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Laminarization of Turbulent Boundary Layer
on Flexible and Rigid Surfaces
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An investigation of the control of turbulent boundary-layer � ow over � exible and rigid surfaces downstream
of a concave–convex geometry has been made. The concave–convex curvature induces centrifugal forces and a
pressure gradient that affect the growth of the turbulent boundary layer. The favorable gradient is not suf� cient
to overcome the unfavorable one; thus, the net effect is a destabilization of the � ow into Görtler instabilities. This
study shows that control of the turbulent boundary layer and structural loading can be successfully achieved
by using localized surface heating because the subsequent cooling and geometrical shaping downstream over a
favorable pressure gradient are effective in laminarization of the turbulence. Wires embedded in a thermally
insulated substrate provide surface heating. The laminarized velocity pro� le lowers the Reynolds number, and it
reduces the structure loading. In the laminarization, the turbulent energy is dissipated by the molecular transport
due to both viscous and conductivity mechanisms. Laminarization also reduces spanwise vorticity because of the
longitudinal temperature gradient of the sublayer pro� le. The results demonstrate that the curvature-induced
mean pressure gradient enhances the receptivity of the � ow to a localized surface heating, a potentially viable
mechanism to laminarize turbulent boundary-layer � ow; thus, the laminarized � ow reduces the response of the
� exible structure and the resultant sound radiation.

I. Introduction

T URBULENT boundary-layercontrol is achievableexperimen-
tally by usinga localizedsurfaceheating in a regionof pressure

gradient. Localized heating (in gas) leads to an increase in stabil-
ity and the critical Reynolds1 number. A new velocity pro� le is
formed to adjust to the laminarized Reynolds number, which results
in lower skin friction and structural loading.This adjustmentoccurs
naturally in a high-speed � ow and causes a hypersonic � ow to be-
come laminar and a hot jet to be quieter than a cold jet. The present
experiment is designed to demonstrate the feasibility of � ow stabi-
lization for subsonic boundary-layer � ow by means of a localized
surface heating. Laminarization is achieved by the natural cooling
of the � ow downstream of a heated wire strip placed on a concave
surface. The effectivenessof the techniquedepends on the pressure
gradient, the temperature gradient, and the Reynolds number. The
couplingbetween the heat � ux and the streamwisepressuregradient
in� uences the stability suf� ciently to reverse the state of the � ow
from turbulent to laminar.

The shear � ow over a concave surface is subject to centrifugal
instability whose inviscid mechanism was given � rst by Reynolds1

(1884) and Rayleigh2 (1916) and in recent works by Narasimha
and Sreenivasan,3 Hoffmann et al.,4 Hall,5 Floryan,6 Maestrello and
El-Hady,7 and Bayliss et al.8 These works have indicated that the
� ow over a concave surface is potentiallyunstable, resulting in two-
and three-dimensionaldisturbances,whereas the � ow over a convex
surface is stabilizing.The overall effect of the surface curvature on
the � ow cannot be predicted a priori; it depends on the parameters
of the � ow and initial disturbance.

In the past decade, the study of nonlinear and chaos control has
attracted much attention.9¡15 Recently, investigations have shifted
to spatiotemporal systems to control pattern formation including
turbulence. Turbulence remains an extremely important problem
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in engineering and in other � elds of science and is an example
of spatiotemporal chaos. The deterministic and chaotic responses
need to be distinguished from stochastic behavior. Typically, ran-
dom behavior can arise in a number of ways, but actually, the
behavior is the result of deterministic chaos that appears random
because of the lack of suf� cient information about initial starting
condition.9;10;14 Vibration control using an actuator for stabilizing
panel vibration satisfying a nonlinear beam equation is studied by
Chow and Maestrello16 with a perturbation technique. The vibra-
tion control principle can also be applied to other problems such
as nonlinear wave propagation and � ow stability and control. A
potentially less restricted method of control is by passive surface
heating17; Maestrello and Ting12 analyzed this problem by using
the method of matched asymptotesas a “triple-deck”problem. This
analysis con� rmed that a small amount of localized surface heat-
ing can excite local disturbances that increase the momentum near
the wall and reduce the displacement thickness and, as a result of
downstream cooling, can laminarize the turbulent � ow.

In thispaper,theeffectof a localsurfaceheatingand thecurvature-
induced pressure gradient on the growth of the turbulent boundary
layer is studied. In particular, with the use of a wire strip on the
concave portion of the surface, the � ow behavior resulting from an
imposedsteadylocalizedheating is investigated.The boundarylayer
is turbulent,nearly two dimensional in the mean; three-dimensional
centrifugal instability is created by the largest eddies present in the
� ow approachingthe concaveportionof the surface.Centrifugalef-
fects can be categorized into three types: 1) change in the turbulent
structure induced by the wall curvature, 2) generation of longitudi-
nal vortices, and 3) effect of the longitudinal vortices on turbulent
structure. Over the concave portion of the surface, vortex cells are
triggered by the interaction between the centrifugal instability and
the level of � uctuations created by the eddies in the boundary layer.

Structural vibration and the resulting sound radiation can also
be controlled by suppressing waves on the structure rather than by
controlling the boundary layer itself. One method uses the so-called
rubber wedges designed to attenuate waves incident and re� ecting
from the boundaries.Laboratory testing using rubber wedges at low
� ow speed and � ight testingon a Boeing 727 airplaneat Mach num-
ber 0.85 and altitude of 930 m show 15 and 8 dB, respectively, of
broadband acoustic power reduction.The added mass for the mod-
i� ed boundaries was approximately 30% of the panel weight.18;19

The analysis is concerned with passive control by localized sur-
face heating, and the experimentbegins with measurementsof local
� uctuations and mean velocities, followed by the distributionof the
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average temperature cooling downstream of the heating wire, then
the sequence of Görtler vortices during laminarization stages, and
� nally the � uctuationsand mean velocityof the uncontrolledand the
controlledboundarylayer.The analysisof controlby surfaceheating
is given in Sec. II. Section III describes the con� guration geometry
and instrumentation.Results on the controlof Görtler instabilityand
the laminarizationof the boundary layer and the structural response
are described in Secs. IV.A and IV.B, respectively.

II. Flow Analysis of Localized Surface
Heating and Downstream Cooling

Flow analysis of localized surface heating was developed by
Maestrello and Ting12 based on the pioneering work of Liepmannn
et al. at the California Instituteof Technology.17 They demonstrated
experimentally that localized periodic active surface heating can be
used to excite controlledboundary-layerdisturbanceseither to can-
cel or to trip the Tollmien–Schlichting waves. A heuristic argument
was presented12 to explain the equivalence between heat � ux and
effective normal velocity at the wall because the coupling between
the thermal and mechanical effects is provided by the dependence
of viscosity on temperature. The governing � ow equations are pre-
sented as an indicator of the important parameters. The equations
are not used to calculate trends for localized surface heating on
turbulent � ow over a concave–convex surface.

Localized surface heating in air alters the growth of the � ow in-
stability by subsequent cooling downstream. As a result, the � ow
stability is increased by the modi� cations of the velocity and pres-
sure distribution.The analysismust begin with the energy equation,
even for incompressible � ow. The problem deals with a change in
thermal boundary conditions, which in turn creates a disturbance
� eld in the boundary layer. The thermal sublayer is assumed to be
much less than the local boundary layer and is analyzed by the in-
tegral equation method for steady two-dimensional incompressible
� ow.

Qualitative effects on the stabilizationof the boundary layer due
to localized heating with subsequent downstream cooling were ob-
tained for air because the viscosity ¹ increases with temperature T ,
that is,

d¹

dT
> 0

Surface heating with subsequent downstream cooling changes the
velocity pro� le due to the dependence of viscosity on temperature.
An extra term (d¹=dT ) (@T=@y/ (@u=@y) appears on the right-hand
side of the momentum equation for an incompressible boundary
layer, where y is the coordinatenormal to the surface.Here ¹, T , u,
and y are nondimensional quantities, and u is the velocity. For the
experimentalresults(Sec. IV), thin wire strips areheatedelectrically
by an electriccurrentwith frequency!. With the power proportional
to cos 2!t , the temperature of a heating strip Tw can be written as
T0 C 2T1 cos 2!t , where T0 is the adiabatic wall temperature. The
temperature derivation becomes

1T D Tw ¡ T0 D T1 C T1 cos 2!t (1)

and is composed of a steady term T1, an oscillatory term with am-
plitude T1, and frequency2!. It is clear that both the steady and the
oscillatory terms can contribute to boundary control but that they
play different roles. In this paper we shall carry out the � rst step, the
effect of steady disturbance. We shall use the method of matched
asymptotics to relate the temperature, velocity, and pressure distur-
bances to the local surface heating. It is well known that a change
of boundary condition creates a disturbed � ow� eld in the boundary
layer. The local disturbed � eld can be subdivided into three layers
known as the triple deck governed by different sets of approximate
equations for each deck and joined to each other by the matching
conditions.The triple-deckanalysishas been applied to many prob-
lems in boundary layers with sudden changes of wall velocity or
external pressure.20;21 The present problem differs from those be-
cause we have a sudden change in thermal boundary condition.12

The formulation of the lower portion of the triple deck, the viscous
layer, is outlined in this section. The second step is the use of an

Fig. 1 Pressure distributions induced by steady surface heating.

active external force that was recently applied to control synchro-
nization on structure forced by turbulent boundary layer and sound
and to control screech tone.14;15;22

The analysis begins with the energy equation for an incompress-
ible � ow. The governing equations in dimensionless quantities for
u.2/.x; y; t/, v.3/.x; y; t/, T .1/.x; y; t/, and p.3/.x; t/, correspond-
ing to velocities u and v, temperature T , and pressure p for the
lower deck, are shown as follows, with the superscripts indicating
the order of the perturbation in the expansion schemes and identi-
fying the correspondingpower of the expansionparameter ", where
" D .Re/¡1=8:

u.2/
x C v.4/

y D 0 (2)

u.2/
t C ¯yu.2/

x C ¯v.4/
y D ¡p.3/

x .x; t/ C u.2/
yy C 3¯T .1/

y (3)

T .1/
t C ¯yT .1/

x D .Pr/¡1T .1/
yy (4)

p.3/
x .x; t/ D 1

¼

Z 1

¡1

A» .»; t/ d»

x ¡ »
(5)

where 3 is equal to d .º/=d .T /, Pr is the Prandtl number at T0,
and ¯ is the slope of the velocity pro� le at the wall. The variationof
viscosity with temperature in the momentum equation, because it is
associated with the pressure gradient, becomes the mechanism that
effectively alters the turbulent boundary layer, that is, the forcing
term 3¯T .1/

y . For the Blasius pro� le, ¯ equals 0.33206. Notice the
3¯T .1/

y dependencyof u and T due to the forcing term for u.2/, v.4/,
and p.3/ . The term Ax .x; t/ is equal to @ A.x; t/=@x and

A.x; t/ D ¯¡1u.2/ .x; y ! 1; t/

The pressure gradient p.3/
x .x; t/ is a Hilbert transform of Ax .x; t/

(Ref. 12). On the heating wire, it is assumed that

T .1/ D .Tw ¡ T0/="T0 D 1 C cos !0t

This analysis provides the solution of the velocity and pressure dis-
tributions. If the frequencyis � nite, O(1), the full unsteady analysis
has to be carried out. In the usual linearized incompressible equa-
tions, the unsteady term and the last term in Eq. (2) are absent; the
energy equation for temperature is not needed for the solutionof the
velocity disturbances. A numerical example of the pressure distri-
bution p.3/ D ¡.1p=½U 2

0 "3/ is plotted in Fig. 1 with 1x D 0:75 and
1T D 100±C. (1T is the temperature of the heating strip above the
plate temperature.) Inspection of Fig. 1 indicates that the pressure
distributiondecreasesslightlybelow zero as x increases (x < 0). As
x increasesover the heating strip, the pressuredistributionincreases
rapidly to reach a maximum at the end of the strip. In the down-
stream of the strip, it decreases rapidly as x increases. Heating of
the air destabilizes over the heating strip because d¹=dT is greater
than zero, but it stabilizes downstream of the heating strip due to
subsequentand geometrical shapingdownstreamover the favorable
pressure gradient. The overall values for temperature change 1T ,
Prandtl number Pr, and 3 are given in Table 1 and used to evaluate
Fig. 1. The contribution of the steady-quasi-steadyterms depends
on the size of 1T and d¹=dT , whereas the unsteady terms depend
on frequenciesand phases of the heat source.
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Table 1 Values for temperature
change ¢T, Prandtl number Pr, and ¤

1T , ±C Pr 3

10 0.72 1.535
100 0.72 16.52

Fig. 2 Experimental model; dimensions in meters.

III. Con� guration Geometry and Instrumentation
The experiment is conducted in an open-circuitwind tunnel with

a 38.1 by 38.1 cm test section at a speed of 36.6 m/s on a plate 4.8 m
long(Fig. 2).A portionof theplate is concaveanda portion is convex
with � at regions upstream and downstream (Fig. 2). Upstream, the
plate features an elliptic leading edge with a thickness of 2.54 cm,
and downstream it features a trailing edge with controllable angle
� ap. The concave–convex portion is described by a seventh-degree
polynomial with the � rst three derivatives continuous at both ends.
This degree of smoothness is designed to prevent singularities from
being generated at the points where the surface becomes � at. This
geometry was selected to illustrate the effect of curvature-induced
pressure gradient � ow and � exible structure stability. The concave
portion has an adverse pressure gradient, and the mean � ow de-
celerates, whereas downstream the curvature becomes convex and
produces a favorable pressure gradient and the � ow accelerates.
The surface contains a thermally insulated substrate (space shuttle
tile). The � ow behaviors caused by imposed steady heating from
two wires in the concave portion were investigated. The wires are
nickel–chromium strips with resistance about 4 Ä/m. The wires are
held in positionunder tensionduring the heating and coolingcycles.
The power supplyoperatesin a direct-currentmode in a mannersim-
ilar to that of a previous experiment using leading-edgeheating on
a � at plate.13 The heater current and voltage are continuouslymoni-
tored, and they are used to determinethe totalpower input during the
control cycle. The surface temperature downstream of the heating
wires is measured by a line of thermocouplesplaced along the side-
wall corner of the tunnel test section. Downstream of the concave–
convexcurvature,the surface is � at, and a � exible aluminumplate is
located 40 cm from the curvature. The plate, 45£ 20.3 £ 0.08 cm,
with clamped edges is mounted � ush with the surface and is used
to study the structural loading. The rest of the surface is rigid. A
hot-wire probe, accelerometer, wall pressure transducer, tempera-
ture sensors, and infrared thermography23 were used to evaluate the
� ow and structure response. The infrared thermography technique
is a nonintrusive method to investigate the changes of the Görtler
vorticeswith temperaturegradient.The wind-tunnelgeometry, � ow
quality, freestream turbulent level, and background noise permit a
study of the laminarizationcontrol problemof a turbulentboundary
layer at low speed.

IV. Experimental Results
The mean velocitypro� les, perturbationvelocity,and the infrared

thermogram of the developing vortices over the concave–convex
surface are evaluated. The uncontrolled boundary layer is turbu-
lent upstream and downstream of the curved surface. The concave
surface has a destabilizing effect because it increases the levels of
Reynolds shear stress and turbulent energy and enhances the turbu-
lent mixing, whereas the convex surface has a stabilizing effect on
Reynoldsshear stressesand turbulentenergy level; turbulentmixing
has a decreasing level compared with an equivalent straight shear
layer � ow.

a) Velocity � uctuation

b) Mean velocity pro� le

c) Frictional velocity pro� le

Fig. 3 Turbulent boundary layer at location x1 .

A. Görtler Instability Perturbation Velocity, Mean Velocity,
and Laminarization of Turbulence

The perturbation velocity u.x; t/ vs t, the mean velocity pro� le
y.x/=µ .x/ vs u.x/=U0 , and the frictional velocity u.x/=u¿ .x/ vs
y.x/u¿ .x/=º at location x1 are shown in Fig. 3, where u.x; t/ is the
local � uctuation velocity, y is the coordinate, µ is boundary-layer
displacementthickness,u.x/ is mean local velocity,U0 is freestream
velocity, u¿ .x/ is the local frictional velocity, and º is kinematic
viscosity. The location of x1 is 40 cm upstream of the curvature.
A wind-tunnel condition is chosen from the calibration runs based
on � ow, vibration, and noise quality. From the mean velocity pro-
� les and perturbationvelocity,one can deduce that the uncontrolled
boundary layer is turbulent at freestream velocity, U0 D 36:6 m/s,
and Reynolds number, Reµ .x1/ D 2010. The frictional velocity pro-
� les are comparable with the standard wall law for the turbulent
boundary layer over a � at plate.

The choice of the geometry in Fig. 2 permits laminarizationof the
boundary layer downstream of a concave–convex surface by local-
ized heatingon the concaveportionof the surface.The averagewall
temperature distributions Tw =T0 downstream of the heating wires
decay exponentially with distance to cause the � ow to laminarize,
as shown in Fig. 4. The upper curve in Fig. 4 is the temperature
ratio used to trip transition from a turbulent state, and the lower
curve is the temperature ratio used to maintain a laminar � ow. In
this ratio, Tw is the wall temperature downstream of the heating
wires, and T0 is the ambient temperature of the wind-tunnel wall.
Figures 5a–5f show the infrared thermogram vorticity patterns over
the concave–convex curvature. Figures 5a–5f show the temperature
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Fig.4 Average surface temperature downstream ofheating:——, ratio
to trip laminar boundary layer and – – – , ratio to maintain laminar
boundary layer.

a) Turbulent b) Turbulent

c) Turbulent d) Transitional

e) Laminarized f) Laminarized

Fig. 5 Time sequence of Görtler vortices over concave–convex curvature during laminarization stages.

of the heating elements required to induce transition and to main-
tain laminar � ow. The Görtler vortices originate from the concave
portion of the surface, and they become stabilized over the convex
portion of the surface as the temperature decays with distance. Sta-
bility of the vortices is indicated by the increase in wavelength and
a sudden increase in size as the number of vortices reduces. The
temporal stages toward laminarizationare related to the thermocon-
ductivity gradient of the surface and � ow characteristics. Distinct
features in the time sequences of the vorticity pattern are shown in
each step (Fig. 5). During control stages, the heat � ux through the
wire is gradually increased until the reversion from a turbulent to a
laminar state is established.Then the amount of heat � ux is reduced
by 25% equivalent to 200 W after establishing laminarization of
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Fig. 6 Fluctuation velocity for successive time steps ¢t from turbulent
to laminarized state at location x2 .

the turbulentboundary layer. The analysis in Sec. II can provide the
guidelines.The Görtler patternsstretchdownstreamover the convex
portion with increased stability as the temperature decreases with
distance (Fig. 5a). The perturbations of the � ow over the heating
wires amplify a region of an unfavorablepressure gradient and then
the perturbation decays due to cooling in the region of a favorable
gradient. This reversion in the ampli� cation is due to both geo-
metrical shaping of the curvature pro� le and surface cooling with
downstreamdistance.Figure 5a also indicates that the changingpat-
tern is not two dimensional. In Figs. 5b–5d, the temperature of the
wire increases. (Red indicates the higher and blue the lower temper-
ature.) The decrease in wall temperature with downstream distance
causesdrasticchangesin vorticity;the boundarylayer laminarizesin
the process. In the laminarizedstate only two large vortices remain;
the spatial change is an indicationof stabilization(Figs. 5e and 5f).
The vorticity is concentratedin the core surroundedby a large-scale
motion with small-scale vortices embedded within; it is possible to
recognize successive changes as the wire temperature increases.

The temporal sequences of the velocity perturbations, before,
during, and after laminarization, are shown in Fig. 6 at x2 located
40 cm downstream of the � exible panel. Six successive time-step
intervals 1t are shown, from the turbulent state, time step 1, to
the laminar state, time step 6. The features seen during transition
are like the features seen in a turbulent spot, that is, time step 5.
The perturbationsin time steps 2–4 have a higher amplitude than in
the turbulence in step 1 and should be interpreted as the envelope
of all of the possible types of disturbance ampli� cation. The pro-
cess of laminarizationalso indicatesa change in Reynolds numbers
from Reµ .x2/ D 2728 in the turbulent state to Reµ .x2/ D 983 in the
laminarized state. These changes in perturbationvelocity and mean
velocity pro� les are shown in Fig. 7. The mean pro� le (Fig. 7c)
changes from turbulent in the initial stage to laminarized in the � -
nal stage resembling the Blasius pro� le. The perturbation velocity
changesalso indicatelaminarizationof the turbulence.The displace-
ment thicknessReynoldsnumberReµ .x2/ equal to 2728corresponds
to Re.x/ based on plate length at x2 of over 1 £ 106, which certainly
seems to be a practical value for a turbulent boundary layer over

a) Uncontrolled velocity � uctuation

b) Controlled velocity � uctuation

c) Uncontrolled and controlled mean velocity pro� le

d) Uncontrolled and controlled frictional velocity pro� le

Fig. 7 Turbulent and laminarized boundary layer at location x2 .

a � at plate. This Re.x/ corresponds to about midrange the data
shown in Schlichting’s Fig. 21.2 (Ref. 24). This is the turbulent
� ow that is laminarized.That the laminarized� ow is approximately
one-third as thick as the corresponding turbulent � ow also agrees
with Schlichting’s Fig. 21.2 if such � ow could be attained at that
Re.x/. During the control stages, as heat on the wire strips increases,
the boundary layer at x1 becomes intermittently turbulent with an
oscillation in Reµ .x1/ between 5 and 15% from its original value.
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Fig. 8 Response of the panel structure forced by turbulent and lami-
narized boundary layers.

The pressure gradient in the control region of the heating wires
and downstream is essential to maintain the coupling between the
thermal gradient and the sublayer because coupling the heat input
with the � ow at zero pressure gradient is virtually impossible. This
important feature “pressure gradient” is indicated on the right-hand
side of the momentum equation (2) with viscosity as a function
of temperature. The rate of cooling with distance is the stabiliz-
ing mechanism; as a result, the critical Reynolds number increases.
There is no boundedlimit on how far laminarizationcan be extended
because the stability increaseswith the increasingratio between the
localheat � ux and the thermalconductivityand the temperature.The
whole laminarization process looks like transition to turbulence in
reverse as can be observed from a � xed point.

B. Panel Structure Response and Control
The responseof the panel is inducedby the convectingboundary-

layer loading,both turbulentand laminar. The static pressurediffer-
ence across the panel is 2.5 kg/m2 , and the static de� ection is less
than the panel thickness.The pressuredifferencehas an effect on the
structural response. The response is measured by an accelerometer
at the panel center.

The normalized power spectral density G. f / of the accelera-
tion for the turbulentand the laminarized boundary-layerloading is
shown in Fig. 8. No attempt is made to measure the spatiotempo-
ral response. The spectrum is dominated by the lower frequencies,
an expected result for low-speed boundary-layer loading. The con-
trolled spectrum has a lower amplitude than the uncontrolled one;
their differences increase with frequency (Fig. 8). At the low fre-
quencies, the reduction in power is approximately 7 dB, at high
frequencies, more than 10 dB. Laminar boundary-layer loading re-
duces the structural response with respect to the turbulentboundary
layer. The acoustic background noise of the facility did not permit
measurement of the acoustic power (radiated) by the panel. From
the response, one expects that the acoustic spectrum will be domi-
nated by the low frequencieswith a lower level for the laminarized
boundary-layer loading than for the turbulent one. Larger differ-
ences in structural response are expected for higher speed � ow be-
cause the convected waves of the panel dominate the response over
a wider bandwidth.

V. Conclusions
An investigation of the control of the turbulent boundary layer

over rigidand� exiblesurfacesdownstreamof a concave–convexge-
ometry was made. Heating was applied at the concavesurface.Pres-
sure gradient forces crucially in� uence the control of turbulence.
The Görtler spatial pattern that extends over the curved surface is
marked by changesof vorticityover time. The physical signi� cance
is that the coolingpatternover a favorablepressuregradient is a gain

instabilityof the� ow. LaminarizationreducestheReynoldsnumber,
spanwisevorticity,wall pressure� uctuations,andstructuralloading.
The effectivenessof the techniquedependson the pressuregradient,
the temperature gradient, and the Reynolds number. The coupling
between the heat � ux and the streamwise pressure gradient in� u-
ences the stability suf� ciently to reverse the state of the � ow. The
drawback of using such a control system is that the power required
can be higher than the power reduction in the system response.
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