope of the bifurcation curve
must be solved at operating point of critical throttle position (h; ). Therefore, at the

unsteady branch (stall and surge) of bifurcation diagram the following algebraic
equation must be hold:

®Or = (h+ K D7 )¥P° (36a)
W (D) = ¥ —0.25R0%[ Wi (D )]/ 00 (36b)
[P (D )]/ 6D = —0.125R0°[W (D¢ )]/ 3D, (36¢)

Differentiating Eq.36 in respect to R at the peak of the compressor characteristic and
substituted the differentiation of Equ.(36b) and (36¢) into differentiation of Eq.(36a).
By solving the result of the last algebraic configuration for dR / dh, Then the slope of

the bifurcation diagram at the critical compressor operating point (h ) is:

dR ¥ (37)

3 3

hlhn,  Kp0¥eq /00 +0.125°W; 10DF D (Koo, +0250%%, /002)

02V, | 002 2%7
Equation (37) shows that varying the throttle gain effects on the compressor
characteristic and the slope of the bifurcation diagram at the critical throttle opening.
Figure 11 shows the effect of using air injection on the compressor performance
characteristic. Figure 11a represents the present model using the injection airflow as a
control feed back effects on bifurcation curve. While Fig.11b shows the experimental
results of Behnken [26]. The dashed line in Fig. 11b results of the system without air
injection and the solid line for the continuous air injection. Figurell shows the air
injection as feed back control of instabilities phenomena might be increase not only
the range of stable operation of the compressor but also the its pressure coefficient.
Comparison of the present model results in Fig.11a and the experimental results of
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Behnken [26] shows an acceptable agreement in trend of effect of controller on
compressor performance. Therefore, the result concluded that using the air injection
causes two benefits to the axial flow compressor those are increasing the pressure
coefficient at which unsteady rotating stall and surge occurs and range of stable

operation.
1.2 Tia
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Fig. 11: Compressor performance with and without controller using air injection.

5. CONCLUSIONS

Rotating stalls initiations and limits in the axial flow compressors were investigated
using a simple model that considers transport of energy by the rotor wakes passing
through the stator and the pressure losses through the compressor. Active
suppression of the aerodynamic instabilities in the axial flow compressors were
demonstrated using mechanical compensated system with controlled plenum
simultaneously with air injection through reed valve. The reed valve, which was
modeled as mass-spring-damper, regulated the amount of air injected into the face of
the axial flow compressor. The bifurcation analysis was performed to determine the
effect of throttle gain on the compressor limit of stability and then modifying the
throttle characteristic to eliminate hysteresis and suppresses surge. The Moore and
Greitzer model was extended to include the effects of air injection on the compressor
performance characteristic and to increase the limit of stability. The results show
that:

1. The rotor and the stator wakes are the main cause of rotating stall initiations.

2. The vibratory plenum wall together with the injection through the reed valve
damps the amplitude of the pressure and flow pulsations and increases the limit of
stability by about 24%.

3. Modifying the throttle gain and characteristic eliminates the hysteresis and
suppressed the surge in the axial flow compressors.
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4. The air injection eliminated the hysteresis loop associated with the unsteady flow
of rotating stall and surge and improved the compressor performance
characteristics.
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