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Four-Channel Suction Distribution Optimization Experiments
for Laminar Flow Control

M. C. M. Wright¤ and P. A. Nelson†
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Further developmentsof a system for smart suction management for hybrid laminar � ow aircraft are presented,
wherein the energy saved by reducing drag must be balanced against the energy expended in providing the suction.
Experimental results are presented, whereby the streamwise distribution of suction velocity over a � at plate in a
wind tunnel is automatically adjusted so that the laminar–turbulent transition point, which is detected by an array
of surface-mounted microphones, is maintained at a desired point and the suction pump energy required to keep
it at that point is minimized.

Nomenclature
D = distance between microphones
e = transition position error
g = pump energy cost
J = Lagrangian function
k = time step index
M = number of microphones
N = number of suction panels
h p i = rms average pressure
r = desired transition position
T = averaging time for rms measurements
U 1 = mean � ow velocity
u i = i th suction velocity
u ¤ = optimum suction vector
vi = i th pump control voltage
y = distance from leading edge to transition
a = error reduction parameter
k = Lagrange multiplier
l = step size parameter

Introduction

I T is well known that relatively small amounts of suction applied
to the laminar part of a boundary layer can signi� cantly delay

the transition to turbulence and, hence, reduce drag. If a transport
aircraftwere to be designedfrom the outset to take advantageof this
effect, it could have very low drag indeed.1 This is particularly true
if the engine size could be reduced because less propulsion would
be needed in cruise, and the fuel load could be reducedbecause less
fuel would be needed. In practice,this is unlikelyto becomea reality
in the near future for two reasons. First, the economics of transport
aircraft dictate that radically new designs are unlikely in the near
future and that new models will continue to be derivatives of past,
proven designs. Second, to take advantage of the potential savings
in engine size and fuel weight, the suction system would have to be
guaranteed to produce the promised drag reductions regardless of
conditions. For these reasons the aircraft most likely to use suction
� rst will probably be similar in con� guration to existingdesignsbut
use suction in combination with naturally laminar geometry, that
is, hybrid laminar � ow.2 Under these conditions the savings in drag
will be much lower than that which the ideal theory might predict
and may well be low enough that the energy spent in providing
the suction will be an appreciable fraction of the propulsive energy
saved through the reduction in drag.3 In fact, it could, in principle,
be larger. This has been shown for the idealized case of a � at plate
with uniform localized suction4: As suction is increased, the total
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energy required to overcome drag falls, reaches a minimum, and
then increases.

In many commercially proposed � ight test implementations of
hybrid laminar � ow control,multiple suctionpanels are used, a typ-
ical example being the Airbus A320 hybrid laminar � ow � n.5 This
paper addresses the problemof determining the optimal suctiondis-
tribution on such a multiple-panelsystem so as to minimize overall
energy consumption. To determine the optimal transition position
for the boundary layer, it is necessary to be sure that the minimum
amount of energy is being spent on suction at every trial transition
point. Furthermore, there may be overridingaerodynamicconsider-
ations (such as the necessity of avoiding separation) that constrain
the transition point. In either case, there is a necessity for a proce-
dure to determine the optimal suction distribution that maintains a
given transition position for the minimum expenditure of suction-
pump energy.A preliminaryinvestigationof this problemwas given
in a previous paper6 for the case of a wind-tunnel model with two
independent suction panels. An algorithm was presented that can
adaptivelysolve the constrainedoptimizationproblem, that is, min-
imize pump energy subject to the constraint that the transition be
maintained at the desired point. In this paper the results of experi-
ments on another model having four streamwise suction panels are
presented.It is shown that the same essentialalgorithmcan optimize
the four-channel suction distribution but that a signi� cant modi� -
cation to the Lagrange multiplier update strategy is necessary if the
system is to remain stable. With four suction panels it is possible,
for the � rst time in an experimental context, to see how the shape
of the optimal suction distribution varies with the desired transi-
tion position. It is also possible to optimize suction off-line by the
use of a suitable computational � uid dynamics transition prediction
scheme. This has been implemented by Balakumar and Hall,7 us-
ing a procedure that, in contrast to that described here, maximizes
transition delay for a given expenditure of suction energy.

Optimization Problem
The formulationof theconstrainedoptimizationproblemhasbeen

given in some detail6 , 8 but will be brie� y recapitulatedfor easy ref-
erence. The speed of the pumps is controlled by a vector of con-
trol signals vT that induces a vector of suction velocities given by
uT = (u1 , u2 , . . . , u N ) numberedfrom leadingedge to trailing edge.
The dependenceof the suctionvelocities u on the pump control sig-
nals v is suf� ciently close to linear, and u and v are suf� ciently in-
dependentof each other that there is a one-to-onemapping between
the two. This means that it is suf� cient to optimize the control sig-
nals and measure the corresponding suction velocities to � nd the
optimal suction velocities.

For a given, � xed mean � ow velocity, each suction distribution v
will result in a laminar–turbulent transition position y(v) and will
consume suction pump energy g(v). To place the transition posi-
tion so as to maximize the overall energy saving, it is necessary,
at every candidate position, to adjust the suction distribution so
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as to minimize the energy cost required to achieve that transition
position. We, therefore, have a constrained optimization problem
for every desired transition position r : Minimize g(v) subject to
e(v) = y(v) ¡ r = 0, where r =0 corresponds to y = 0. If the solu-
tion to such an optimization problem is denoted by v¤ with corre-
spondingoptimalsuctionvelocitydistributionu ¤ (v¤ ), then for every
multiple-panelsuction system there will be a family of optimal suc-
tion distributionsu ¤ (r ) that will, in turn, depend on pressure gradi-
ent, etc. The most idealizedcase of such a family of problemsmight
correspond to a � at plate and a quadratic cost function that we have
previously considered.6 , 8 It is unrealistic, however, to expect to be
able to draw general conclusions from the optimal distributionsob-
tained in this case because changing either function would require
a new set of optimal distributions to be calculated. The response
function y(u) would change with, for example, mean � ow speed,
the pressure distribution over the body, the location of the suction
panels, and so on. Although it is useful to be able to determine the
most ef� cient place on the aircraft to apply suction, for a retro� t
solution the feasible locations for suction panels may be severely
constrained.Furthermore, some factors, such as the pressure gradi-
ent, may change during � ight. Similarly, the true cost effectiveness
of the suction strategy depends on an accurate model of the en-
ergy cost g(u) associated with each suction distribution,and if this
changes (which it may do with temperature, for example), then the
optimal suction distribution may also change. For these reasons an
adaptive scheme has been developed that continually updates v so
as to track the optimal suction distribution.

Note that, although we can reasonably assume that @y /@vi ¸ 0
and @g / @vi ¸ 0 for all i , this is not enough to guarantee that the
family of optimization problems will not have local optima, and
for this reason so-called novel algorithms have been tested on this
problem, in particular simulated anneallingand genetic algorithm.9

Optimization Algorithm
As previously expounded,6, 8 the optimization problem can be

iteratively solved by forming the Lagrangian function at the kth
iteration:

J (v) = g(v) + k e(v) (1)

by using an estimate of the Lagrange multiplier given by

ˆk k =
¡ l r gT

k r ek + (1 ¡ a )ek

l r eT
k r ek

(2)

and minimizing the Lagrangian by steepest descent:

vk + 1 = vk ¡ l r Jk (3)

The parameter l determines the step size for the gradient descent,
and the parameter a determines the relative importanceof minimiz-
ing e and g.

It has been found experimentally that the Lagrange multiplier
estimate can be extremely sensitive to noise in the measurement of
the error gradient r e. Therefore, in the experiments reported here,
the Lagrange multiplier estimate was updated according to

k k = ( k k ¡ 1 + ˆk k ¡ 1) /2 (4)

This has the effect of damping out errors in the estimate of the
Lagrange multiplier because any deviation from the current value
would have to be persistent to permanently change the value of k
used for the update.The effect of this improvement is demonstrated
in the Results section. Furthermore, because Eq. (2) is singular for
r ek =0, the Lagrange multiplier was not updated at all if r eT

k r ek

fell below a suitably chosen threshold value. Finally, the suction
pump voltages were hard limited at values correspondingto suction
velocities of 0 and 0.05 ms ¡ 1; any values outside this range were
clipped to the appropriate limit.

Fig. 1 Diagram of the � at plate with embedded suction panels and
microphones.

Experimental Arrangement
The algorithm was tested on an aluminum, 1100 £ 230 £

25.6 mm � at plate, with an elliptical leading edge 100 mm long,
followedby fouradjacent,identicalsuctionpanels,facedwith a 200-
mm continuous sheet of laser-drilled porous titanium sheet, having
0.1-mm-diam holes randomly spaced by 1 mm, giving an open area
of 0.78%, supplied by Aerospace Systems and Technologies.

Connectionswere provided to both sides of the suction panels to
aid in uniformsuctiondistributionover the whole span of the porous
surface. Each of the individual suction panels was connected to an
Esam Uni-Jet 40 CE 250-W side-channel aspirator pump via a Mi-
crobridgeAWM5103V air� ow sensor. The speed of each pump was
controlledfroma personalcomputervia a Eurothermtype601 three-
phase inverter. The experimental apparatus is shown in schematic
form in Fig. 1. The pump speed control voltages v were scaled so
that a range of 0–5 V corresponded to a suction velocity range of
approximately 0–0.05 ms ¡ 1 .

The plate was installed in a wind tunnel having a 0.305 £ 0.23 m
(11 £ 9 in.) working section, 1.5 m in length. The maximum � ow
velocity that could be produced in the working section was 20 ms ¡ 1,
and the associated turbulence level was about 0.8%. For the experi-
ments reported here the mean � ow velocity was 10 ms ¡ 1 . The walls
of the tunnel were shaped as shown to place the suction panels in
an adverse pressure gradient.

The transition position was monitored by the use of surface-
mounted Panasonic electret microphones (permanently charged
condenser microphones) as described in previous work.10 , 11 The
microphone signals were high-pass � ltered at 800 Hz to remove
the noise from the wind-tunnel fan and then sampled at 5 kHz for
2 s. The estimated displacement of the transition position of the
boundary layer was obtained from

yk = [M ¡
M

m̂ = 1

h p(m) i k

h p(m) i 0 ] D (5)

where h p(m) i 0 is the rms pressure � uctuation on microphone m
when no suction is applied and D is the distance between mi-
crophones. This expression effectively counts the number of mi-
crophones that have been silenced by the suction. (In reality, of
course, the microphones detect pressure � uctuation pseudosound
rather than true sound.) Previous studies of this techniqueof transi-
tion estimation12 , 13 have shown that this technique is reliable for a
� at plateexperiment.Note that,when thebodyhasa signi� cantpres-
sure gradient, the level of pseudosoundpower measured beneath the
turbulent boundary layer just after transition is signi� cantly higher
than that measured farther downstream. The technique can still be
used in these situations, but it is then necessary to apply a thresh-
old function to the microphone rms levels to remove this source
of bias and, therefore, to increase the number of microphones to
achieve the same resolution.In other words, each microphone is ef-
fectively an on–off turbulencedetector. In the experiments reported
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here, six microphones spaced 100 mm apart were monitored, the
� rst microphone being located 50 mm downstream of the last suc-
tion panel. The conceptualorigin of the transition diplacement y is,
therefore, 50 mm upstream of the downstream edge of the last suc-
tion panel (Fig. 1). The natureof the transitionestimationprocedure
dictates that this variable cannot be unambiguously interpretedas a
transition position when either all of the microphones are silent or
all of the microphones are noisy. The useful operating range of
the system is, therefore, from 0.1 to 0.5 m from this origin. The

Fig. 2 Transition delay vs cost scatter for an exhaustive range of distributions (top-left-hand panel) and for settled controller (subsequent panels);
the modeled cost is identical to the pump energy function g(v).

Fig. 3 Development of suction distribution induced by the algorithm when r = 0.2 m, that is, time histories of the four suction velocities superimposed.

simpli� edmodel g of theenergycostusedwas the sum of the squares
of the suction velocities, as measured by the air� ow sensors. The
gradients r e and r g were estimated by alteringthe suctionvelocity
at each panel in turn by §0.004 ms ¡ 1 and measuring the resulting
changes in e and g.

The speci� ed accuracy of the � owmeters was §3% of their read-
ing, and the pump control system adjusted the pump speed until the
� owmeter reading was within 1% of the required value. The transi-
tion estimations were repeatable,with a standard deviation of 1 cm.
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Fig. 4 Development of suction distribution induced by the algorithm when r = 0.4 m.

Fig. 5 Development of suction distribution induced by the algorithm when r = 0.2 m but without Lagrange multiplier damping.

Results
Each suctionpanelwas stepped through six levelsof pump speed,

correspondingto an approximate range of suction velocities from 0
to 0.05 ms ¡ 1 so that 64 =1296 different suction distributions were
applied. For each of these, the transition position and energy cost
was recorded, and they are plotted against each other in the � rst
panel of Fig. 2. The bottom edge of this cloud of points, therefore,
indicatesthe minimumenergycostneededto achieveeach transition
position.The ratio of the top edge to the bottomedge at any horizon-
tal position gives the potential energy savings available through the
use of distribution optimization.The goal of the optimization algo-
rithm (in terms of this graph) is to seek out the lowest point within
the cloud on a given vertical line whose horizontalcoordinate is the
desired transition position.

The algorithm was then run seven times, each time with a differ-
ent value of desired transition position. Each run consisted of 100

iterations; at the starting point in each case, 4 V was applied to each
pump speed controller,correspondingto an approximatesuctionve-
locity distribution of uT = (1, 1, 1, 1) £ 0.04 ms ¡ 1. At this point, k
was updated only if r eT r e was greater than 500. In the subsequent
panels of Fig. 2, the attainedvalues of transitionand cost are plotted
against each other for the second 50 iterations of each run, and the
desired transition r is shown by a vertical line.

Figures 3 and 4 show time historiesof the suction velocitypro� le
for the trials with r = 0.25 and 0.4 m, respectively.Figure 5 shows a
similar time historyfor a trial without the Lagrange multiplierbeing
damped, that is, with the multiplier updated accordingto k k = ˆk k ¡ 1

instead of Eq. (4).
Figure 6 shows the suction distributionschosen by the algorithm

for each value of r , that is, an estimate of u¤ (r). For reasons dis-
cussed hereafter, these are the averages of the last 30 suction distri-
butions.
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Fig. 6 Estimated family of optimal suction distributions u ¤ (r) found
by averaging the last 30 iterations of the algorithm for each trial.

Discussion
A comparison of Figs. 3 and 5 shows that the damping of the

Lagrange multiplier [Eq. (4)] is effective in preventing sudden dis-
turbances to the controller state.

Figure 2 shows that the algorithm is capable of maintaining the
transitionat or close to a desiredpoint while minimizing the suction
energyrequired to do so. The relativevariationin transitionand cost
varies with r . When r is small, the transition point is very sensitive
to suction so that a small change in u causesa large change in y. Fur-
thermore, there are relatively few suction distributions that produce
such a small transition delay, and so for the case r = 0.25 m, for
example, the variation in y is larger than the standard deviation for
steady suction. This is because equality-constrained optimization
problems are necessarily ill conditioned at their optima, where the
constraintsare parallel to the cost contours,14 as can be readily seen
in the two-dimensional results presented previously.6 This causes
the system to hunt at an optimum. It would be simple, in practice, to
modify the system so that once it was suf� ciently close to an opti-
mum it stopped adapting. Nevertheless, the variation in u once the
algorithmhas convergedand hence the variation in g are both small.

Becauseof the relativelysmall numberof steps in suctionvelocity
taken on each panel to produce the � rst panel of Fig. 2, the suction
distributionsreached by the algorithmfor lower values of r actually
lie outside the envelope of all suction distributionsused to produce
Fig. 2. In other words, even a search through 1296 different suction
distributions did not � nd as ef� cient a suction distribution as 30
iterations of the algorithm.

When r =0.4 m, however, there are many differentsuctiondistri-
butionscapableof producingthedesiredtransition,and the variation
in y is small. Still, the variation in u shown in Fig. 4 is signi� cant,
suggestingthat the systemis wanderingbetweentwo states.The cor-
responding scatter diagram in Fig. 2, however, shows that moving
between the states is not apparently detrimental to either the main-
tenance of the transition or the minimization of the energy cost.

Because of this potential wandering effect, the optimal suction
distributionu ¤ chosenby thealgorithmwas takento betheaverageof
the last 30 samples rather than the � nal value given. Figure 6 shows
that this optimum does not scale linearly with the desired transition
position r , which indicates the desirability of such an optimization
procedure to maximize the ef� ciency of practical implementation.

Conclusions
A procedure for optimizing the distribution of suction so as to

minimize the suction energy used to provide a given level of tran-
sition delay and, hence, drag reduction has been presented and suc-
cessfully demonstrated in a series of experimental results. The pre-
viously presented optimization algorithm has been modi� ed by the
addition of Lagrange multiplier damping, and this has been shown
to prevent potentially undesirable behavior of the algorithm and to
enhance its suitablity for this class of problems. A new and impor-
tant, though unsurprising,result is that the family of optima for this
problem is not merely linear scalings of one distribution, that is,
the optimal distribution changes shape as well as magnitude as the
transition point is moved farther back.

In future work we propose to implement the procedureon a larger
wind-tunnel model that will be capable of providing absolute drag
force measurements as well as transition position estimates. In this
way the algorithm can be used to explore the true power balance
and fully optimize the energysavingspromisedby the applicationof
suction in a manner applicable to full-scale aircraft demonstration.
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