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Effect of Air Recirculation on Compressor Performance
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Abstract

Rotating stall and surge are two aerodynamic instabilities in compressors. The instabilities
limit the flow range in which the compressor can operate "surge margin". Surge and rotating
stall also restrict the performance (pressure nise) and efficiency of the compressor.
Compression system modeling is very important because development a suitable control
system requires a deep understanding of the transient behavior of the compressor to be
controlled. The model of compression system is used for capturing the dynamics of rotating
stall and surge. Recirculation technique is used to eliminate the instabilities of compression
system, where bled atr from downstream compressor via bleed valves re-circulates to
injectors at compressor inlet. The form of the modeling takes the four-state low order model
which applied to design the nonlinear controller.. By using recirculation technique the
compressor works in stableregime.

At the rotor speed ratio (N/Nyeig) of 100% and rec1rculat10n flow approx1mately of 11%
the gain 15 13%. At ratio from (60-80) % with recirculation flow approximately (7-9) % the
gain in the range (22-25%).The higher gain becomes 40% at rotor speed ratio approximately
90% at recirculation flow approximately 8§%.

Keywords: Compressor performance, Compression system modeling with re-circulation,
Surge control, Improvement stall margin.

1. Introduction fact that they occur in the same operating

Compressors are exposed to Rotating region of turbo-compressor. Rotating stall
stall and surge which are two acrodynamic is an aerodynamic instability confined to
instabilities. It ts clear that both phenomena the compressor internals. It 1s characterized
can affect each other which give the simple by a distortion of the circumferential flow

Accepted March 31, 2010.



M. 74

Khaled Sad Eldin and Mohamed Salem
pattern. One or more regions of stagnant

flow, so-called stall cells, travel around the
circumference of the compressor at (10 —
90) % of the shaft speed. On the other
hand, surge is an aerodynamic instability
that affects the entire compression system.
Surge is characterized by a limit cycle
oscillation that results in large amplitude
fluctuations of both the pressure and the
flow rate [1].

The compression system model is used
for capturing the dynamics of rotating stall
and surge. Moore and Greitzer {2]
introduced the model which captures the
dynamics of rotating stall and surge.
Behnken [3] and Yeung [4] modified the
model of Moore and Greitzer [2] using air
injection, by putting the nonlinear terms in
their models. Fontaine et. al. 5] modified
Moore and Greitzer model [2] using bleed
valves, by putting the nonlinear terms in
their models.

Elzahaby, et. al.[6],used air recirculation
technique for the following reasons: the
first is that source of air injection doesn't
depend on external source, secondly,
instead of loosing the bled atr, it is used in
air injection, the third is that to keep the
environment from pollution in case of
using the compressor in pressurizing
natural gas, and the fourth reason is that air
injection doesn't ne¢d auxiliary system and
consequently it needs low cost. They
modified the Moore and Greitzer model [2]
using air recirculation and applied
Lyapunov function to introduce linear and
nonlinear optimal coafrol to stabilize the
compressor when it undergoes surge. Their
simulation results show that re-circulation
technique is powerful for stabilizing the
compressor at higher Greitzer parameter
(B), and the operating point lies in the
unstable regime.

In this paper, the effect of recirculation
technique on the compressqr performance
at different speeds is introduced, whereas
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the effect of air recirculation on compressor
performance is discussed.

2. Model with recirculation

Air is re-circulated from the compressor
downstream to injector at compressor inlet
as shown in Figure (1). Elzahaby, et. al. [6],
introduced the low order model for air
recirculation in the form:
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Where:
®,®,,®,: The non-dimensional mean

axial, throttle, and bleed flow coefficient.
¥ . The plenum pressure rise coefficient.
P (D), ¥ (@), ¥"(D) : The first, second,

and third derivative of ¥ with respect to
D
{_: The effective length of setup.

w,m, A : The inertia, duct, and rotor flow

parameters respectively.
a,b,C,,C,: The first spatial mode of axial,

and bleed flow respectively.
®,¥,4,b: The derivative of ®,¥,a,b
with respect to time.
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Figure (1): Scheme of compression
system with recirculation
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3. Control design
3.1. System linearization

Consider the linear system, it takes the
following form:-
x = Ax+ Bu (5)
Where A and B are the matrices of the
linearization as the following:-

_ af (x,u) Bzaf(x,a)
Ox : Out (0)

» Ifall eigenvalues of A are strictly in
the left-half complex plane, then the
equilibrium point is asymptotically
stable.

» If at least one eigenvalues of A arc
strictly in the nght-half complex
plane, then the equilibrium point 1s
unstable.

¢ If all eigenvalues of A are strictly in
the left-half complex plane, but at
least one of them 1s on the jow axis,

A

X’ ks

then one cannot conclude anything

from the linearization approximation

(the equibbrium point may be

stable, asymptotically stable, or
unstable for the nonlinear system ).

The present work analyzes operating

regions at and around equilibrium points on
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the characteristic W (®) . At these pouwts

the A and B matrices of the linearnzation of
(1-4) appear in a decoupled block diagonal

structure, where for hnearized surge
subsystem, it has the form:
V(@) -l W)
L Z 28V
A= , B\{ L J (7)
0

©F L)
Surge subsystem alone is controllable at all
equilibrium points on the compressor
characteristic.

While for linearized stall subsystem, it
has the form:

WYy —-a _E)_* 0
- m+ m+ B = m+
A? ;L \J}:((D') »r =2 0 (D' (8)
mA e m-+u ni+

This system 1s controlled by C,.C, .
3.2. Linear control design

The control that minumizes the cost
functional (), [7}:

J = U](erx +u’ Ru)dt ©)

Is given by lincar Quadratic Regulator
(LQR) design:
u=-R"'B"TPX (10)
Where P 1s the positive definite solution of
Algebra Ricatti Equation (ARE):
ATPTFPA—PBR'BTP+Q=O (11)
The solution P exists because [A B] is
controllable for all operating points on the
compressor characteristics. Thus, the LOQR
design results in local asymptotic stability
of the surge subsystem.

3.3. Nonlinear control design
Nonlinear control is very importaut for

the following reasons:-

* Improvement existing control systems

when the required operation range 1s large.

e Analysis of hard nonlinearities.

e Dealing with model uncertainties.
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e Design simplicity.

Many nonlinear control designs are
introduced in {8,9]. Because of simplicity
of a nonlinear controlier design, similar to
[5], 1t is applied to produce the stall/surge
control with recirculation.

If nonlinear system under consideration
is given by:

£=/() +8 ()= f@+Eg 0 (12)

Withxe9”, andu, = [u,,u,..., u, ]r el™.
The design model of compression system
with recirculation s thus written as:

ul
= /0) +lgMema@|n | (3
usJ
Where:
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u, =@ u,=C,u,=C, (16)

To increase the negativity of ¥(x) for the
same Lyapunov functionv (x) = x” px we

design the simple nonlinear controller,
where the region of P(x)<0 is increased as

follows:
u,=-R"'g," px (17)
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u, =~k g, px (18)
(19)

/ -1 T
Uy =—#_8, px

4. Experimental set-up

4.1Test-rig

Experimental investigation is carried
out on a low-pressure ratio compressor
stage. The impeller of radial blower is
driven by variable speed, 3-phase, AC,
electrical motor (1.1kw). The impeller is of
shroud type with single eye. It has five
blade sets, where every set consists of one
blade and one splitter. The impeller blades
are of back —ward swept type. The blower
volute casing works as a diffuser and ended
with a discharge outlet. The parameters of
test rig as in table (1) which is used in
simulation.

The test rig shown in figure (2) consists

of the following:

e Inlet and outlet pipes.

¢  Orifice meter to measure the blower
air flow rate with uncertainty in the
range (0.02-5) %.

e Throttle valve, which control the
airflow rate through the blower.

¢ Watcr manometer to measure the
static pressure head of blower Ap=
{p2 -p1), where p2, and p1 (static
pressure hcad at outlet and inlet of
the blower respectively).

» Water manometer to measure the
static pressure difference of the
orifice with uncertainty in the range
(0.016-0.4) %.

¢ Plenum (surge tank).

o Bleed system which consists of
(pipes and valve).

s Rotameter which measure the
recirculation  flow rate  with
uncertainty in the range (0.16-2) %.

e Injection system which consisis of
(pipes and injectors).
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| The blawer

2 AC, variable speed
motor

3 Inlet pipe

4 Exit pipe

5 Pleoum

6 Throltle valve

7 U-tube manometers
8 Rotameler

9 Orifice meter

10 Bleed lubes

11 Conlrol valve

12 Injectors lubes

Figure (2) Scheme of test rig

Table (1) Parameters of test ri

h=3

Element Parameter Value | Unit
No. of blades Ssets -
Inducer
diameter at hub | 0.11 m
Impeller di,h
Inducer diam. at
shroud di 0.13 m
Exit diam. de 0.39 m
Plenum volume 0.6 m?
Compressor
ducl :lfrea Ac 0.003 | m?
Compressor
duct lcf)ngth Le 24 m?
System Bleed valve Size | 0.025 m
No. of bleed 4
ports
No. of injectors 7 -
Injector diam. | 0.008 | m

4.2. Performance of
(blower)

To measure the performance of
compressor (blower), which the design
rotor revolution is {Ngesige=3000rpm), the
static pressure head (Ap), in (cm H;0), as
function of the airflow rate in (m%s), are
presented at different speeds. In this paper,
the performance is measured at speeds
{3000, 2700, 2400, 2100, 1800, rpm).
Speed control device is used to variable the
speed of the ¢lectric motor.

compressor

5. Resuilt and analysis
5.1. Measured compressor (blower)
performance

The measured performance of blower is
shown in Figure (3), the performance is
measured at rotor speeds (3000, 2700,
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2400, 2100, 1800, rpm).
As flow rate decrease the static pressure
head increase till a point the pressure rise is
maximum is called (stali/surge point),then
with further decrease flow rate ,the static
pressure head decrease. By connecting the
stall/surge points we obtain Stall limit line
or surge line.
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Figure (3): The measured blower

performance curves.

The right region from surge line is the
steady working regimes but the region left
the surge line is the unsteady regimes.

§.2 Stall margin improvement

The operating range improvement in
terms of the change in stalling mass flow
referenced to the stall points without
control is evaluated. The increase in the
NASA standard stall margin (SM) as
defined by Reid and Moore [10]:
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[Towl pressuer ratio (stall) Mass flow (ref.) 0
| Total pressuer ratio(ref ) Mass flow(stall )

When the pressure head is nearly flat in
the neighborhood of the stall/surge points,
the stall margin improvement (SM;)
becomes: T

= Mass flow (rcf‘.}_I %100
Mass flow(stall)

= 160

SM =

Where:

Mass flow (ref.): the mass flow rate at stall
point without recirculation (at this point the
pressure head is maximum).

Mass flow (stall): The stalled mass flow
rate with recirculation.

For different speeds as shown in figure
(4), the increase in the recirculation flow
leads to the increase in stall margin
improvement (SM;). While, the increase in
the rotor revolution lowers stall margin
improvement (SM;) for the same range of
the recirculation flow.
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Figure (4): Effect of recirculation flow
on stall margin improvement

For obtaining the optimum range of
recirculation flow, recirculation ratio
(RCR) or gain parameter can be introduced
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and defined as follows:

RCR or pain = [—Q—Qﬁ"—“‘——} x 100
And

¥

Dren
Qs

Re circulatio n flow percentage (%) =

Where:
Q wer : The recirculation mass flow rate.

Qs : The stall mass flow rate

(0 . The stalled mass flow rate with

recirculation

From figures (5, 6), as recirculation
flow percentage increases the gain
decreases till a point at which the gain is
approximately constant. For the rotor speed
ratio equal to 100%, the gain nearly 1s
constant at value 13% with 11%
recirculation flow. On the other side, for
the rotor speed ratio equal to 90% the gain
is approximately constant at 40% with
recirculation flow percentage8%. The rotor
ratio percentages in the range (60-80) %
the gain range (22-25) % are approximately
constant with recirculation flow {7-9) %.
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Figure (5): The effect of recirculation
flow on the obtained gain.
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Figure (6): Relation between rotor speed
ratio and the gain

5.3 Performance with recirculation
The surge line with recirculation is
determined by connecting the stalled point
with recirculation at the recirculation ratio
which the gain to be constant as in figure

(7).
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Figure (7): Compressor (Blower)

performance curves with recirculation.
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5.4. Simulation analysis

As example, simulation analysis for the
point of maximum gain is applied. Results
are presented from simulations of the
compressor system when driven into surge
by a drop in mass flow at throttle

o~ = 05 and B=0.66

and rotor speed ratio 90% which move the
throttle characteristic to the left of the top
of steady state characteristic as indicated in
figure (8) where surge cycle exist.

coefficient »

0.65 v :
— Limit cycle

----Parformance at 30%

— ~Thiottel coefficient

061 -

0.57 W

Pressure coefficient

0.53 -

nAa N4
Flow coefficient

Figure: (8) Compressor characteristics
at B=0.66

The compressor (blower) under this
condition undergoes classic surge with
oscillations in mass flow, and pressure rise,
as shown in Figure (9). The surge has
oscillation with a period 3.5ms. This is
corresponding to surge frequency of about
2.8 Hz. By using the nonlinear control law,
the bled air from downstream compressor
via bleed valves re-circulates to injectors at
compressor inlet by using 8% recirculation
flow. The compressor can operate in a

Flow / Pressure coefficient
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stable mode even to the left of the surge
line where the operating point converges to
equilibrium point, as in figure (10). In
figure (11) mass flow drops as in the surge
simulation 1s introduced at t = 1.7s, after
that the compressor remains stable.
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Figure (9): Simulation of sub-surge

system explain classic surge, at B=0.66
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Figure (10): Stabilization of compression
system, at B=0.66 using 8% recirculation
flow
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Flow / Pressure coefficient
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Figure (11): Stabilization of flow and
pressure coefficient, at B=0.66using 8%
recirculation flow

6. Conclusions and future work

By using the modelling of compression
system with recirculation technique and
Lyapunov function, linear and nonlinear
optimal control  for stabilizing the
compressor  which undergoes surge are
obtained.
Results showed that:

1. Recirculation technique is powerful
for stabilizing the compressor at
different Greitzer parameter (B),
where the operating point lies n the
unstable regime.

2. The higher gain becomes 40% at
rotor speed ratio approximately
90% and recirculation  flow
approximately 8%.
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