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loop, which starts at the freestream toward the low-velocity side,
closes again toward the high-velocity sidejmd contains two regions
of countergradient transport (i.e., where dU/dn and — uv are of op-
posite signs). In the near wake, where the mean shear has regions of
opposite signs, the loop extends over all four quadrants, but, farther
downstream, it shrinks within the same quadrant as the freestream
points. Despite its apparent local failure, gradient transport seems
appropriate for a global description of the wake, if the loop is ap-
proximated by a straight line passing through the origin. The slope
of this line, corresponding to the average eddy viscosity in the wake,
was considerably lower than that in the outer flow, although their
difference decreased with streamwise distance (Fig. 4b). By con-
trast to the rectilinear flow, gradient transport failed locally as well
as globally to describe the thin wake in the curved flow (Fig. 4c),
where the mean line through the data loops could not be made to
pass through the origin. This is not so much an effect of the wake,
but a general limitation of this concept in curved flows.
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T HE achievement of earlier transition by artificial tripping of
the boundary layer is often desired in wind-tunnel operations

to simulate turbulent boundary-layer behavior at full-scale Reynolds
numbers. The most common method for tripping the boundary layer
is the use of roughness. The existence of roughness enhances the
instability of the flow and accelerates the onset of transition and,
consequently, the occurrence of turbulence. This approach to trip-
ping the boundary layer with roughness elements becomes more
difficult at higher speeds. A major difficulty associated with the
use of roughness is that it can cause flow separation and can lead
to global breakaway of the flow and vortex shedding, which pre-
vent the formation of a "clean" attached turbulent boundary layer.
For this reason, research into alternate techniques for tripping the
boundary layer that may avoid the difficulties associated with the
use of roughness is necessary.
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The occurrence of laminar separation on aerodynamic surfaces
increases pressure drag and reduces lift, which results in a reduction
in the efficiency of these surfaces. Separation can result from a lo-
calized adverse pressure gradient created by surface roughness,1 or
it can result from extended regions of adverse pressure gradient due
to the curvature of the surface. In both cases, the flow may separate
while it is still laminar. Masad and Malik2 showed that at certain con-
ditions the location of transition onset is further downstream of the
location of the onset of separation. This phenomenon is particularly
true at low unit Reynolds numbers, at increasing Mach numbers, or
in the presence of a short roughness element. In situations in which
laminar separation is about to occur, tripping the boundary layer so
that it remains attached is preferable. Transition causes the point
of separation to move downstream because in a turbulent boundary
layer the accelerating influence of the external flow extends farther
due to turbulent mixing. In turn, the dead area decreases consid-
erably, which reduces the pressure drag. These phenomena are the
second reason for studying alternative techniques for tripping the
boundary layer. In this work, we study the effect of using strip blow-
ing on the location of transition onset in subsonic flow over a flat
plate. We use linear stability theory, coupled with the empirical eN

method, to predict the transition onset location.
We consider a two-dimensional subsonic flow over a flat plate in

the presence of discrete blowing. As a result of the discrete blowing,
both a viscous-inviscid interaction and an upstream influence exist,
and we use the interacting boundary layer (IBL) theory to analyze
the flowfield (see Davis3). Extensive details of the IBL formulation
for two-dimensional subsonic flow are given by Nayfeh and Abu
Khajeel (see Abu Khajeel4). In cases with suction or blowing, the
velocity of the flow through the surface is denoted by vw and is made
nondimensional with respect to the freestream streamwise velocity
U^. For suction, vw is negative; for blowing, vw is positive. The
length of the suction or blowing strip is denoted by A.

In stability analysis, small, unsteady two-dimensional distur-
bances are superimposed on the mean-flow quantities, which are
computed with the IBL theory. Mack5 showed that the most ampli-
fied waves in two-dimensional flow with a freestream Mach num-
ber MOO of less than approximately 0.8 are two-dimensional waves.
Next, the total quantities are substituted into the Navier-Stokes (NS)
equations, the equations for the basic state are subtracted out, the
quasiparallel assumption is invoked, and the equations are linearized
with respect to the disturbance quantities. The disturbance quantities
are assumed to have the normal-mode form, so that a disturbance
quantity q is

q = £(y) exp i(ax — cot) + complex conjugate (D

The streamwise coordinate is x, Ms the time, and a and co are
generally complex. In the stability analysis and the computations
throughout this work, the reference length is 5* = Vv£>**/£/£>, the
reference velocity is U^, the reference time is <5*/£/<£>, the reference
temperature is the freestream temperature 7^, the reference viscos-
ity is the freestream dynamic viscosity ju,^, and the pressure is made
nondimensional with respect to p^US (where p^ is the freestream
density). The viscosity varies with temperature in accordance with
Sutherland's formula; the specific heat at constant pressure C* is
constant, and the Prandtl number Pr is constant and equal to 0.72.
For the spatial stability of the two-dimensional flow considered in
this work, co is real, and a is complex, where the real part ar is
the streamwise wave number and the negative of the imaginary part
—oil is the spatial growth rate. The frequency co is related to the
dimensional circular frequency a>* through a> = a)*8*/U^ which
leads (with the definition of 5*) to

where

and

F =

(2)

(3)

(4)
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Because co* is fixed for a certain physical wave as it is eonvected
downstream, F is also fixed for the same wave.

The preceding normal-mode form separates the streamwise and
temporal variations. The resulting equations and corresponding
boundary conditions form an eigenvalue problem that can be solved
numerically. For the results presented in this work, the computa-
tions were performed with an adaptive second-order-accurate finite
difference scheme with deferred correction.6

By solving the linear instability eigenvalue problem, we obtain
the disturbance wave growth rate as a function of location on the flat
surface. The transition onset location is then empirically correlated
with the location at which the integrated growth rate (N factor) of
the disturbance wave reaches a certain value. This is an empirical
transition onset criterion called the Af-factor criterion (i.e., the crite-
rion that utilizes the eN method) proposed by Smith and Gamberoni7
based on experimental data. (See also Jaffe et al.8) For flow over a
flat plate, transition was found to occur when the AT factor reached a
value close to 9; we use this value throughout this work to correlate
the location of transition onset. We denote the value of Rex at which
the N factor reaches a value of 9 by (Rex)N=9.

We present results on the effect of a mass-transfer (suction or
blowing) strip on the predicted transition onset location for condi-
tions that simulate single-frequency (controlled or forced) transition.
Single-frequency transition is commonly used in wind-tunnel ex-
periments in which a single-frequency monochromatic disturbance
wave is introduced into the flowfield by a vibrating ribbon, for exam-
ple. To compare the theoretically predicted transition onset location
with that obtained from a single-frequency experiment, the loca-
tion at which the TV-factor value of a specific frequency disturbance
reaches a value 9 can be determined theoretically and compared with
the experimental transition onset location. The frequency that results
in an N-factor value of 9 in the shortest distance from the leading
edge is usually referred to as the most amplified frequency. For sub-
sonic flow over an impermeable flat plate with a freestream Mach
number MOO = 0.8, the most amplified frequency is F = 10 x 10~6.
We considered a suction strip of length A, = 0.2 and uniform suc-
tion of vw = -5 x 10~5 within the strip at Re = 106. The suc-
tion strip was placed at various locations, and the corresponding
predicted transition onset locations at F = 10 x 10~6 were deter-
mined. The same calculations were performed for a blowing strip
with vw = 5 x 10~5. The results of both sets of calculations are
presented in Fig. 1, in which we show variations of the predicted
transition onset Reynolds number (Rex)N=9 with the Reynolds
number (Rex)c, which is based on the distance from the leading
edge of the flat plate to the center of the mass-transfer strip. The
three vertical lines in Fig. 1 represent the locations of branch I, the
maximum growth rate, and branch II of flow over an impermeable
flat plate. The horizontal line is the predicted transition onset loca-
tion of flow over an impermeable flat plate/Figure 1 clearly shows
that the optimal stabilizing location of the suction strip is slightly
downstream of branch I of flow over an impermeable flat plate.
Furthermore, the most destablizing location of the blowing strip is
also slightly downstream of branch I of flow over an impermeable
flat plate.

Next, we present results that simulate wideband (natural) tran-
sition. To do so, a mass-transfer strip with a certain level of mass
transfer and placed at a certain location is considered, and the low-
est predicted transition onset Reynolds number over all frequencies
is determined along with its most amplified frequency. Such cal-
culations were performed for incompressible flow and with a strip
of length X = 0.2 at Re = 106. A high level of suction (vw =
-5.6xlO~4)andthreelevelsofblowing^ = 0.5xlO~4, IxlO'4,
and 5 x 10~4 are considered. These levels of suction and blowing are
high compared with those used in the calculations for Fig. 1. How-
ever, they are on the order of those used in laminar flow control. The
mean flow calculations at such levels of suction and blowing are ac-
curate because the IBL accounts for the viscous-inviscid interaction.
The results of the calculations are shown in Fig. 2. If we compare
Fig. 2 with Fig. 1, then we notice that the most stabilizing location
of a suction strip (which was slightly downstream of branch I with
single-frequency transition conditions) shifts downstream at wide-
band transition conditions. Actually, the most stabilizing location
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Fig. 1 Variation of predicted transition Reynolds number with Rey-
nolds number based on location of mass-transfer strip for flow at MOO =
0.8, T^ = 300 K, Re = 106, F = 10 x 10~6, and A = 0.2 with (o) vw =
-5 X 10~5 (suction) and (•) VH, = 5 x 10~5 (blowing).
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Fig. 2 Variation of predicted transition Reynolds number with Rey-
nolds number based on location of mass-transfer strip for incompress-
ible flow at Re = 106 and A = 0.2.

of a suction strip is downstream of the maximum growth rate point
(the vertical dashed line in Fig. 2) of the most amplified frequency
of incompressible flow over an impermeable flat plate (i.e., the max-
imum growth rate of F = 26 x 10~6). This determination of the
optimal stabilizing location of a suction strip at wideband transition
conditions agrees with the findings of Masad and Nayfeh.9 On the
other hand, the most destabilizing location of the blowing strip (also
slightly downstream of branch I at single-frequency transition con-
ditions) shifts upstream under wideband transition conditions. By
increasing the blowing level within the strip, the most destabilizing
location of the blowing strip moves further upstream of branch I
of the most amplified frequency (F = 26 x 10~6) for incompress-
ible flow over an impermeable flat plate. The destablizing effect
of blowing and stabilizing effect of suction were noticed in low-
speed laminar flow control experiments such as the experiments of
Reynolds and Saric10 and Saric and Reed.11

In summary, the optimal destabilizing location of a blowing strip
in subsonic flow for single-frequency (controlled or forced) tran-
sition conditions is slightly downstream of branch I of the consid-
ered single frequency. For wideband (natural) transition conditions,
the optimal destabilizing location of a blowing strip is upstream of
branch I of the most amplified frequency for flow over an imper-
meable flat plate. For wideband transition conditions, an increase in
the blowing level within the strip moves the optimal destabilizing
location upstream.
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Introduction

A CTIVE control using actuators to obtain high accuracy of the
static shape of large space structures is proposed. Unlike vi-

bration control, high-control performance in static shape control is
primarily determined by actuator location. A great deal of effort has
been made in the last few years on techniques for solving for the opti-
mal actuator placement or the integer optimization problem.u What
seems to be lacking, however, is to evaluate the fault tolerance of
the obtained actuator placement. In this Note, actuator failures are
taken into consideration in the process of optimization.3 In space
applications actuator failure may occur, for example, at liftoff of
the rocket, in the process of deployment and construction of the
space structures and during operation of the actuators. Because it is
so costly to repair or exchange a failed actuator in space, the actu-
ators should be located so as to meet mission requirements even in
the event of failure.

In this Note, actuator failure models are classified and their formu-
lation is given. The optimization problem in this study is explained,
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and the results of computational simulations using a realistic exam-
ple are discussed. The genetic algorithm (GA) method is used as the
optimizer in these simulations.

Optimal Shape Control Law
It is assumed that static distortion has occurred due to errors in

the element length of truss structures e. When the system is assumed
to be linear, the sensed distortion u is obtained as4

u = ye + BO = f + BO (1)

where V is the distortion caused by the length errors of the truss
members, 9 is the vector of actuations of the actuators, and ̂  and
B are the matrices which represent their effects. The quadratic dis-
tortion measure can be expressed by a proper weighting matrix W
as follows:

The actuators are controlled such that the quadratic measure is mini-
mized based on the measured distortion, then the residual distortion
and distortion measure after the optimal .control become

8 = iiopt = (/ - RA~1BT (3)

(4)

where A • '= BTWB. The effectiveness of the shape correction is
measured by, e.g.,4

(5)

where E[] denotes the expectation, tr[] refers to the trace of ma-
trix[], and C^ is the covariance matrix obtained from the co vari-
ance matrix of e.

Actuator Failure Models
Classification

Actuator failure models are considered in this section.3 They
may be divided into two main types as control system can iden-
tify the failed actuator A-l, and control system can not identify
the failed actuator A-2. They can be further classified into the fol-
lowing three types, when an actuator is failed, the failed actuator
fastens the member B- 1 , the failed actuator releases the member B-2,
and the failed actuator actuator out of control B-3. Moreover, B-l
may be grouped into the following: the length of the failed active
member is fixed to the initial length, in other words, it is regarded
as a passive member B-l -1, and the length is fixed to the last length
under control B-l -2, namely, it is regarded as the passive member
whose length error is superimposed with the last actuated value of
the actuator, where it is understood that the control effectiveness is
not affected by the actuator's stiffness provided its stroke is long
enough.2 We can divide B-3 into two types: the actuated value of
the failed actuator is correlated with the control value B-3- 1, and
the actuated value is not correlated with the control value B-3-2.

Formulation
In this Note, we concentrate on the simplest failure model: A-l

and B - 1 - 1 . The number of failed actuators is assumed to be only one,
though it is easy to extend the analysis to several failed actuators.
Similar to Haftka and Adelman,1 this section develops a rigorous
evaluation of the control measure, Eq. (5), due to removing one ac-
tuator. Removing the zth actuator can be simulated by performing
the minimization of Eq. (2) under the constraint that ft = 0. Em-
ploying Lagrange multipliers, we search for stationary points of fa
where

= uTWu-2XeT
fie (6)

where efi is a vector with unity in the zth row and zeros elsewhere,
and eT

fiO = ft-. From stationary conditions, the distortion measure,
Eq. (2), becomes

(7)


