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This paper presents a model-based optimal flow control method for controlling flow separation in a stator
cascade of a low-speed axial-flow compressor using an air injection technique. The objective of the flow control
method is to reduce the total pressure loss across a blade row which can be viewed as an indicator of flow
separation. A multi-sensor, multi-actuator flow control concept is introduced to control the total pressure
profile at the outlet of the stator cascade. The flow passage is divided into a number of radial blade stations at
which total pressure sensors are placed at the inlet and outlet of the stator cascade to measure the total pressure
losses. This information is then used in the flow control design to determine a suitable air injection mass
flow command for each individual air injection actuator. The control method is based on a one-dimensional
unsteady flow model incorporating an empirical total pressure loss parameter to account for the real flow
effect. The total pressure loss parameter is determined from an adaptive parameter estimation process using
a recursive least-squares algorithm to enable the flow control to adapt to changing inlet flow conditions. An
adjoint-based optimal control law is derived to enable a feedback flow control that tracks a reference command
of the air injection mass flow in the presence of disturbances due to changing inlet flow conditions. A numerical
simulation demonstrates the effectiveness of the proposed flow control strategy.

I. Introduction

An aircraft gas turbine engine comprises several major aero-mechanical components including compressors, com-
bustors, and turbines. Within a compressor stage, stator and rotor cascades provide alternate flow passages through
which a diffusion process takes place that results in an increase in the static pressure. Under critical operating condi-
tions such as those during takeoff and landing, mass flow deficit or inlet distortion may result. As a consequence, the
incidence angle on the blade row may increase substantially beyond an acceptable limit, thus causing stall and flow
separation. This is as illustrated in Fig. 1, which shows an increase in the relative air inlet angle corresponding to a
reduced axial flow speed. At an extreme incidence angle, air flow over the blade surface becomes detached and forms
blockage regions of low velocity. The resulting flow separation may endanger safe operation of a gas turbine engine
since it may induce aeromechanical instabilities such as blade stall flutter in addition to reduced compression ratios.

In modern gas turbine engines, a stall margin is normally incorporated into a design process to safeguard an engine
from operating too close to a stall or surge line. Fig. 2 illustrates a stall margin on a pressure rise vs. mass flow diagram.
The stall margin design directly affects the performance of a compression system since generally the pressure ratio
reduces as the stall margin increases. Conversely, operating at a reduced stall margin would tend to increase a stage
pressure ratio, but this potential benefit is well offset by an increased exposure of rotor blades to high cycle fatigue
that can compromise the blading structural integrity. With the current advances in flow control, the ability to operate a
compression system at a reduced stall margin may be realized that could potentially lead to performance improvements
in the design and operation of compression systems without safety compromises due to flow separation.'
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Compressor flow control methods have been investigated by many researchers and there exists a large body of
knowledge pertaining to this area of research.23 One well-known method is to inject bypassed mass flow from the
downstream into the upstream face of the compressor to make up for the mass flow deficit that causes flow separation.*
Another method which has been evaluated by NASA Glenn Research Center is to use air injection on the surface of
stator vanes for controlling flow separation within a stator cascade.” Many similar techniques also exist using synthetic
jet actuators.® The air injection flow control is based on a well-known fluid physics principle which shows that the
growth of a boundary layer that causes flow separation can typically be suppressed by a high momentum smail-scale
flow, which helps energize the low momentum air accumulated near the blade suction surface by promoting fluid
momentum exchange. An experiment has been conducted in the Low Speed Axial-Flow Compressor (LSAC) test
facility at NASA Glenn Research Center to investigate the effectiveness of this flow control method. Test data have
confirmed that this method is capable of reducing flow blockage formed within a stator cascade in the LSAC using
both steady and unsteady air injection.®

The flow control vanes are fabricated to incorporate a series of air injection slots on the suction surface to provide a
coverage from approximately 10% to 90% of span as shown in Fig. 3. The blade section is a modified NACA 65-series
airfoil with a circular-arc mean camber line. The optimal air injection location is at 35% of chord as determined in a
wind tunnel study performed by the Illinois Institute of Technology.> In all vane configurations, the injection angle is
pitched at 30° relative to the vane upper surface to impart a streamwise momentum to the flow.
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Fig. 3 - Flow Control Stator Vane

Fig. 4 shows the LSAC test facility. The LSAC compressor is driven by a 1,500-hp variable speed motor and
consists of a row of inlet guide vanes and four identical stages designed for accurate low-speed simulation of the rear
stages of a high-speed core compressor. With reference to Fig. 5, the first two stages are used to set up a repeating
stage environment. The third stage is the focus of research measurements, while the fourth stage acts as a buffer to
the exit conditions. The flow path has an outer diameter of 1.219 m and a hub-to-tip radius ratio of 0.80. The nominal
rotor tip and stator seal clearances are 1.4% and 0.6% of span respectively. Rotor tip speed is 61 m/sec and nominal
axial velocity is on the order of 25 m/sec.

Fig. 4 - NASA Glenn Low Speed Axial-Flow Compressor (LSAC) Test Facility
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Fig. 5 - Compressor Stages
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The LSAC experiment has been conducted in an open-loop mode, but feedback flow control has not been imple-
mented. Feedback flow control is generally more challenging since the air injection mass flow must be determined
as a function of a suitable state variable that would bring about a desired effect. The goal of this study is to develop
a feedback flow control method that reduces the total pressure loss across a blade row which is viewed as a reliable
indicator of flow separation. The approach employed in this study is based on a reduced-order fluid dynamics model
using the one-dimensional unsteady momentum equation for compressible flow to model the circumferential average
two-dimensional flow through the cascade. The radial profile of the flow is controlled by placing multiple sensors
and actuators on a number of radial stations. A total pressure loss parameter is incorporated into the momentum
equation to represent the effect of the total pressure loss due to flow separation. An adjoint-based optimal control for
this one-dimensional flow model is developed to provide a feedback control law that can handle disturbances due to
changing inlet flow conditions. A simulation is conducted and demonstrates the effectiveness of the proposed flow
control method.

II. Experimental Data Analysis

The LSAC is equipped with flow instrumentation to measure average pressure rise coefficients from inlet and
outlet static pressure measurements on the hub and casing. The flow coefficient is defined as the measured mean inlet
velocity normalized by the rotor tip speed. The mean inlet velocity is determined from static pressure measurements at
the exit of the inlet bell mouth using a discharge coefficient corrected for humidity. The flow control vane performance
is calculated from total pressure measurements acquired with miniature Kiel probes and static pressure. The flow angle
measurements are acquired with 18° wedge probes. All pressure measurements are acquired at mid-gap of the rotor-
stator spacing (the spacing is approximately 35% of axial chord) and are referenced to stagnation conditions measured
in the inlet plenum of the test facility.

The LSAC experiment was set up to have two flow control vanes placed in between conventional stator vanes. In
order to induce flow separation, the flow control vanes were re-staggered by —3° from the nominal setting. The data
were acquired by a slow speed 1-Hz traversing probe that surveys the pressure profiles over one flow control vane and
one conventional stator vane at the upstream and downstream sides. The total pressure profiles at the upstream and
downstream of the conventional and flow control vanes and the air injection mass flow schedule are plotted in Figs. 6
and 7.
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Fig. 6 - Total Pressure Measurements

The data are plotted contiguously for five different runs, each run corresponds to a different steady air injection
mass flow as shown in Fig. 7. The data points represent the position of the traversing probe over one blade spacing
interval. We see from Fig. 6 that the total pressure at the outlet of the flow control vane is paradoxically lower than
that at the outlet of the conventional stator vane. This is simply due the fact that, in order to induce flow separation, the
flow control vanes were re-staggered to a higher incidence angle by —3° from the nominal setting of the conventional
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stator vanes. As a result, the total pressure loss for the flow control vane prior to the air injection was greater than that
for the conventional stator vane. As the steady air injection mass flow reduces, the total pressure wake at the outlet
grows in amplitude. Fig. 8 is a plot of the local total pressure loss coefficient for the flow control vane, showing a
definitive trend of decreasing total pressure loss with increasing air injection mass flow.
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Fig. 7 - Steady Air Injection Mass Flow
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Fig. 8 - Local Total Pressure Loss Coefficient for Flow Control Vane

The total pressure data are averaged over each run corresponding to each steady air injection mass flow and are
used to compute the average total pressure loss coefficient defined as

@ = Po,1 — Po2 )
Po,1 —P1

where py is the average total pressure, p is the average static pressure, and the subscripts 1 and 2 henceforth denote the
inlet and outlet respectively.

Fig. 9 is a plot of the average total pressure loss coefficient as a function of the air injection mass flow. It
clearly illustrates the effectiveness of the air injection on controlling the total pressure loss. The y-intercept of Fig. 9
represents the baseline pressure loss coefficient without air injection, which has a value of 0.1743 based on a second
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degree polynomial extrapolation. We observe that the air injection control effectiveness seems to have reached a
saturation limit at about 2.5 x 1073 kg/sec. Further increase in the air injection mass flow beyond this value seems to
result in a diminishing reduction in the total pressure loss coefficient.
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Fig. 9 - Average Total Pressure Loss Coefficient vs. Air Injection

III. Diffusion Concept

The manifestation of flow separation generally results in flow blockage associated with rotating stall for a rotor
cascade. Fig. 10 illustrates a simplified mechanism of a rotating stall in a cascade.” Initially, one of the blades in
the cascade reaches a stall condition first. This stalled flow effectively forms a region of retarded flow that blocks the
air from entering the flow passage around this blade. Consequently, the flow has to be diverted to other neighboring
blades. The net result is that the incidence angle increases on those blades below and decreases on those blades above
the retarded flow region according to Fig. 10. Consequently, the blades below become stalled while the blades above
become unstalled. This stall pattern moves from the pressure side to the suction side of each blade and rotates with the
rotor; hence the term rotating stall.
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Fig. 10 - Rotating Stall Mechanism®
The stall mechanism on a blade also manifests itself as a fluid-structure interaction within a cascade. As a blade

section reaches a stall point, the aerodynamic damping becomes negative as illustrated in Fig. 2. This negative
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aerodynamic damping acts to reduce the overall blade damping. Consequently, the stalled blade typically experiences
an increase in the strutural vibration. The unsteady motion of the vibrating blade thereby causes the flow field to
oscillate. As a result, the stalled flow is highly unsteady.

In diffusing flow, stall often occurs due to the presence of an adverse pressure gradient. A stalled flow usually
manifests itself as a reduced static pressure recovery and an increase in the total pressure loss.® Thus, the total
pressure loss can be seen as an indicator for stall or flow separation. Lieblein showed that the stall onset relates to a
parameter known as a diffusion factor which is well correlated with the boundary layer wake momentum thickness in
the minimum-loss region of a two-dimensional compressor cascade.? A local diffusion factor Dy, is defined as the
the ratio of the velocity difference between the maximum velocity Vi.e and the outlet velocity V2 to the maximum

velocity on the suction surface

Vinaz — V-
Dioe = _m‘(;i—z 2
max

Typically, a detail knowledge of the velocity distribution on a compressor blade section is usually not known, so
Leiblein alternatively defined a more convenient form of the diffusion factor based on the inlet and outlet velocities of

the cascade according to
V AV,
D= (1 ) | At 3

B —‘71 20'V1

where D is the diffusion factor, o is the solidity, AV} is the change in the tangential velocity through the cascade.
For an incompressible 2-D cascade, Eq. (3) becomes

D= (1 _ °°Sﬁ1> + 9B angy — tangy) )

cos3s 20

where 3 is the air angle.
A theoretical analysis of an incompressible two-dimensional cascade® shows that the wake momentum thickness
9* correlates well with the total pressure loss coefficient w; based on the inlet condition according to the relationship

* 2H,
o1 =2 (0_) o (cosﬁ1>2 3H,-1 )
¢ /., cosfla \ cosfBz [1 B (9_*) oHy ]3
c /2 cosfa

where pg is the total pressure, 8* /c is the ratio of the wake momentum thickness to blade chord, and H; is the wake
form factor.

Hence, an increase in the wake momentum thickness resulting from flow separation in the cascade directly trans-
lates into an accompanied increase in the total pressure loss. Fig. 11 obtained from NASA SP-36 report’ illustrates
the diffusion factor correlation for a two-dimensional NACA 65-(A10)10 low-speed compressor cascade .
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Fig. 11 - Diffusion Factor Correlation’
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As illustrated in Fig. 11, the diffusion factor is correlated well with the total pressure loss coefficient as defined
in Eq. (5). Lieblein showed that the total pressure loss coefficient is generally a reliable indicator of the momentum
thickness of the boundary layer formed over the blade surface. Thus, the larger the total pressure loss coefficient is, the
thicker the boundary layer becomes. It is generally accepted that the diffusion factor should be kept at or below 0.55
to maintain a stall-free operation. Above a diffusion factor of 0.6, the total pressure loss begins to increase rapidly®
due to the thickening of the boundary layer as the flow begins to separate as shown in Fig. 11.

Based on the diffusion concept, it is reasonable to say that controlling flow separation is tantamount to controlling
the total pressure loss. The most direct effect of this total pressure loss control is an increase in the static pressure
recovery in a diffusing flow through the stator cascade. More importantly, this control also brings about a reduction in
the boundary layer thickness, which therefore increases the turning angle and hence decreases the angle of attack on
the rotor blade row to alleviate the stalled flow on the rotor.

Thus, in a compressor environment, the total pressure measurement across a blade row can provide an indication
of the potential stall onset. Typically, designers should know the design total pressure loss across a blade row, which
could also be measured directly by running the compressor at the design point. When operating substantially above
this design value, for example twice the design loss, an inference could be made about a probable flow separation
event in the compressor that needs to be corrected. Flow control vanes can then be activated to inject bleed air into the
flow passage in order to bring about a reduction in the total pressure loss.

IV. Flow Control Modeling

A. Flow Control Concept

In this study, a model-based flow control approach is proposed for controlling the total pressure loss across a stator
cascade equipped with flow control vanes. The flow control architecture incorporates an adaptive parameter estimation
that can estimate on-line the relationship between the air injection mass flow and the total pressure loss under varying
engine operating environment. In the current flow control concept, the air injection slots admit equal mass flow that
depends on sensing at a particular radial station along the flow control vanes. The total pressure loss information at
this blade station can then be used in a feedback control design for the air injection. Because the total pressure loss in-
formation comes from a single blade radial station, therefore, in theory, we could design a worst-case control whereby
the sensors could be placed at the tip radius where the viscous loss is expected to be the most severe. Alternatively,
we may consider a multi-sensor, multi-actuator approach that would extend the capability of the current flow control
concept for situations such as inlet flow distortion whereby flow uniformity at the outlet of the stator cascade is desired.
Fig. 12 illustrates a multi-sensor, multi-actuator control approach. In the limit, this flow control concept can be used
for the LSAC flow control experiment that employs a single air injection actuator.

Outlet

@ Total Pressure Sensor
o Static Pressure Sensor
o Air Injection Actuator

Fig. 12 - Flow Control Concept

Total pressure sensors at the inlet and outlet provide measurements of the total pressure loss across the stator
cascade. The sensors may be mounted on a rake apparatus. Kiel-type sensors are well suited for total pressure
measurements in the presence of flow angularity. Static pressure measurements are provided by wall static taps. The
local total pressure loss coefficient can then be computed by linear interpolation of the static pressure values at the end
walls. These local total pressure loss coefficients are compared to limiting values corresponding to a baseline design
stall margin based on experimental measurements or aerodynamic cascade analyses. When the cascade operates
beyond the baseline design stall margin, air injection actuators are activated by the flow contro! to maintain a desired
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outlet total pressure set point in order to keep the local total pressure loss coefficients at or below the limiting values.
Fig. 13 illustrates a simplified block diagram of the flow control concept.
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Fig. 13- Flow Control Block Diagram

B. 1-D Curvilinear Unsteady Linearized Euler Equation

Flow through a compressor cascade is generally unsteady, viscous, and three-dimensional as the flow field varies in
both the meridional and tangential planes. In addition to the main flow in the inviscid core, significant secondary
flow fields near the hub and tip regions also exist. Local flow fields around blade sections resulting from the potential
effect at the leading edge and the wake effect at the trailing edge create tangential variations in the global flow field.
Turbomachinery flow therefore is a very complex problem to analyze even with today’s available computational fluid
dynamics (CFD) tools. In spite of the complexity, traditional compressor design methodologies often rely on simpli-
fied analyses that address the dominant features of the flow field. Secondary effects such as boundary layer blockage,
tip clearance flow, and viscous losses are addressed in the design processes by simplified analytical and/or empirical
methods. One such simplification is to ignore the flow field tangential variation in the bladeless region, thereby result-
ing in an axisymmetric flow field assumption which has been frequently used in the compressor design processes. 0
The flow properties in an axisymmetric flow field therefore can be interpreted in a circumferential average sense.

For this application, we employ a model-based flow control approach whereby feedback control laws are based on
a physical model of a simplified flow through a stator cascade. Towards this end, we approximate the two-dimensional
flow on a cylindrical surface through a compressor cascade as a one-dimensional curvilinear flow through a curved,
diffusing flow passage defined by the stagnation streamlines as illustrated in Fig. 14. In effect, the one-dimensional
flow model can be viewed as a reduced-order model of a two-dimensional flow and represents an average flow through
the cascade at any given cross section normal to the flow passage. Reduced-order modeling has been frequently used
in flow control applications!! in recognition that a reduced fidelity of the flow field modeling is necessary in order to
increase the computational speed that is needed for a real-time control application. Thus, the three-dimensional flow
field is decomposed into a finite numbers of one-dimensional curvilinear flow fields at the radial stations where the
sensors and air injection actuators are placed. The one-dimensional flow field is governed by the one-dimensional
unsteady Euler equations with a total pressure loss parameter that accounts for the viscous dissipation of a real fluid
caused by flow separation. This parameter is estimated by an adptive parameter estimation process as a function of the
air injection mass flow control, so in effect this parameter provides a means to incorporate the real-flow effect into the
analytical model.
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Fig. 14 - Flow Through a Compressor Cascade

For one-dimensional unsteady flow at a given blade radial station, we formulate the following Euler equations in
the non-conservation form!2 in terms of the three compressor performance variables, namely, the mass flow 1 = puA,
the total pressure po, and the total temperature T

Y+ A(y,2)y. +B(y,2){(z,v) =0 (6
T
where y (z,t) = [ m po To ] is a vector of flow variables, v = [ vy Vg -+ UN ] is an air injection mass
flow control vector, and
w rA Ty
2 p(o'r nT ot
— cTUu
A=| 28 uft-0x] ooy )
G-1T _(y=1)?Tu (=T
pA kpo u [1 + To ]
mu
I
B=| & (% -v+1) ®)
(y=DuT (@ _ 1)
T

where p is the density, pg is the total density, T' is the temperature, p is the pressure, u is the flow speed, ¢ is the speed
of sound, - is the specific heat ratio, A (z) is the normal flow area as a function of the curvilinear coordinate x, L is
the flow passage length, and ¢ is the total pressure loss parameter as a function of the air injection mass flow control
vector v as well as the curvilinear coordinate .

For a rotor cascade, we can replace the total pressure po, the total temperature To, and the Mach number M with
the relative total pressure pg, g, the relative total temperature To,r. the relative Mach number Mg

TN
po,R:p(H% ,%) 9)
y=1,9
Tor=T HT 7 (10)
Q —
M3 = a2 4 T~ 200) 2uq) amn
C

where r is the blade span radius, 2 is the rotor speed, and uy is the absolute tangential velocity.
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The steady state form of Eq. (6) is

™m 0

d _ d
%:_A Hy,o)By,) €@ v) & o | po | =~ oM (12)
To 0

Equation (12) shows that the mass flow and the total temperature are constant through the stator cascade. As a
first-order approximation and taken into account that the air injection mass flow is a ver small fraction of the total mass
flow, we may assume that the flow control process affects most directly the total pressure with negligible changes in
the mass flow and the total temperature. Then, the momentum component of the Euler equations can be approximated
as

1 Opoi | Op

0,
y (] ini i 5 :0 13
aoy ot T or AP MG @) (13)

along with the conservation of mass and energy given by

k1
—1. )\ "D
— —_R;o po,iAi M; (1 + 15— Mf) (14)
K

where 77; and Tp ; are constant at each radial station, denoted by the subscript %, and

-0\
o [1 _ (Lﬁ)i] (15)
AM_2
g = (16)

Let z = O be the coordinate at the cascade inlet and z = L be the coordinate at the outlet, then the boundary
condition for Eq. (13) is imposed by the inlet total pressure po,1 as

p0,i (0,%) =po,1 (7

C. Adaptive Parameter Estimation

The total pressure loss parameter £ in Eq. (6) models the total pressure loss in the compressor cascade. For air injection
control, we postulate that this total pressure loss parameter is a non-negative function of the air injection mass flow
control vector v that would result in a lower total pressure loss than when the air injection is not active. Thus, we have
the following equation

&i(z,v) = €0, (2) — A& (z,v) =0 (18)

where & is the total pressure loss parameter before air injection control and 0 < A{ < o is a total pressure loss
reduction parameter due to air injection mass flow.

The LSAC experimental data are used to establish the relationship between the air injection mass flow control and
the total pressure loss reduction parameter A;. The experimental data indicate that the total pressure loss reduction
parameter A€ could be approximated as a quadratic function of the air injection mass flow control. Hence, we select
the following functional form for estimating the total pressure loss relationship as a quadratic function of the air
injection mass flow control

N 2
A& (xi,v) = Y_wiy (2“—3”1)—;—]i> (19)
j=1 sat,j
for! < z < L where z = [ is the coordinate of the air injection location at the i-th blade radial station on the stator
blade taken to be 35% of chord, w;; is a weight, and 0 < v; < vsqe,; is an air injection mass flow where v,; ; is the
saturation mass flow of the j-th air injection actuator.
Equation (19) can also be written as .
A& =w!0 (20)

where w; is a weight matrix for the i-th air injection actuator to be estimated from measurements, 8 is a quadratic
basis function vector, and the hat symbol denotes an estimated quantity.
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The total pressure loss reduction parameter A{ is computed from the total pressure loss coefficient measurements
as

A& = KAwr 21
where A@; is the average total pressure loss reduction coefficient due to air injection defined as
A .
A‘Dl,i = __M_ (22)
Po,1,i — P1,s

and K is a coefficient defined as
_ 2L (po,i — P1i)

L
f” poiMidz

The coefficient K in Eq. (21) is computed off-line by interpolation as a function of the measured total pressure
loss coefficient @, before the air injection actuation. To enable this computation, Eq. (12) is solved for various values
of &, which correspond to different values of w;. This coefficient turns out to be nearly constant with a value of 2.320.

The weighting matrix can be estimated on-line using a recursive least-squares algorithm to continuously refine the
estimation based on past n data samples. The adaptive weight update law is

(23)

wi () = wi (b — 1) + K (k) [d (k) = 7 (k) wi (k — 1)] (24)

where k denotes the update cycle that repeats every n data samples, d is a measurement data matrix

Aéy (kn—n+1) Af(kn—n+1) Afy (kn—n+1)
d (k) = Aty (kn—n+2) A& (kn—n+2) : 25)
A&N (kn — 1)
A& (kn) Aén—1 (kn) Aén (kn)
and K is an adaptive gain matrix defined as
K (k) =P~ ' (k)0 (k) (26)
where .
P(k)=T=1P(k—1)+0(k) 6" (k) @7
Gl(kn—n+1) 01(1677,—714-2) Bl(kn)
9 (k) = Og(knfn—kl) 02 (kn —n+2) : 28)
. On_1 (kn)
On (kn —n+1) On{kn—1) On (kn)

and 0 < T < 1 is a forgetting factor that is used to weigh past information.

During an on-line air injection control, the computation uses recently available total pressure loss data and the
air injection mass flow input at previous 1 time steps to revise the initial estimate of the total pressure loss reduction
parameter. This information is then used to compute an air injection control reference command signal. This process
is then repeated for every n numbers of time steps until a desired total pressure at the outlet is achieved. To minimize
the effect of changing inlet flow conditions, a feedback control is implemented to minimize a deviation from the air
injection reference command.

The quadratic basis function provides a good approximation of the effectiveness of air injection on the reduction
of the total pressure loss in the LSAC flow control experiment as shown in Fig. 15. The least-squares method in effect
provides a noise filtering of the measurements. This filtering potentially prevents a potential over-identification of the
total pressure reduction parameter that could result in an erroneous computation of the air injection mass flow if a
higher-order polynomial were to be used as a basis function.
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Fig. 15 - Total Pressure Loss Reduction Parameter Estimation

V. Feedback Optimal Flow Control

The objective of the feedback flow control is to track a reference command of the air injection mass flow by
compensating for changes in the inlet flow conditions which act as disturbances to the flow through the stator cascade.
To form a reference command, we first compute a desired air injection mass flow to achieve a desired total pressure
at the outlet of the stator cascade. Let py 2 4 be the desired outlet total pressure, then the change in the outlet total
pressure is Apg 2 = Po,2 — Po,2,d- The corresponding total pressure loss reduction parameter A¢; 4 at each radial
station can then be computed from Egs. (21) and (22). The recursive least-squares parameter estimation results in

2
2v1,dVsat, 1~ V] 4

A& g Wy W2 T wiN Vat1
Af . 2“2,dvsat,2_1}§’d
: —z
2d | w21 W22 : Vsat,2 (29)
: : WN—-1,n .
2
AlN.d WN1 ot WN,N-1 WNN 2V dVsat, N VN .

Viat, N

The desired air injection mass flow v; 4 can be computed by inverting Eq. (29) with known weights w;; estimated
from the recursive least-squares parameter estimation. Next, we define a reference command of the air injection mass
flow based on the desired air injection mass flow. Since the air injection mass flow is delivered by a flow control valve,
the actuator dynamics of the flow control valve should be incorporated into the reference command in order to ensure
that the air injection mass flow is dynamically achievable. There are various types of flow control valves. Among
these, the proportional type can deliver a continuous variable mass flow. The ability to control the air injection mass
flow at a variable set point provides a flexibility in developing an effective flow control strategy. Typically, the actuator
dynamics of a flow control valve may be described by a second-order model. In this case, the reference command has
the following open-loop response
bvi,d

V = —
i (9) 82 + 20wps + wi

(30)
where V (s) is the Laplace transform of the air injection mass flow output v; (t), ¢ and wy, are the damping ratio and
the frequency of the fiow control valve.

The reference command of the air injection mass flow is then used to compute a reference trajectory of the total
pressure pg (, t)from Eq. (13) that the air injection would be able to achieve. A simple finite-difference upwind
method can easily be implemented as a computational procedure for Eq. (1 3).13 If the inlet flow condition is changing,
this trajectory is likely to deviate and therefore results in the desired outlet total pressure not being met. An error signal
is formed by subtracting the total pressure measurements from the reference trajectory. If we assume that the error
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signal is small, then Eq. (13) can be linearized as

N
1 OApy;  OApo;
a—i o + e + a;Apo; + ]Z::lbijA’Uj +cigi =0 3D
subject to the boundary condition
Apo; (0,t) = Apo,1, (32)

where Apy is the total pressure error, Av is the air injection control augmentation, Apo,1 is a perturbation in the inlet
total pressure as a disturbance, a and b are computed as

YM? (1+yM}2) &

) = — 33
b 0 o<zl 34
’ij (.’l‘,t) - —2,8111);] Us;: i—Yi l S T S L ( )
sat,j
o (o,p) = oM (L4 25 ME) & 35)
e Li (1 - M)
and ¢ is a disturbance due to perturbations in the mass flow and total temperature defined as
Army ATy,

. —0% 36
@@= + o (36)

To simplify the index notation for the blade radial stations, we express Eq. (31)in a vector form as

A oA
~198P0 | 98P0 | yAp) 4 bAV +cq =0 37
ot oz

where a = diag (), a = diag (a;), b = [bi;}, and ¢ = diag (cs).

To design a feedback flow control algorithm, we will develop a linear-quadratic optimal control theory for Eq.
(37) with the following cost function to minimize the outlet total pressure error Apg 2 and the air injection control
augmentation Av

1

RN
J= 5 / (Ap({zQApo,z + AvTRAV) dr (38)
t

where Q > 0 and R > 0 are state and control weight matrices.
The optimality of this system has been studied for the case with only a single air-injection actuator.'* The optimal-
ity conditions result in the following adjoint equation

ox 0

subject to a boundary condition aX (L, t) = QApo,2 and the optimal control

L
RAv — / bT ahdz = 0 (40)
4]

To derive a feedback control, we assume an adjoint solution in the form of a linear combination of the total pressure
error Apo, the air injection control augmentation Av, and the disturbance q

o (z,t) = A (z,t) Apg (z,t) + B (z,t) Av + C (z,t) q 4n

where A = diag (A;), B = [Bi;], and C = diag (C)-
Substituting this into Egs. (39) and (31) and neglecting the time derivative terms, which in essence gives rise to a
quasi-steady state solution, we obtain the following partial differential equations
A
g—x =aA + Aa (42)
14
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oB

=aB+ Ab 43)
oz
?—C— =aC + Ac (44)
ox

subject to corresponding boundary conditions A(L,t)=Q,B(L,t)=0,and C(L, t)y=0.
Similarly, we assume a solution for Eq. 3h

Apo (z,t) =D (z,1) Apo2 + E (z,t) Av + F (z,t)q (45)

where D = diag (D;), E = [Ej;], and F = diag (F}).
Substituting this into Eq. (31) and again neglecting the time derivative term, we obtain the following partial
differential equations

D _ _.p (46)
Ox
OB _ _aE-b @7
Ox
OF _ _aF—c (48)
ox

subject to corresponding boundary conditions D (L,t) =L E(L,t)=0,and F (L,t) = 0.
We let z = 0 in Eq. (45) and then proceed to solve for the air injection control augmentation Av as

Av =E"1(0,t)[Apo,1 — D (0,t) Apo,z — F (0,t) q] (49)
Substituting Eq. (49) back into Eq. (45) results in
ApO ("L" t) =E ((E, t) E—l (07 t) ApO,l + [D (xa t) - E (‘Tv t) E_l (Ov t) D (0> t)] ApO,?
+ [F(z,t) ~E(z,t) ETL(0,1) F (0,)] a (50
Upon further substituting Eq. (50) into Eq. (39), we get
aA(z,t) = A (2,8)E (z,0) E7 (0,1) Apo1 + A (z,t) [D (z,) - E (z,t) E71(0,t)D(0,t)] Apo,2
+B(z,t) Av + {A (z,t) [F (z,t) — E(z,1) E ' (0,)F(0,0)] +C(z,t)}q (51)

The optimal control in Eq. (40) can now be obtained as a feedback on the outlet total pressure error and a distur-
bance feedforward on changes in the inlet flow condition

Av = K1Apo,1 + KoApo,2 + Kqa (52)

where K1, K3, Kq are the optimal control gain matrices defined as

L L
Kl(t):[R—/O bTB(m,t)dm} /0bTA(w,t)E(a:,t)E_l(O,t)dw (53)

L L
Kg(t):[R’ /0 bTB(:c,t)dm] /0 bTA (z,6) [D(2,6) ~ B (@, ) B~ (0,)D (0,0 dz  (54)

L -1
Kq(t) = [R - / bTB (z, t) dm} / b” {A (z,t) [F (z,t) — E (z,t) ET1 (0,t) F (0,8)] + C (z, t)} dz
0 0
(55)
To ensure a non-singular optimal control, we must limit the value of the control weight matrix R such that
L
R+ / b B (x,t) dx (56)
0
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From Eq. (52), it can be seen that the control augmentation Av is a feedback optimal control of the outlet total
pressure error Apg,2 as well as the disturbances due to changes in the inlet flow conditions Apg,1 and q. Since the
one-dimensional flow model is continuous with respect to x, the optimal flow control theory in effect transforms a
control that would have to depend on a continuous distribution of the total pressure error along the stator cascade as
defined by Eq. (37) into one that only depends on the flow quantities at the stator inlet and outlet. The distribution is
integrated out in the gain matrices. In contrast, a conventional fedback control method could be used by decomposing
the partial differential equation (37) into a series of ordinary differential equations in a standard state space form. A
standard linear-quadratic regulator (LQR) optimal control method!® could then be implemented but would require the
total pressure error distribution along the stator flow passage to be measured or estimated. The implementation of such
a method is inherently more complex than the present feedback optimal flow control approach. Fig. 16 illustrates a
block diagram of the present feedback optimal flow control approach.
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Fig. 16 - Feedback Optimal Flow Control Block Diagram

VI. Simulation Results and Discussion

To demonstrate the present flow control concept, a flow control simulation is performed. We consider the LSAC
stator blades to be equipped with sensors and air injection actuators at five different radial stations. Table 1 shows
the pertinent information of the blade sections at these radial stations in terms of the camber angle 8, stagger angle ¢,
thickness-to-chord ratio ¢/c, and solidity o. The inlet total pressure is assumed to be uniform at a value of 2110 psf
with a Mach number of 0.3 corresponding to the LSAC flow conditions. The air approaches the stator with an inlet air
angle 3; as shown in Table 1.

(il(r—rh)/(r—rt)i 6 l ¢ | t/c I o l & \ leJ

1 0.117 43.55 | 36.34 | 0.0623 | 1.506 | 61.01 { 0.1573
2 0.331 40.11 { 32.05 | 0.0695 | 1.431 | 56.04 | 0.1050
3 0.513 39.00 | 31.34 | 0.0756 | 1.383 | 54.81 | 0.0955
4 0.684 39.43 | 32.06 | 0.0813 | 1.351 | 55.19 | 0.0970
5 0.885 4497 | 38.31 | 0.0872 | 1.335 | 60.94 | 0.1520

Table 1 - LSAC Blade Radial Stations

The performance of this cascade is then predicted by a NACA 65-series cascade correlation method based on the
Carter’s rule
AB = —Ba=1ig— 8 +60(1—m+n) (57
where Af is the turning angle, iq is the reference minimum-loss incidence angle, 89 is the reference deviation angle
at the reference incidence angle, and m and n are the slope parameters as functions of the inlet air angle 1 and the
solidity &.%
The predicted outlet air angle 3, is then used to compute the diffusion factor according to Eq. (4). The total
pressure loss coefficient @7 is then estimated from the diffusion factor correlation according to Fig. 17, which has
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been adjusted from Fig. 11 in order to account for secondary losses since the total pressure losses from Fig. 11 are
associated with two-dimensional blade sections. As can be seen, with air injection off, the diffusion factor is as high
as 0.66 in the hub and tip regions and is as low as 0.58 in the mid span blade station. This is indicative of adverse flow
conditions in the hub and the tip regions. To mitigate the potential flow separation, the total pressure losses through
the stator cascade must be reduced. This in turn requires the diffusion factor to decrease as shown in Fig. 17. With air
injection on, the diffusion factor is reduced to within a range from 0.52 at the mid-span region to 0.59 in the hub and
tip regions. Due to the air injection control saturation, the diffusion factor at the hub and tip regions cannot be further

reduced.
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Fig. 17 - Diffusion Factor Correlation

08

The effect of air injection on the total pressure recovery is modeled as a two-dimensional turbulent plane jet flow®
to simulate the decay in the total pressure recovery as a function of the radial displacement from the source of the air
injection where its amplitude is maximum. Thus, the total presure recovery due to the air injection is assumed to have

the following profile
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Fig. 18 - Outlet Total Pressure Profiles
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Fig. 18 is a plot of the predicted outlet total pressure profiles with air injection off and on. A significant deficit in
the outlet total pressure exists at the hub and tip regions due to flow separation before air injection actuation. To reduce
the extent of flow separation, air injection control is activated at all five radial stations. The simulation results show an
improvement in the outlet total pressure profile upon air injection activation. The total pressure deficit in the hub and
tip regions is reduced and the profile in the core region also becomes more uniform. The local variation in the profile
is due the small number of the radial stations used in the simulation. The reference command of the air injection mass
flow at these blade radial stations are as shown in Fig. 19. The hub and tip regions demand the highest amount of air
injection due to the significant total pressure losses therein. However, the effectiveness of the air injection flow control
in these regions is limited by the air injection mass flow command reaching a saturation limit.

x10™

v, kg/sec

Fig. 19 - Reference Air Injection Mass Flow

To demonstrate the feedback flow control approach, we synthesize a variation in the inlet flow condition that results
in an inlet Mach number perturbation of 1% and a total pressure perturbation of -0.1%. The feedback flow control is
computed with weights Q@ = 1 x 1072 and R = diag (10°,10?, 10,102, 10°). The high control weights at the hub
and tip regions are required since the air injection mass flow is much higher than the air injection mass flow in the core
region. The effectiveness of the feedback flow control in the mid-span and hub regions are illustrated in Figs. 20 and
21, respectively.
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Fig. 20 - Feedback Control Tracking at Mid-Span Radial Station ¢ = 3
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Fig. 21 - Feedback Control Tracking at Hub Radial Station i = 1

As can be seen, the feedback control augmentation at the mid-span radial station i = 3 is capable of tracking the
reference trajectory of the outlet total pressure reasonably well. Without the feedback flow control, the desired outlet
total pressure is not achievable. A very small steady state error exists as a result of the lack of an integral feedback
in the flow control design. In contrast, the feedback control augmentation at the hub radial station ¢ = 1 is not at all
effective in tracking the reference command. This is simply due to the fact that the air injection mass flow at the hub
is already at a saturation limit, so any additional control will not be able to reduce the total pressure losses further.

Fig. 22 is a plot of the air injection mass flow control augmentation obtained from the feedback control. In the
hub and tip regions, the augmented air injection mass flow is essentially zero, indicating that the air injection flow
control has reached a saturation limit. In the core region, the augmented air injection mass flow is positive, indicating
an additive air injection effect to compensate for the total pressure decrease at the inlet.

g/sec

Av, ki

t, sec

Fig. 22 - Air Injection Mass Flow Control Augmentation

It should be noted that in the present flow control method, we have not considered the effect of line loss in the
pressure tubing. In practice, this effect can potentially limit the overall performance of the flow control design. If the
pressure tubing from the bleed air reservoir is significantly long, the mass flow will likely be throttled down due to
the line loss effect. This would potentially result in an under-actuated control whereby the flow control valve would
not be able to deliver the correct air injection mass flow. Moreover, the line loss effect also causes a time delay in the
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delivery of the air injection mass flow. Therefore, it is important that the pressure tubing be kept as short as possible
in order to maintain a proper performance of the flow control.

The issue of sensor placements is critical in designing an effective flow control. Real flow in a compressor cascade
exhibits a tangential variation. Since the pressure loss parameter is determined from the tangentially average total
pressure quantities, the cascade flow passage at the inlet and outlet should be covered sufficiently with total pressure
sensors. Alternatively, a single sensor could be placed at a strategic location that allows it to measure a local total
pressure quantity that is approximately equal to the tangentially average total pressure quantity. Fig. 23 shows a
sample of three tangential variations of the total pressure measurements normalized to the flow-weighted tangentially
average total pressure at the stator inlet and outlet in the LSAC test facility. The abscissa nf/2m is the tangential
coordinate of the flow passage around one stator blade with 0 < n@/2m < 1/2 being the flow region below the
pressure surface. As can be seen, the total pressure at the outlet exhibits a sharp wake at the trailing edge. Based
on these total pressure profiles, it appears that a single total pressure sensor could be placed at nf/2n ~ 0.32 at
the inlet and the outlet where the local total pressure is about equal to the average total pressure. The advantage
of a single sensor location is the simplicity in the sensing method that would eliminate the needs for computing the
tangentially average total pressure. This in turn would reduce the computational overhead in the feedback flow control
implementation.
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Fig. 23 - Tangential Variations of Total Pressure at Stator Inlet and Outlet

VII. Conclusions

This study has presented an optimal flow control method using air injection as a means for flow separation con-
trol in a stator cascade of a low-speed axial flow compressor. Experimental testing in the Low Speed Axial-Flow
Compressor (LSAC) test facility at NASA Glenn Research Center has shown the effectiveness of air injection in re-
ducing the total pressure losses associated with flow separation. A multi-sensor, multi-actuator flow control approach
is introduced whereby the total pressure losses at the sensing stations are monitored. Air injection actuators are acti-
vated whenever the total pressure losses exceed a prescribed limit. A model-based feedback flow control method is
developed based on a one-dimensional model of the flow through a stator cascade. The model incorporates a total
pressure loss parameter that accounts for viscous losses associated with flow separation in a compressor cascade. An
adaptive parameter estimation is developed using a recursive least-squares algorithm with a quadratic basis function
to perform an on-line estimation of the total pressure loss parameter. The feedback flow control is derived from an
adjoint optimal control method to enable a feedback from the outlet total pressure error and a disturbance feedforward
to handle changes in the inlet flow condition. A simulation shows that the feedback flow control method is effective in
controlling the outlet total pressure due to flow disturbances at the stator inlet.
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