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Measurement and Analysis of the Flow� elds
Induced by Suction Perforations

D. G. MacManus¤ and J. A. Eaton†

National University of Ireland, Galway, Ireland

The � ow physics of laminar � ow control suction surfaces is revealed by performing a detailed fundamental
experimental investigation of an isolated suction perforation. A unique series of nonintrusive, high-resolution
measurements are obtained using a three-component laser Doppler velocimetry system, and experiments are
conducted in a low-speed, low-turbulence wind tunnel. The suction perforation � ow� elds are mapped for a range of
sub- and supercritical suction rates and are found to be highly three dimensional.A rich variety of � ow� eld features
is observed, including a pair of counter-rotating longitudinal vortices, multiple corotating longitudinal vortices,
spanwise variations of the mean � ow, and inherently unstable boundary-layerpro� les. Critical suction limits, over
a range of freestream speeds, are determined, and a new design criterion for critical suction is established. It is
also shown that for suf� ciently small perforations, irrespective of suction � ow, boundary-layer transition does not
occur. Further analyses of the measurements explore the possibility of interaction between the cross� ow vortices
and the suction-induced longitudinal vortices. The suction-induced transition process is discovered to commence
with an instability of the longitudinal vortices. Engineering design criteria, i.e., suction limits and perforation
spacings, are established.

Nomenclature
b1 = spacing between vortex pair induced by

an isolated suction perforation
b2 = spacing between adjacent vortices produced

by a row of perforations
d = diameter of suction perforation
Gk = Goldsmith’s10 sucked streamtube parameter,

.1=º/Q2=3
h .@U=@y/j1=3

w

L = depth of suction perforation
M = Mach number
Pm = mass � ow rate through suction perforation
Pk = roughness analogy transition parameter,

.yk=±¤/
p

Re±¤

Qh = volume � ow rate through suction perforation
Red = suction Reynolds number, Vhd=º
Rek = streamtube Reynolds number, Uk yk=º
Re±¤ = Reynolds number based on displacement

thickness,Ue±
¤=º

Re0 = unit Reynolds number, Ue=º
s = pitch of suction perforations
U; V ; W = mean velocities along x , y, and z, respectively
Vh = average suction velocity through perforation,

Qh=.¼d2=4/
x; y; z = Cartesian coordinates in streamwise, spanwise,

and normal directions
yk = maximum height of sucked streamtube
zk = maximum width of sucked streamtube
± = thickness of boundary layer .±99%/
±¤ = displacement thickness of unperturbed boundary

layer
¸ = wavelength
º = kinematic viscosity

Subscripts

cf = cross� ow
crit = critical value for transition
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e = edge of boundary layer
rms = root mean square
w = at the wall
1 = freestream conditions

I. Introduction

T HE improvement of drag reduction techniques is a perennial
objective of aircraft designers and manufacturers.Among the

wide variety of techniques that have been explored, laminar � ow
control (LFC) may offer the greatest potential for drag reduction.
LFC reduces the skin-friction drag, which accounts for up to 50%
of total drag at cruise,1 by stabilizing the boundary layer and mov-
ing the transition location as far aft as possible. This is not a trivial
task, especially in light of the variety, sensitivity, interdependence,
and complexity of the instability mechanisms that affect a lami-
nar boundary layer under transonic � ight conditions.Contemporary
thinking suggests that for wing and tail surfaces the laminar bound-
ary layer is beststabilizedusinghybridlaminar� owcontrol(HLFC).
HLFC consists of a combination of surface suction, applied in the
leading-edge region, and of favorable pressure gradients, attained
by pro� le shaping.

Surface suction stabilizes the boundary layer via two mecha-
nisms. The primary effect is to alter the mean velocity distribu-
tion to produce a more stable, fuller velocity pro� le, and a weaker,
secondary effect is to decrease the overall boundary-layerdisplace-
ment thickness, thereby reducing the associated Reynolds number
Re±¤ . Note that surface suction and pro� le shaping effects are both
very sensitive mechanisms and that even weak suction or small
pressuregradientshave a strong in� uence on the stability character-
istics of the boundary layer. According to White,2 the most stable
laminar boundary layer may be produced by applying “ideal” suc-
tion through a continuously porous surface. Idealized suction is,
of course, no more than a concept; the ideal surface does not ex-
ist. Apart from aerodynamic considerations, realization of surface
suction is determined by manufacturing capabilities, by structural
criteria, and by operating conditions.Numerous designs have been
assessed and rejected. Current HLFC design philosophy is to apply
discrete localized suction through numerous laser-drilled, through-
surface perforations. These perforations are typically 50 ¹m in di-
ameter and are arrangedin a staggeredcon� gurationwith a pitch-to-
diameter ratio of about 10. With this widely spaced con� guration,
it is generally assumed that each perforation behaves as if it were
isolated, that is, that all aerodynamic interaction effects between
perforations may be regarded as negligible.3
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Although the application of discrete surface suction through mi-
croperforationscan stabilize the boundary layer and delay the onset
of transition, it is a sensitive technique that requires careful ap-
plication. Previous workers have performed both experimental and
computationalinvestigationsto determine the effect of discrete suc-
tion on a laminar boundary layer and to establish design criteria
for LFC suction surfaces. The majority of fundamental research to
date has focused on experimental studies to determine the global
effects (boundary-layer stability, transition location, and integral
parameters) for a particular suction con� guration. Despite having
a favorable effect on the stability of the boundary layer with low
levels of suction, an upper limit exists beyond which an increase
in the suction speed destabilizes the � ow and causes the boundary
layer to prematurely transition.4 – 7 Experimental studies have been
performed to determine the critical suction values for isolated and
multiple-perforationarrangements.8;9 However, the mechanismsby
which discrete surface suction causes the boundary layer to transi-
tion are not fully understood.

Even though discrete suction is capable of delaying boundary-
layer transition under certain circumstances, the physical details of
how, and to what extent, concentratedsuction perturbs and changes
the local, and downstream, � ow� eld are unknown.At the most fun-
damental level, the � ow� eld induced by an array of LFC suction
perforations may be expected to be of a three-dimensional nature,
very likely stronglyso, andconsiderablydifferentfrom the idealized
situation of continuously distributed suction.5;10¡12 Moreover, one
may anticipate the presence of a variety of complex physical phe-
nomena, for instance, trailing longitudinal vortices, nonuniformity
of the mean � ow, strong cross� ow velocities, and local streamline
curvature (Fig. 1). These conjectures are supported by computa-
tional studies performed by MacManus and Eaton,13 MacManus
et al.,14 and MacManus15 on isolated and multiple real-scale, i.e.,
actual � ight dimensions, perforations, as well as on isolated super-
scale perforations.

It is important to establish whether such � ow� eld features arise
for LFC perforations because any or all of these phenomena will
in� uence the stability of the laminar boundary layer. Streamwise
vorticity and spanwise modulations of the mean � ow, for instance,
are known to strongly affect the behavior of other disturbances
that can destabilize the boundary layer.5;16¡18 The successful de-
sign and application of LFC requires knowledge of the circum-
stances under which � ow phenomena induced by discrete suction
arise and of the extent and characteristicsof these � ow phenomena.
Some previousworkers have investigatedthe detailed � ow� elds in-
duced by superscaleperforationsusing rudimentary � ow visualiza-
tion techniques.10;12 ;19 Although these experiments are noteworthy,
no quantitative � ow� eld measurements were made, and the suc-
tion con� gurations were predominantly for closely spaced rows of
perforations .s=d ¼ 5/.

The objective of the present work is to acquire fundamental in-
sights into the � ow physics of LFC suction surfaces by performing

Fig. 1 Schematic of the � ow� eld induced by an isolated HLFC suction
perforation.

a unique series of high-resolution,three-dimensional,laser Doppler
velocimetry (LDV) � ow� eld measurements. The � ow features in-
duced in a laminar boundary layer by discrete surface suction are
determined and analyzed with respect to LFC suction surface de-
sign. Critical suction limits and aerodynamicdesign criteria are es-
tablished, and the transition mechanism is revealed. In addition, the
detailed � ow� eld measurements provide high-quality data for vali-
dation of a technique for predictingthe aerodynamiccharacteristics
of generic suction surface con� gurations.14;15;20

II. Experiment Design
Becauseof theprohibitivelymicroscopicscale, in theorderof tens

ofmicrons,of an actualLFC suctionperforation,nodetailedvelocity
datahaveyetbeenproducedfor the � ow� eld under � ightconditions.
The only currently feasible solution15 is to scale up the perforation
size so that the detailed � ow� eld may be mapped, nonintrusively,
using a high-resolutionLDV measurement system.

To ensure that the � ow� eld induced by a superscale perforation
exhibits the same features as those of an actual HLFC suctionperfo-
ration, dynamic similarity must be preserved. Neglecting pressure
gradient effects, a dimensional analysis reveals that the appropri-
ate dimensionless groups include d=±¤, Vh=Ue , Reynolds number
based on displacementthicknessRe±¤ , L=d , suctionReynolds num-
ber Red , unit Reynolds number Re0, and freestream Mach number
M1. At cruise conditions, typical LFC values for these parameters
are d=±¤ ¼ 0:75, Vh=Ue ¼ 0:20, Re±¤ ¼ 900, L=d ¼ 17, Red ¼ 100,
Re0 ¼ 6 £ 106, and M1 ¼ 0:80.

A group of superscale(of order 20:1) experimentswere designed
in which the parameters d=±¤, Vh=Ue , Re±¤ , L=d, and Red were
preserved. This gives a perforation diameter that is still very small
(d ¼ 1 mm). For such microscale � ow� eld measurements of a sen-
sitive laminar boundary layer, it is crucial that the technique used
does not interfere with the � ow. For this reason a high-resolution
LDV was selected. Although the unit Reynolds number and Mach
number of the experiment did not match those under � ight condi-
tions and the in� uence of an array of perforations was neglected,
it was anticipated that all of the primary effects of applying dis-
crete suction through microperforations were captured. To isolate
the effects of discrete suction on a laminar boundary layer, a zero
pressure gradient was set. Computational investigations reveal that
compressibility does not have a signi� cant effect on the primary
� ow� eld characteristics.15 Nevertheless, as compressibility has a
stabilizing in� uence on the laminar boundary layer, it is expected
that the critical suction parameter G k crit would increase.

The � ow� elds induced by isolated, superscale perforations were
examined for both sub- and supercritical suction con� gurations
(Vh=Ue varied from 0.15 to 2.0). For an isolated perforation, one
of the most important parameters is d=±¤; preservation of this pa-
rameter was, therefore, prioritized when designing these experi-
ments. Three perforationdiameterswere selected (d D 0:8, 1.0, and
1.3 mm) to provide a range of d=±¤ between 0.68 and 1.05, and the
freestream velocity ranged between 12.2 and 16.2 m/s.

III. Experimental Apparatus
A. Wind-Tunnel Model and Suction System

The experimentswere performed in a low-speed, low-turbulence
wind tunnel at Bristol University. The working section is 0:8 £
0:6 m, and the freestreamturbulencelevel is less than 0.1%at the op-
erating speeds. The model was a purpose-builtaluminum � at plate,
1450 mm long £ 795 mm wide £ 25.4 mm thick, with an ellipti-
cal leading edge (5.8:1) and an adjustable trailing-edge � ap. The
model was mounted horizontally along the working section center-
line, and the surface was carefully hand polished to reduce surface
roughness. The three suction perforations were located on the up-
per surface 450 mm from the leading edge and were spaced 80 and
100mm apart in the spanwisedirection.A connectorwas attachedto
each perforation to provide a constant hole cross-sectionalarea and
a total perforationdepth of 16.4 mm in each case; thus, the L=d ra-
tio ranged between 12.6 and 20.5. Static pressure tappings (0.5-mm
bore) were positionedon the upper surface, 12 on each side, 80 mm
from the plate edge. The trailing-edge � ap was adjusted to provide
a stable boundary layer, and the static pressure along the plate was
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measured using an inclined manometer. The plate and � ap were ad-
justed until the static streamwise pressure gradient was nominally
zero and symmetric about the streamwise axis.

Transitionwas monitoredusinga miniature(1.3-mm-diam) � ush-
mounted, hot-� lm sensor element (TSI Model 1268) in conjunction
with a constant-temperatureanemometer (TSI Model 1054B) and
an oscilloscope. This probe was mounted on a detachable insert,
which enabled it to be positioned 180 mm directly downstream of
each suction perforation.15

The perforations were connected, one at a time, to the suction
system, and the � ow rate was set and controlledusing an electronic
mass � ow controller (Omega FMA 1416). Both hot-wire anemome-
ter and LDV measurements independently veri� ed that the � ow at
the perforationinlet was steady,as desired,and thatno perturbations
from the suction system reached the surface.

B. LDV System
Nonintrusive velocity measurements were performed using the

three-component LDV system at Bristol University. This system
consists of a 5-W argon-ion laser, a transmitter box, two � ber-
linked optic heads, a three-axis traverse mechanism, and three
burst spectrum analysers. The system is operated in the off-axis
mode, which reduces the measurement volume to a spheroid of
approximately 80-¹m diam for a focal length of 600 mm. This
measurement volume size is based on the transit distance (transit
time £ velocity). The six beams are carefully aligned using a pin-
hole meterprocedure,21 which enablesmeasurementsto be obtained
down to approximately50 ¹m from the surface. The three-axis tra-
verse mechanism provides a spatial precision of 5 ¹m in all three
directions.

IV. Measurements and Observations
A. Introduction

The objectiveof these experimentsis to acquirea detaileddescrip-
tion of how an LFC suction perforation affects a laminar bound-
ary layer. To provide a datum set of measurements (with no suc-
tion applied), the characteristicsof the unperturbedboundary layer
were examined by acquiring the three-dimensional velocity pro-
� les and the “natural” transition Reynolds number. Detailed inves-
tigations of the perforation � ow� eld, with suction applied, were
then made by measuring the three velocity components on planes
normal to the freestream direction, both upstream and downstream
of the perforation.Three-dimensionalboundary-layervelocity pro-
� les were also taken at locations downstream of the perforation.
These were obtained along centerline positions as well as at off-
center locations coincident with one of the longitudinal vortex
cores, which were found to occur aft of the perforation. The criti-
cal suction speed for each perforation, over a range of freestream
speeds, was also determined. To monitor the boundary-layer state
and transition process over an extended surface area, the rms ve-
locity was measured on planes parallel to the plate surface. These
con� gurations included cases with subcritical and critical suction
speed.

B. “Natural” and Suction-Induced Transition
The critical Reynolds number for “natural” transition was mea-

sured using the surface-mounted hot-� lm probe, which was posi-
tioned at three spanwise locations, each 630 mm from the lead-
ing edge. The freestream speed was gradually increased, and the
boundary-layerstate was monitoredusing the oscilloscope.For ease
of identi� cation, transition was deemed to occur at the � rst inter-
mittent signal, and the transition Reynolds number was found to be
in the range from 1:53 £ 106 to 1:6 £ 106 .

Although the application of suction through microperforations
can stabilize the boundary layer, there exists a limit beyond which
an increase in the suction speed will destabilize the � ow and cause
transition.4;5;9 ;12 For LFC design purposes it is important to deter-
mine what these critical suction limits are. To this end gradually in-
creasingsuctionwas applied,and the stateof the boundarylayerwas
determined using the � ush-mounted hot-� lm sensor. Output from
the sensor revealed that the transition process commenced with the
growth of Tollmien–Schlichting waves, which was followed by in-

Fig. 2 Comparison of measured critical suction velocity with previ-
ously reported transonic results.9

creasing levels of intermittencyand � nally by a fully turbulent � ow.
The transition process was monitored over a range of freestream
velocities between 12.2 and 28.4 m/s.

Similar to the “natural” transitionprocess just described,the criti-
cal suction speed ratio is determinedby gradually increasingVh=Ue

until the � rst intermittent signal is detected using the hot-� lm sen-
sor. The observed critical suction speed ratio Vh=Ue crit is plotted
against d=±¤ in Fig. 2. As can be seen, the results are grouped very
well together, and the critical suction speed ratio is shown to in-
crease as d=±¤ is decreased. Good agreement is also found when
compared to previous transonic measurements.9 This plot also ap-
pears to indicate that, as d=±¤ is decreased, there may be a limit
below which suction does not precipitate transition (d=±¤ < 0:6).
There is much uncertaintyconcerning the maximum allowable suc-
tion rate for LFC perforated surfaces. To avoid premature tripping
of the laminar boundary layer, current LFC design philosophy em-
ploys an upper limit of approximately 50 m/s on the suction speed
Vh , at cruise conditions.22 From Fig. 2, and ignoring compressibil-
ity effects, this restriction may be too severe for the leading-edge
region of a typical LFC con� guration (d ¼ 50 ¹m, d=±¤ ¼ 1:0, and
M1 ¼ 0:80). Note that due to the observed transition mechanism
(see Sec. IV.C), the location of the hot-� lm sensor may indicate a
slightly optimistic critical suction speed ratio. Based on two sets of
measurements, which monitored the variation of the rms velocity
with both the suction speed ratio and the streamwise location, it is
calculated that the measured critical suction speed ratios may be
overestimated by about 10%.

These experiments show that suction does not induce an abrupt
transitionfroma laminar to a turbulentboundarylayer.Rather, there
is a range of suction speed ratios over which the � rst occurrences
of intermittencygradually develop into a fully turbulent � ow. From
the measurements it is evident that the band of suction velocities
over which the boundary layer becomes fully turbulent depends
on d=±¤. In particular, as d=±¤ increases, the evolution from initial
disturbances to a fully turbulent signal occurs over a much smaller
suction range. For a typical d=±¤ value of approximately 1.0, the
transition process commences when Vh=Ue ¼ 0:6, and the suction
speed ratio must be increased to about 0.8 before a fully turbulent
signal is observed.

C. Suction Perforation Flow� eld Measurements
The � ow� eld was mapped by measuring the three-component

mean velocities in the vicinity of the perforation. These measure-
ments were taken at discrete locations on planes normal to the � ow
stream direction, 1d upstream and 1d , 3d, 5d , and 8d downstream
of the perforation. In each plane (typically 8 £ 3 mm) about 550
data points were acquired. The three-dimensional boundary-layer
pro� les were measured at locations up to 123d downstream. These
mean velocity pro� les were recorded both along the perforation
centerline and also at off-centerpositions,which enable the trailing
longitudinal vortices to be studied.
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Fig. 3 Sequence of V–W velocity vectors in cross� ow data planes up-
stream and downstream of a 1.3-mm hole with subcritical suction with
d = 1:3 mm, d/± ¤ = 1:05, Vh/Ue = 0:58, and Re± ¤ = 1290. Note that vector
scale used in panels a and b differs from that used in panels c, d, and e.

Measurements were taken in normal planes downstream of the
perforationswith no suction applied. It was found that the presence
of the perforations has no discernible effect on the mean velocity
pro� les of the boundary layer, as re� ected in the observed unifor-
mity of the mean streamwise, cross� ow, and wall-normal velocity
distributions.

LongitudinalCounter-Rotating Vortices
Saric11 proposes an analogy between the � ow over a suction per-

forationand the � ow over a � nite wing, where a pair of wing tip vor-
tices are generated. As anticipated,12;13 ;19 when suction is applied
the most prominent feature to develop is a pair of counter-rotating
longitudinalvortices that occurs aft of each perforation.This vortex
pair appears regardless of whether subcritical or supercritical suc-
tion is applied.However, the strengthand the de� nition of the vortex
pair both increaseas the suction speed is increased.A typical evolu-
tion of the longitudinalvortices is shown in Fig. 3, where the V –W
velocity vectors are plotted in a sequence of cross� ow data planes
from 1d upstream to 8d downstream of a 1.3-mm perforation with
subcritical suction applied (d=±¤ D 0:77 and Vh=Ue D 0:58). The
vortex cores decay and expand as they progress downstream.

As the pair of longitudinalvortices is convecteddownstream, the
spanwise, or lateral, spacing of the pair increases and the vortex
center, which is hereafter referred to as the core, moves away from
the wall. Immediately aft of the perforation,the spanwisespacingof
the cores increasesappreciably,but farther downstream the vortices
become more closely aligned with the freestream direction.

The lateral spacingof the longitudinalvorticeswas determinedat
a distance 1d, 3d , 5d , and 8d downstreamof the perforationcenter.
The position of each vortex core was estimated from the mean ve-
locity and streamwise vorticity plots. As already noted, the lateral
spacing increases as the longitudinal vortices are convected down-
stream. The lateral spacing also expandswith strengtheningsuction
speed. This is shown in Fig. 4, where, for a range of perforation
diameters and suction velocities, the dimensionless vortex spacing

Fig. 4 Spanwise spacing of suction-induced longitudinal vortices as a
function of streamwise position, x/d.

Fig. 5 Corotating vortices highlighted using two-dimensional stream-
traces in y–z cross� ow data plane 8d downstream of hole: d = 0:8 mm,
d/± ¤ = 0:68, Vh/Ue = 2:0, and Re± ¤ = 1240.

b1=d is plotted as a function of dimensionless streamwise position
x=d. Even at 8d downstream, where the vortex core typically lies
about 0.50d from the plate surface, the lateral spacing of the vortex
pair is still growing.

Multiple LongitudinalVortices
When high, though not necessarilycritical, suction velocities are

applied (Vh=Ue D 0:58, 1.02, and 2.00), there is a marked difference
in the vortices that are generateddownstreamof the perforation.In-
stead of a single pair of counter-rotatinglongitudinal vortices, four
vortices appear downstream of the perforation: a pair of corotat-
ing vortices on each side of the centerline.The appearance of these
secondary vortices outboard of the primary pair has also been pre-
viouslyobservedby Meyer19 using smoke visualizationtechniques.
Meyer noted that, after the developmentof the � rst pair of vortices,
an increase in the suction speed results in the generation of auxil-
iary pairs of vortices (although he observed them only at very low
freestream speeds and made no comment on their sense of rota-
tion). During the present investigation, these secondary, corotating
vortices were observed for both sub- and supercritical suction ve-
locities. They are located abeam of the primary vortices but are
markedly weaker. The corotatingvortices are still evident 8d down-
streamof the perforationand are highlightedusing two-dimensional
streamtraces in Fig. 5.

When high suction is applied, the appearance of secondary vor-
tices abeam of the primary longitudinal vortices is not surprising.
What is noteworthy, however, is that these vortices have the same
sense of rotation as the primary vortex. Because of the locally large
cross� ow velocities induced by the suction perforation, the occur-
rence of these corotating vortices may also be analogous to the for-
mation of similar vortex structures in cross� ow-dominated � ows.
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Fig. 6 Facing upstream, contours of streamwise velocity, U/Ue , on
a normal plane 8d downstream with subcritical suction applied: d =
1:0 mm, d/± ¤ = 0:77, Vh/Ue = 0:50, and Re± ¤ = 1030.

Effect of Discrete Suction on Streamwise Velocity Component
Wall suction stabilizes the � ow via two mechanisms: It decreases

the boundary-layer thickness, thereby reducing Reynolds number
based on displacement thickness Re±¤ , and it improves the stability
characteristics of the streamwise velocity pro� le. The thinning of
the boundary layer and the associated decrease in the curvature
term @2U=@y2 are borne out by the de� ection of the measured U
velocity contoursboth upstreamand downstreamof the perforation.
Downstream of the perforation, the spanwise extent of this effect
is bounded by the spacing of the vortices. Figure 6 clearly shows
that, due to the three-dimensionality of the suction perturbation,
there are large spanwise variations in the mean � ow, even at 8d
downstream of the perforation center. For a HLFC suction surface,
with an array of discrete perforations, these suction-induced, local
nonuniformitiesof the mean � ow may producea surface roughness
effect, thereby increasing the susceptibilityof the boundary layer to
external disturbances.

Three-Dimensional Boundary-Layer Pro� les
To further investigatehow the boundarylayer is affected,detailed

three-dimensionalvelocitypro� les were measured at locationsboth
along the perforation centerline and at x –z stations corresponding
to a surface-projectedlocus of one of the vortex cores.Suction has a
strong effect on the streamwise velocity pro� les downstreamof the
perforation. Relative to the unperturbed reference pro� le, the local
suction boundary layer exhibits a fuller streamwise velocity pro� le
with large velocity gradients in evidence closest to the wall. [At 5d
downstreamof the suctionperforation,.@U=@y/jw is approximately
an order of magnitude greater than the undisturbed value.]

Streamwise and lateralvelocitypro� les at stationsalong the cores
of the longitudinal vortices are presented in Figs. 7 and 8, respec-
tively. This example is for a supercritical suction speed. The re-
tardation of the streamwise velocity at the vortex center produces
in� ectionalvelocitypro� les; indeed, the � ow is observedto be com-
pletely reversed in the station immediatelydownstream .x=d D 1:0/
of the perforation.The lateralvelocitypro� les also exhibita point of
in� ection and, as already mentioned, this type of velocity pro� le is
inherently unstable. The peak level of measured cross� ow velocity
is approximately 1:0Ue , which is at least one order of magnitude
greater than the cross� ow velocities associated with typical cross-
� ow vortices over a swept wing .Wmax ¼ 0:05Ue/. Also evident in
the streamwise and lateral velocity pro� les is the evolution of the
longitudinal vortex as it progresses downstream. The vortices ex-
pand and decay as they are convecteddownstream and as the cores
migrate away from the surface.

RMS Velocity Scans in Horizontal Planes
To monitor the boundary-layer state over an extended area, the

rms velocity was measured on planes parallel to the surface. These
horizontal scans were taken using the LDV in single-component

Fig. 7 Streamwise velocity pro� les measured along a longitudinalcen-
terline with supercritical suction applied:d/± ¤ = 0:68, Vh/Ue = 2:0, and
Re± ¤ = 1240.

Fig. 8 Lateral velocity pro� les measured along a longitudinal vortex
centerline with supercritical suction applied: d/± ¤ = 0:68, Vh/Ue = 2:0,
and Re± ¤ = 1240.

mode, and the measured mean velocity component was in an ap-
proximately streamwise direction. The purpose of this procedure
was to utilize the rms velocity as an indicator of disturbance level
and distribution.As with all LDV systems, the measured rms veloc-
ity is prone to being arti� cially high; this is due to the � nite size of
the measuring volume and to electrical noise. Moreover, this effect
is more pronouncedin areasof high-velocitygradients,such as close
to a surface.23 The recorded rms value is also highly dependent on
the bandwidth setting of the signal processor. In spite of these limi-
tations, and with careful use, this approach provides useful results.
The horizontal scans were taken at heights of 0.1, 0.4, and 0.5 mm,
and the bandwidth setting in the signal processor was kept constant
throughout. The surveyed area extended from 5.0 mm upstream to
160.0mm downstreamof the perforationcenters.Two typical scans,
taken at 0.1 and 0.5 mm from the surface, for a supercritical suc-
tion speed, are presented in Fig. 9. Downstream of x=d ¼ 10, the
scan planes lie below the vortex cores, and the � ow is considered
to be turbulent when the rms velocity is greater than approximately
1.0 m/s.

For this case, in each scan the development of two turbulent re-
gions (beginning at about x=d D 75), positioned symmetrically
about the centerline, can be clearly seen. These regions are where
the trailing longitudinal vortices become unstable and precipitate
transition. The total included angle of the pair of turbulent regions
at both heights is about 15 deg. In Fig. 9a the scan is very close
to the wall, and the turbulence level increases rapidly with stream-
wise distance. The scan in Fig. 9b lies about halfway between the
vortex core and the wall. Within each turbulent region the vortex
core is bordered by distinct ridges of peak turbulence. Based on
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Fig. 9 Horizontal scans of (approximately streamwise) rms velocity component � uctuations, taken close to the surface. A pair of turbulent regions
shows the laminar–turbulent transition of the trailing vortices, which form downstream of the suction hole with d = 1:3 mm, d/± ¤ = 1:05, Vh/Ue = 1:02,
and Re± ¤ = 1290. Distance from wall: a) 0.1 mm and b) 0.5 mm.

these two images it appears that the instabilities are initiated on a
slender conical surface that surrounds each vortex core. These dis-
turbances grow and merge until a fully turbulent wedge is formed.
In conclusion, the suction-inducedtransition process is initiated by
instabilities in the streamwise vortices, which ultimately transition
and merge to form a turbulent wedge.

Because of the off-center, symmetric location of the turbulent
regions, the initial signs of transition may pass undetected on each
side of the hot-� lm sensor (which was positionedon the centerline),
and, hence, the critical suctionvelocitiespresented in Sec. IV.B may
be slightly overestimated.

V. Measurement Uncertainties
Many interdependentfactors affect LDV measurements, and it is

dif� cult to quantifythe overallmeasurementaccuracy.Where possi-
ble, however, the sourcesof uncertaintydue to the model geometry,
suctionsystem, and LDV were identi� ed and analyzed,and their in-
� uence on the overall data � delity was assessed.15 Uncertaintiesas-
sociated with the LDV system include positionalaccuracy,gradient
bias, velocitybias, statisticalerrors due to � nite sample size, optical
uncertainties, alignment uncertainties, calibration and transforma-
tion uncertainties, particle behavior, and frequency measurement.
A comprehensive and full analysis of these possible uncertainty
sources, and of their in� uence on the measurements, is presented
by MacManus15 and MacManus et al.24

The interdependentnature of the various sources of uncertainty,
both systematic and random, makes any estimate of the overall er-
ror dif� cult to ascertain. Simply to quote a maximum error for the
measurements, such as occurs at the vortex cores where the posi-
tional error is substantial (»1%), would be quite misrepresentative
of the majority of the � ow� eld. Therefore, the estimated major un-
certainties, at two characteristicpositions (“best” case and “worst”
case) within the � ow� eld, are determined. By simply summing the
individual uncertainty components, it could be concluded that the
peak overall uncertaintiesare of the order of 0.5% in the freestream
and less than 2% in the vortical regions.

VI. Analysis of Results
The measurements clearly show that the � ow� eld induced in a

laminar boundary layer by an LFC suction perforation is highly
three dimensional and profoundlydifferent from the idealized con-
cept of continuously distributed suction. The � eld measurements
and observationspresented illustrate and quantify, for the � rst time,
the rich variety of � ow features that occur. This adds considerably
to the knowledge and understanding of the � ow physics of how
concentrated suction perturbs and changes the local � ow� eld of an
LFC suction surface.Although the main concern of this work was a
fundamentalexperimentalinvestigationof the � ow� elds inducedby
LFC suction perforations, some valuable engineering conclusions

and design criteria can also be drawn from these measurements.We
now present further analyses, the � rst to establisha new critical suc-
tion parameter,and the secondto assess the possibilityof interaction
between the suction-inducedlongitudinalvorticesand the cross� ow
vortices embedded in the boundary layer of a swept wing.

A. Critical Suction Predictions
There is much uncertainty concerning the maximum allowable

suction rate for LFC perforatedsurfaces.9 ;10;22 For LFC design pur-
poses, and to avoid premature tripping of the laminar boundary
layer, it is essential that a critical suction criterion be established.A
variety of methods have been proposed, including a critical perfo-
ration Reynolds number Red crit (Refs. 11 and 25) and an equivalent
roughness analogy.8;9 ;17 Although it is still employed in current
LFC design practice,25 the simple critical Reynolds number has
been shown to be oversimplisticand too restrictive a parameter.15 A
more sophisticatedmethod is required to relate the level of suction-
induced disturbance to the local boundary-layer stability charac-
teristics. Previous workers8;9;17 have drawn parallels between the
� ow� eld downstream of a suction perforation and that of a three-
dimensional roughness element, for which many data are available.
The primary features exhibited by both � ow� elds are longitudinal
vortices. It has been mooted that the strength of the suction-induced
vortices and the size of the sucked streamtube envelope (see Fig. 1)
increasewith perforationsuction in a manner similar to that in which
the strength of the roughness-inducedvortices increases with ele-
ment height. Based on these comparisons between the imagined
shape of the sucked streamtube and the roughness element geome-
try, a variety of equivalent roughness analogies has been offered as
an engineering tool to predict the critical suction limits. Blanchard
et al.8 proposedthe parameter Pk D .yk=±¤/

p
Re±¤ to predict thecrit-

ical suction speed ratio. This assumes a rectangular cross-sectional
shape for the sucked streamtube and then uses the mass � ow Pm to
calculate the streamtube height yk .

To determine the actual shape and dimensions of the sucked
streamtubes, the current � ow� eld measurements were analyzed by
interpolating the three-component measurements onto a computa-
tional domain encompassing the suction perforation region. The
interpolation was performed using an inverse distance algorithm,26

and the streamline de� ections around the suction perforationswere
calculated from the interpolated� eld velocities.Using these exper-
imental results, we have shown previously15 that Reneaux’s rough-
ness analogy27 is unrealistic and inadequate for predicting the crit-
ical suction limits.

B. New Critical Suction Parameter
The sucked streamtube is the locus within which all of the � uid is

ingested by the suction perforation,and a schematic of this suction
envelope for an isolated perforation,as anticipatedby Goldsmith,10
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Fig. 10 Schematic of a
typical sucked streamtube
of an isolated perfora-
tion as anticipated by
Goldsmith.10

is shown in Fig. 10. To establish a practical design criterion for
LFC critical suction limits, the approach of Goldsmith10 is adopted
here to relate known quantities to a streamtube Reynolds number
Rek D Uk yk=º. This Reynolds number is based on the characteris-
tics of the sucked streamtube,as shown in Fig. 10, and it is expected
that the streamtube Reynolds number Rek is a measure of the dis-
turbance introduced into the laminar boundary layer. Analogous to
the situation with roughness elements, it is anticipated that a single
criticalReynoldsnumber exists.For LFC designpurposes,however,
the streamtube Reynolds number Rek is unknown, and it is logical
to relate it to a parameter whose constituentvariables are known or
may be estimated.Therefore,followingGoldsmith,a new parameter
Gk is investigated here as a potential critical suction indicator.

It is assumed that within the region of the suction envelope the
velocity gradient is constant:
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In Eq. (6), although I1 is unknown, by assuming that I1 D f fRekg,
then the following applies:
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For the experimentally investigated cases, a linear relation-
ship is found (over both sub- and supercritical suction con� gu-
rations) between the measured streamtube Reynolds number Rek

andGoldsmith’s10 parameter[.1=º/Q2=3
h .@U=@y/1=3]. The variables

used to de� ne Gk .Qh ; º, and @U=@y/ are known, and from this
simple relationshipthe critical suctionparameter G k crit is estimated

Fig. 11 Variation of predicted critical suction parameter Gk crit with
d/± ¤ .

for the observed critical suction con� gurations (see Sec. IV.B). In
Fig. 11, the calculatedG k crit is plotted against d=±¤, and the data are
found to concentrate around a constant value of G k crit ¼ 740 § 90.
This result indicates that G k is a parameter that uniquely quanti� es
the effect of suction through a perforation on the boundary-layer
stability.

These experimental results reveal that a simple engineering de-
signcriterionmay beestablishedfor critical suctionlimits.Although
Fig. 11 shows that a unique Gk crit of approximately 740 § 90 ap-
plies for an isolated perforation under low-speed conditions, it is
to be expected that this criterion will need to be adjusted for � ight
conditions. Previous workers have shown that the critical criterion
(Pk crit ) for an array of suction perforations can be obtained by off-
setting the results obtained for an isolated perforation by a con-
stant value.8 ;9 Similarly, it is possible that the Gk crit for an array of
microperforations could be extrapolated from the results obtained
here for a single perforation, though further experimental evidence
is needed to substantiate this conjecture.

C. Spanwise Spacing of Longitudinal Vortices
In the primaryHLFC application,i.e., wings with sweep, the � ow

is three dimensional, and cross� ow instabilities are, therefore, ex-
pected to play a signi� cant role when considering the stability of
the boundary layer.28 Cross� ow instability is characterized by sta-
tionary, corotating vortices that are aligned in the freestream direc-
tion and have a typical wavelength of approximately four times the
boundary-layer thickness.28 When suction is applied through dis-
crete perforations,there is a possibilityof interactionbetween these
cross� ow vortices and the longitudinal vortices that are generated
downstream of an active suction perforation. Hence, the spanwise
spacingof the longitudinalvortices that are createdby a suctionper-
forationmay be an importantparameter.11 Althoughthe wind-tunnel
model in this experiment is a � at plate with a zero nominal pressure
gradient, it is expected that the primary spacing characteristics of
the longitudinal vortices have been captured.

In wind-tunnel experiments on a swept wing, Radeztsky et al.29

has shown that the stability of stationary cross� ow vortices,
which dominate the three-dimensional transition process in low-
disturbance environments, is strongly affected by small, isolated
roughness elements located at the attachment line. They showed
that the disturbanceampli� cation factorsare increased,and the � ow
destabilized, by the injection of streamwise vorticity on the scale
of the stationary cross� ow vortices. The possibility of the stream-
wise vorticity introduced into the boundary layer by HLFC suction
perforations having a similar effect on cross� ow vortices is now
considered.

There are two lateral length scale parameters associatedwith the
streamwise vorticity introduced by a suction perforation: the span-
wise spacing b1 of a local pair of counter-rotating vortices down-
stream of an individual perforation and the spanwise spacing b2

of the vortices downstream of adjacent perforations. Similar to the
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Fig. 12 Map of HLFC suction surface con� gurations, where the span-
wise spacing of suction-induced and cross� ow vortices coincide: I, in-
teractions unlikely, and II, interactions likely.

formation of cross� ow vortices, it is possible that in the presence
of a three-dimensional mean � ow these counter-rotating vortices
may generate a corotating vortex structure. By assuming a perfo-
ration local vortex spacing of b1=d D 3 (Fig. 4), a perforation di-
ameter of 50 ¹m and a cross� ow vortex spacing ¸cf between 3±
and 5±, the con� gurationswhere the vortex spacings (cross� ow and
suction-induced) coincide are presented in Fig. 12. The shaded re-
gions show the combinationsof s=d and ± that may be susceptibleto
aerodynamicinteractionsbetween the suction-inducedvortices and
cross� ow vortices and are, therefore, to be avoided in design. This
plot shows that, unless the boundary layer is very thin (± ¼ 50 ¹m),
the vortices spaced between adjacent perforations (¸cf ¼ b2 ) are the
most likely source of vorticity for a disturbance interaction on the
scale of the cross� ow vortices. For instance, in the leading-edge
region of a typical HLFC wing under transonic cruise conditions,
where the boundary-layer thickness is of the order of 200 ¹m, the
spanwise spacing of the suction-inducedand cross� ow vortices co-
incide when the perforation spacing s=d is increased above 15. In-
deed, some present-day HLFC suction surfaces use an s=d of up
to 15 to create a larger pressure drop across the surface for a given
average suction coef� cient. Therefore, when designing a suction
surface, it is important to take into account the possibility of detri-
mental vortex interaction occurring.

VII. Summary and Conclusions
The detailed � ow� eld of an isolatedLFC suctionperforationwas

successfully investigated and mapped, and a rich variety of � ow
features and phenomena was identi� ed. By utilizing three differ-
ent superscale perforation diameters (in conjunction with the high
spatial resolution attainablewith an accurate LDV system), the im-
portant dimensionless parameters d=±¤, Vh=Ue , Reynolds number
based on displacement thickness Re±¤ , L=d , and suction Reynolds
number Red were preserved. For an extensive range of con� gura-
tions, accurate, nonintrusive measurements were obtained using a
three-componentLDV system.

The velocity measurements con� rm that the � ow� eld of an LFC
suctionperforationis ofa highlythree-dimensionalnature.Flowfea-
tures, which were observed and which depended on values of d=±¤

and Vh=Ue, included two counter-rotating longitudinal vortices,
multiple longitudinal vortices, and inherently unstable boundary-
layer velocity pro� les.

The critical suction speed for isolated perforations, over a range
of d=±¤, was determined, and the critical suction limit was found
to be inversely dependent on d=±¤. As d=±¤ is reduced, there ap-
pears to be a limit (d=±¤ ¼ 0:6) below which suction through an
isolated perforation will not provoke transition. Also, the current
LFC design limit of approximately 50 m/s on the perforation av-
erage suction speed Vh may be too restrictive. Surveys of the rms
velocity in planes parallel to the surface show that suction-induced
transition is a gradual process (dependenton d=±¤), which results in

the developmentof two turbulentregionsdownstreamof the suction
perforation.This discovery indicates that suction-inducedtransition
is precipitated through instabilities of the longitudinal vortices.

Previously proposed roughness analogies based on the assump-
tion of a rectangular streamtube shape were evaluated and found to
be misrepresentativeand inadequate.A parameter � rst proposed by
Goldsmith, G k , was investigated,and a new simple design criterion
for critical suction has been established (Gk crit D 740 § 90).

For low and moderate suction, two counter-rotatinglongitudinal
vortices were formed downstream of the perforation. When high,
though not necessarily critical, suction velocities are applied, four
longitudinalvortices are generatedaft of the perforation,consisting
of a pair of corotating vortices on each side of the perforation cen-
terline. As these vortices are convected downstream, the spanwise
spacingbetween the cores increases,and the cores move away from
the surface and become more closely aligned with the freestream
direction. The spanwise spacings of the longitudinal vortices were
found to increase with the suction speed ratio Vh=Ue. This may
be an important consideration when applying discrete suction on a
swept wing, where there is a possibility of interaction between the
boundary-layer embedded cross� ow vortices and the longitudinal
vortices that are generated downstream of HLFC perforations. In
the leading-edge region of a typical HLFC wing [± ¼ .200 ¹m)],
this type of interaction is most likely when the perforation spacing,
s=d, is increased above 15.

Along the centerlinedownstream of the perforation, the effect of
discrete suction is to reduce the displacement thickness Reynolds
number Re±¤ and to producemore stablevelocitypro� les. However,
inherently unstable in� ectional boundary-layer pro� les are gener-
ated elsewhere in the � ow� eld. Along the curve described by the
vortex centerline, all three velocity components exhibit in� ectional
pro� les, and the streamwise velocity pro� les contain severe gradi-
ents in the vortex core. Within the region close to the perforation,
cross� ow velocity pro� les, whose magnitudes are dependent on the
suction speed, are generated.

In summary, an approach and measurement technique have been
established for investigating, in detail, the � ow� eld of LFC suction
surfaces. As a � rst step, this techniquewas applied to provide high-
quality velocity measurements of several isolated perforations.The
measurements produced in this initial investigation have enabled
the � ow features of the LFC suction surface to be identi� ed, have
provided understanding of the suction-induced transition mecha-
nism, and have established directly applicable results in the form
of critical suction limits, a critical suction parameter, and a design
guide on the possibility of detrimental vortex interactions. These
high-quality � eld data also serve as the basis for the validation of a
prediction technique for the analysis of LFC suction perforations.
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