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In-Flight Boundary-Layer State Measurements
on a High-Lift System: Slat
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Flight experiments on NASA Langley Research Center’s B737-100 airplane were conducted to docu-
ment � ow characteristics for further understanding of high-lift � ow physics. The measurements included
surface pressure distributions measured using � ush pressure taps and pressure belts on the slats, main
element, and � ap elements, and boundary-layer state changes measured using hot-� lm anemometry and
infrared thermography. In this paper, results obtained in the � nal phase of � ight experiments are pre-
sented and analyzed. The analysis primarily focuses on changes in the boundary-layer state measured on
the slat as a result of changes in � ap setting and/or � ight condition. The measurements show that extended
runs of laminar � ow exist on the slat at relevant angles of attack. Flow mechanisms that affect the extent
of laminar � ow include attachment-line contamination, cross� ow instability, and relaminarization.

Nomenclature
Cp = pressure coef� cient, ( p 2 p`)/q`

c̄ = mean aerodynamic chord, 11.20 ft
cn = chord length normal to leading edge
f = frequency of � ow instability, Hz
hp = pressure altitude, ft
K = relaminarization parameter
M` = freestream Mach number
n = ampli� cation factor of � ow instability
p = local static pressure, psf
p` = freestream static pressure, psf
q` = freestream dynamic pressure, psf
Rbar = attachment-line Reynolds number
R c̄ = Reynolds number, V` c̄/n
s = surface distance, ft
(sn/cn)al = nondimensional location of attachment line

normal to leading edge
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t = time, s
V` = true airspeed, ft/s
x /c = nondimensional chordwise coordinate
z /c = nondimensional thickness coordinate
a = airplane angle of attack, deg
df = � ap setting, deg
L = wing sweep angle, deg
n = kinematic viscosity, ft2/s

Introduction

T HE design of subsonic civil transport airplanes is, to a
large extent, governed by the takeoff and landing require-

ments in combination with aerodynamic performance char-
acteristics of the airplane at low-speed, high-lift conditions.
Accurate prediction of these aerodynamic performance
characteristics for a given multielement high-lift con� guration
remains challenging, mainly because of the complex � ows and
the lack of a complete description and understanding of these
� ows. The complexity comes, in part, from the multielement
geometry, but to a greater extent it comes from the viscous
effects that govern these � ow characteristics. Since these � ows
are sensitive to changes in Reynolds number, the prediction of
a full-scale aerodynamic performance based on wind-tunnel
results obtained at lower Reynolds numbers remains dif� cult,
because it requires complete understanding of the scaling prin-
ciples. Prediction of the full-scale aerodynamic performance
from computational aerodynamic codes is still far from accu-
rate because of de� ciencies in modeling of the high-lift � ow
physics, as well as limitations in computer hardware.

This lack of capabilities in the prediction of a high-lift aero-
dynamic performance at full-scale Reynolds numbers was par-
tially responsible for the development of high-Reynolds-num-
ber wind tunnels1 as well as the need for a set of detailed
experimental data measured in � ight at full-scale conditions.
A limited set of � ight data at high-lift conditions was obtained
on the Airbus A310 transport aircraft.2,3 In response to the need
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Fig. 1 Layout of pertinent instrumentation on starboard wing of
NASA TSRV (B737-100). Wing depicted in the landing con� gu-
ration (df > 25 deg).

for a more complete data set for � ows about multielement
con� gurations at full-scale high-lift conditions, a multiphased
research project on the NASA Transport Systems Research Ve-
hicle (TSRV), a B737-100 airplane, was conducted. In phase
I of the project, exploratory experiments including surface-
pressure measurements using pressure belts and � ow-separa-
tion measurements using Preston tubes were conducted on the
research airplane’s triple-slotted Fowler � ap system.4 In phase
II, more detailed � ow measurements were conducted using
pressure belts and Preston tubes across the full chord at the
58% semispan station of the starboard wing.5,6 These results
were also used to determine the instrumentation layout of the
expanded phase III � ight experiments. In phase III, the slats,
main element, spoilers, and � aps on the aircraft starboard
wing, outboard of the engine, were instrumented with approx-
imately 1000 pressure ports (including static and total) and 100
hot-� lm sensors. In-� ight measurements included surface pres-
sures, shear-layer velocity pro� les, surface shear stresses, hot-
� lm anemometry, and infrared (IR) imaging for the detection
of changes in boundary-layer state, aeroelastic deformations,
and � ow visualization. Phase III � ights were conducted in
1994, and an overview of the experiments and overall results
is given by Yip et al.7

The purpose of this series paper is to discuss the results of
an analysis of the boundary-layer state changes that were ob-
served on the slat. A companion paper discusses boundary-
layer state changes that were observed on the main element
and fore� ap during the phase III � ights.8 Speci� cally, such
changes include attachment-line transition, relaminarization,
cross� ow transition, and contamination of laminar � ow by the
wakes of upstream elements.

Flight Experiment and Instrumentation
High-lift � ight experiments were conducted on NASA Lang-

ley Research Center’s TSRV, a Boeing B737-100 airplane. The
airplane has been modi� ed extensively for research in � ight
systems, � ight operations, and � ight mechanics. The modi� -
cations include a rear � ight deck that is supported by several
computers to provide digital � ight control and can be used to
maintain a variety of � ight parameters at speci� ed conditions.
The primary mode of operation during these high-lift experi-
ments was piloting the airplane from the rear (research) � ight
deck, which resulted in very stable � ight conditions and al-
lowed the attainment of speci� ed conditions with a high degree
of accuracy.

The Boeing B737-100 TSRV is a twin-jet, short-haul, sub-
sonic transport designed to cruise at approximately Mach 0.78.
The airplane wing incorporates a � ve-element high-lift system
to allow operation from relatively short runways. The high-lift
system includes a leading-edge device (Krüger � ap inboard of
the engine and slat outboard), which deploys in conjunction
with the triple-slotted � aps. The airplane has a wingspan of 93
ft, an aspect ratio of 8.82, and a wing leading-edge sweep
angle (outboard of the engine) of 27.5 deg. The present in-
vestigation focused on documenting the � ow characteristics of
the starboard wing outboard of the engine. The high-lift system
of this wing section includes the following � ve elements: the
segmented slat, main element, fore� ap, mid� ap, and the aft
� ap. The three slat segments on the starboard wing are des-
ignated (from inboard to outboard) slat nos. 4, 5, and 6 (Fig.
1). Slat no. 4 of the TSRV has two settings: retracted and
extended. The other two slats move in unison with slat no. 4
for � ap settings smaller than about 25 deg. For � ap settings
beyond the 25-deg setting, the two outboard slats extend fully
to a third, more nose-down setting. Therefore, for � ap settings
above 25 deg, a spanwise planform break exists between slat
nos. 4 and 5, as depicted in Fig. 1. The surface of the high-
lift elements was � lled and smoothed. Also, before each � ight,
the surface was cleaned to remove any insect debris or other
surface contamination. The test conditions included steady
� ight and slowly decelerating (<1 kn/5 s) � ight at altitudes

ranging from 5000 to 20,000 ft, airspeeds from � ap placard
speed to stall onset, and � ap settings from 5 to 40 deg. Com-
parisons between results obtained in steady level � ight and
slowly decelerated � ight have shown no discernible effects of
the small deceleration.

An overview of the pertinent instrumentation is provided in
Fig. 1. The measurements included surface pressures using
� ush ports on the slats and trailing-edge � aps, surface pres-
sures using belts on the main element, and detection of bound-
ary-layer state changes using surface hot-� lm anemometry and
infrared thermography. The emphasis of the present paper is
on the boundary-layer state data on the slat. For this reason,
only the hot-� lm anemometer system and the infrared imaging
system are described in some detail. The pressure measurement
system is described in Ref. 7. Based on the method of Kline
and McClintock,9 the uncertainty in Cp is calculated to be ap-
proximately 60.088. Repeatability studies based on data mea-
sured during different � ights typically showed smaller discrep-
ancies in Cp. The uncertainty in the measured airplane
parameters, e.g., a, is discussed in Ref. 7.

An anemometer system was used to acquire high-frequency
(’50 kHz) hot-� lm signals. A total of 98 hot-� lm sensors were
multiplexed to two seven-channel Dantec constant-temperature
anemometer systems generating analog output signals.All hot-
� lm channels were digitized via a high-speed analog-to-digital
signal converter and stored on a high-capacity tape storage
unit. The analog output signals of the anemometers were also
displayed on 14 minioscilloscopes mounted on the experiment-
er’s instrumentation rack located in the airplane cabin. This
instrumentation rack also housed the workstation that per-
formed the digital hot-� lm data acquisition, displayed the dig-
ital data, and allowed the experimenter to select two hot-� lm
sensor banks (each bank containing seven sensors) from which
to acquire simultaneous data. In the overview paper by Yip et
al.,7 only � uctuating ac voltage outputs of the anemometers
stored on tape using FM signal processing are presented. In
the present paper as well as in Ref. 8, the separately stored
complete (ac and dc) digital output signals of the anemometers
are presented and discussed. The main advantage of the latter
representation is that shifts in the dc or mean value can provide
additional information about the � ow physics.

The majority of the 98 hot-� lm sensors were arranged on
hot-� lm belts to minimize � ow interference. Individual sensors
consisted of a layer of nickel (sensor thickness = 6 – 7 min.,
width = 0.003 in., length = 0.060 in.) deposited on a � exible
polyimide � lm (thickness = 0.002 in.) substrate. A protective
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Fig. 2 IR imager viewing area (top) and sample IR image (bot-
tom) including identi� cation of features in image.

Fig. 3 Location of hot-� lm sensors on slat.

Fig. 4 Pressure distributions and attachment-line location at
WBL 324 (hp = 5000 ft): a) 5-deg � aps, b) 15-deg � aps, and c)
effect of a and df on attachment-line location.

coating of aluminum oxide (thickness ;10 min.) was applied
to the sensors. Each sensor had a pair of leads, a layer of nickel
plus copper (total thickness ;500 min.) deposited on the poly-
imide substrate, geometrically sized to ensure uniform electri-
cal resistance. The polyimide � lm containing both the sensors
and their leads was attached to the aircraft surface using a
0.002-in.-thick layer of adhesive. The edges of the � lm were
then carefully smoothed to prevent premature boundary-layer
transition. Each sensor, including leads and cables, had a total
resistance of nominally 16 V at ambient conditions with an
overheat ratio of approximately 1.4 applied to the sensor.
Backup sensors including leads were deposited next to most
sensors to reduce the need for belt replacements caused by
sensor failure. Because the sensors were not individually cal-
ibrated, their signals can only be compared qualitatively.

A total of 35 hot-� lm sensors were located on slat no. 5.
Most of these sensors were arranged in the chordwise direction
near the 58% semispan station of the starboard wing. However,
14 sensors on the slat were arranged covering the entire span
of slat no. 5. The latter sensors were located on the lower
surface just ahead of the slat heel. Cables were attached to the
leads at a hot-� lm belt’s trailing or outboard edge and were of
equal length to ensure cable electronic uniformity necessary
for sensor multiplexing. These cables were routed from the
hot-� lm belts to the anemometers in the fuselage of the air-
plane via the main-element cove to minimize � ow interference
effects.

An IR imaging system was utilized to visualize global tran-
sition patterns as in other (cruise) � ight experiments.10,11 This
system, which included a camera and a control unit, was
mounted inside the fuselage (Fig. 1) and is described in more
detail by Crowder.12 The camera was mounted in a window
blank near the leading edge of the starboard wing at an angle
approximately identical to the leading-edge sweep angle of the
outboard wing panel (Fig. 1). The camera operates in the
wavelength range of 8 – 12 mm and incorporates a 3X telescope
for examining distant targets. The images were monitored real-
time onboard the airplane and recorded on videotape for post-
� ight analysis. In Fig. 2, the IR viewing area is shown along
with an explanation of the features in a sample IR image. Thin
black mylar sheets, used for enhanced IR signature, were ap-
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Fig. 5 Hot-� lm results (digital) depicting boundary-layer state changes on slat during slow deceleration (15-deg � aps, hp = 5000 ft).
Segment starts at t = 2762 s, a = 2.6 deg, M` = 0.315, = 21.8 3 106, and ends at t = 2801 s, a = 3.1 deg, M` = 0.305, = 21.1 3 106.R R¯ ¯c c

Vertical scale range is identical for all sensors.

plied to the outboard spanwise portion of slat no. 4 and the
inboard spanwise portion of slat no. 5. Note that the sheets
neither covered the rows of pressure ports nor the break be-
tween slats nos. 4 and 5. More information regarding the IR
boundary-layer transition technique and the results obtained
with this technique in the present experiment can be found in
Ref. 13. Although comparison between hot-� lm results with
and without mylar sheets did not indicate an effect of the
sheets on the boundary-layer state changes discussed in this
paper, the hot-� lm anemometry measurements presented
herein were obtained during � ights without mylar sheets on
the slat.

Slat Transition Results
Boundary-layer state measurements for the slats using the

previously described anemometer and IR systems have been
analyzed and are presented and discussed in this paper. The
measurements included transition of the upper surface � ow at
low angles of attack, transition of the attachment-line boundary
layer from the laminar to the turbulent state at high angles of
attack, and the subsequent apparent relaminarization of the
� ow in the highly curved leading-edge region of the slat. The
analysis focuses on the slats in takeoff position for two rea-
sons: 1) the airplane is able to � y at higher angles of attack
and faster for lower � ap settings,5,6 thereby increasing the at-
tachment-line Reynolds number, and 2) the reduced slat de-
� ection angle maximized the quality of the IR images.

In Fig. 3, the slat geometry near WBL 324 is depicted and
the location of the hot-� lm sensors just outboard of this station
is marked. Most of the sensors were located along the lower
surface ahead of the slat heel. The pressure distributions mea-
sured at wing-butt-line (WBL) 324 for the slat in the takeoff

position are depicted in Figs. 4a and 4b for the 5- and 15-deg
� ap setting, respectively (see Refs. 6 and 7 for additional slat
pressure distributions). The pressure distributions for the two
� ap settings are nearly identical except for a shift of approx-
imately 1.5 deg in the corresponding angle of attack. In Fig.
4c, the position of the slat attachment line (maximum-pressure
point) is plotted as function of a for the two takeoff � ap set-
tings. The attachment-line paths are nearly identical except for
the a-shift of approximately 1.5 deg. At low angles of attack,
the attachment line was on the upper surface and, conse-
quently, the suction peak occurred on the lower surface leading
to transition governed by Tollmien – Schlichting/in� ectional in-
stability just downstream of the peak on the lower surface. In
Fig. 5, hot-� lm data measured along the slat during the initial
part of a slow deceleration with df = 15 deg are shown as a
function of time over a 39-s window. At the beginning of this
sequence, a = 2.6 deg (M` = 0.315, = 21.8 3 106) and theRc̄

� ow along the lower surface (sensors 1.1 – 1.5) and along the
aft portion of the upper surface (sensors 1.13 and 1.14) was
turbulent. At this point, the low-amplitude signal indicated
laminar � ow in the leading-edge region (sensors 1.6 – 1.11) and
the high-amplitude signal at sensor 1.12 indicated intermittent
changes in the boundary-layer state associated with transition.
At a = 2.6 deg, the attachment line was located near sensor
1.9 and moved toward the leading edge with increasing angle
of attack. The slow deceleration and the ensuing increase in
angle of attack resulted in a reduction in the suction peak on
the lower surface and a � attening of the adverse pressure gra-
dient downstream of the peak. As a result, at the end of the
sequence depicted in Fig. 5 (a = 3.1 deg, M` = 0.305, =Rc̄

21.1 3 106), the � ow at sensor 1.5 became laminar. In the
favorable pressure-gradient � ow along the upper surface,
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Fig. 6 IR images depicting laminar boundary-layer � ow along
upper surface of slats (15-deg � aps, hp = 10,000 ft): a) a = 2.9 deg,
M` = 0.331, = 19.0 3 106; b) a = 5.9 deg, M` = 0.277, = 15.9R R¯ ¯c c

3 106; and c) a = 9.0 deg, M` = 0.239, = 13.7 3 106.Rc̄

cross� ow instability caused transition ahead of the slat trailing
edge as indicated by the hot-� lm signals for sensors 1.12 (tran-
sitional) and 1.13 and 1.14 (turbulent) in Fig. 5, and the limited
white-colored (laminar) regions in the IR image of the slat
obtained at similar conditions and a = 2.9 deg (Fig. 6a). For
the 5-deg � ap setting, the attachment line moved from the
upper surface to the lower surface at a = 7 deg (Fig. 4c), and
the pressure gradient along the upper surface remained favor-
able until a ’ 9 deg (Fig. 4a). At 15-deg � aps, the attachment
line changed surfaces at a = 5.5 deg (Fig. 4c) and the pressure
gradient remained favorable until a ’ 7.5 deg (Fig. 4b). In
this range of angles of attack, the upper surface of the slat was
completely laminar as shown by the extended white-colored
regions at a = 5.9 deg in Fig. 6b. With increasing angle of
attack, the leading-edge suction peak (now on the upper sur-
face) grew rapidly, causing loss of laminar � ow along the up-
per surface as shown by the limited white-colored regions at
a = 9.0 deg in Fig. 6c. Simultaneously, on the lower surface,
the attachment line moved away from the highly curved lead-
ing edge toward the nearly � at slat heel.

In Fig. 7, hot-� lm data measured along the slat during the
latter part of the deceleration with df = 5 deg are shown as a
function of time over a 44-s window. At the beginning of this

sequence, a = 13.8 deg (M` = 0.209, R c̄ = 14.5 3 106), and
the � ow along the upper surface downstream of the suction
peak (sensors 1.11 – 1.14) was turbulent, whereas the � ow
along the lower surface and the leading-edge region of the
upper surface was laminar except for a small region just up-
stream of the slat heel. Near the slat heel, the � ow was affected
by the unsteadiness in the separated cove � ow, as indicated by
the high-amplitude low-frequency signal of sensor 1.1 (see Fig.
17 in Ref. 2 indicating a similar unsteadiness of the � ow near
the slat heel). At a = 13.8 deg, the attachment line was located
between sensors 1.3 – 1.4 and moved away from the highly
curved leading edge (toward sensor 1.1) with increasing angle
of attack. Contamination triggered transition onset at a = 13.9
deg, when turbulent bursts appeared on the attachment line.
These � ow disturbances convect streamwise where they reg-
ister on the hot-� lm sensors on both sides of the attachment
line (see signals of sensors 1.1 – 1.6 in Fig. 7). The lower sur-
face pressure gradient is favorable toward the leading edge,
and the turbulent spots are damped as a result. Eventually, in
the highly accelerated � ow around the leading edge, the tur-
bulent disturbances appear to disappear (sensors 1.7 – 1.9). At
the end of the sequence depicted in Fig. 7, a = 15.9 deg (M`

= 0.199, = 13.7 3 106), and the attachment line (as deter-Rc̄

mined from the pressure measurements) was located near sen-
sor 1.2.

Discussion
The boundary-layer state of a swept lifting surface is de-

pendent on the state of the attachment-line boundary layer. At
high-lift conditions, a change from laminar to turbulent attach-
ment-line � ow and the associated changes in the development
of the boundary layer on the lifting surface downstream of the
attachment line can have a signi� cant effect on the maxi-
mum-lift performance of the con� guration, as demonstrated
by Woodward et al.14 and Meredith15 in wind-tunnel experi-
ments. An important parameter when studying the transition
characteristics of the attachment-line boundary layer is the
attachment-line Reynolds number, Rbar = W` k/n, where W` =
V` sin L is the spanwise component of the freestream velocity,
and k = is the characteristic length. The quantity,-0.5(n/U9)n

, represents the inviscid velocity gradient at the attachmentU9n
line in the direction normal to it. Gaster,16 Pfenninger,17 and
Poll18 provide additional information on the attachment-line
Reynolds number. Their studies, among others, have shown
that for Rbar < 245, the attachment-line boundary layer will tend
to remain laminar, and turbulent contamination introduced in
the boundary layer by signi� cant surface roughness and inter-
secting turbulent shear layers decays. For Rbar > 245, the tur-
bulence self-sustains, causing the attachment-line � ow, as well
as the � ow downstream of the attachment line, to become tur-
bulent. In the absence of any contamination, the attachment
line remains laminar, and viscous instability followed by rapid
transition occurs only if Rbar > 580 (Ref. 19).

In the recent � ight experiment, surface pressure measure-
ments permit the calculation of Rbar for a given geometry and
freestream conditions. (Note that the surface pressures are
measured in the direction parallel to the centerline of the air-
plane.) The calculation procedure for Rbar is as follows. First,
M and U are determined at each pressure port using the is-
entropic-� ow equation, the measured port pressure, and free-
stream conditions. As a � rst approximation, the attachment line
is estimated at the port location with the maximum pressure
coef� cient. At the attachment line, Un is zero, and the sweep
angle of the attachment line can be estimated from the ex-
pression for the spanwise velocity component where at the
attachment line W` = U. Next, Un can be calculated for the
other chord stations assuming locally in� nite swept wing con-
ditions where the ports on the lower surface (w.r.t. the attach-
ment line) are assigned to have a negative velocity. In the
vicinity of the attachment line of a swept in� nite cylinder, the
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Fig. 7 Hot-� lm results (digital) depicting boundary-layer state changes on slat during slow deceleration (5-deg � aps, hp = 5000 ft).
Segment starts at t = 1810 s, a = 13.8 deg, M` = 0.209, = 14.5 3 106, and ends at t = 1854 s, a = 15.9 deg, M` = 0.199, = 13.7 3R R¯ ¯c c

106. Vertical scale range is identical for all sensors.

Fig. 8 Calculated attachment-line Reynolds number at WBL 324
(5-deg � aps, hp = 5000 ft).

velocity normal to the attachment line is shown to be Un(sn) =
a0 1 a1sn 1 1 . . . , where sn represents the distance along3a s3 n

the surface normal to the attachment line (sn = 0 at the leading
edge of the slat and sn > 0 on the upper surface).20 Assuming
that these conditions also locally exist in the leading-edge re-
gion of a lifting surface, then a least-squares � t of this ex-
pression through the Un data in the vicinity of the attachment
line provides an accurate estimate of the attachment-line lo-
cation (Un = 0) as well as the velocity gradient = dUn/dsnU9n
at the attachment line.

This procedure was applied to calculate the slat attachment-
line Reynolds number in slowly decelerating � ight at constant
altitude. In Fig. 8, the calculated values for Rbar are plotted as
a function of angle of attack for the airplane in the 5-deg � aps
con� guration during three separate � ights at hp = 5000 ft (� ight
707, run 2; � ight 708, run 2; and � ight 709, run 2). Note the
good agreement between the curves providing additional evi-
dence of the reliability of the results. The results show that
Rbar remains well below 245 for the angle-of-attack range from
about a ’ 3 deg, the lowest angle of attack achievable in
steady level � ight at these conditions, to a = 9.5 deg. Between
a = 9.5 and 12 deg, Rbar increases rapidly to a value of about
350 as the attachment line moves from the highly curved lead-
ing-edge region toward the relatively � at slat heel region on
the lower surface. Correlation of the hot-� lm results of Fig. 7
and the calculated attachment-line Reynolds numbers indicates
that on slat no. 5 the onset of attachment-line transition occurs
at Rbar of about 340; signi� cantly above the Rbar = 245 level
for large disturbances. Note, this Rbar value was obtained for
the high-lift system in the takeoff position; i.e., slat nos. 4 and
5 have identical positions with a sealed gap in between. The

fact that attachment-line transition occurred at Rbar lower than
the instability limit of 580 indicates that there likely was an
effect of residual roughness because of the sealed � ap gap and
other spanwise discontinuities.

The signals of sensors 1.7 – 1.9 in Fig. 7 indicate that in the
highly accelerated � ow region around the leading edge, the
turbulent � ow appears to relaminarize. The upper surface suc-
tion peak occurred near sensor 1.9 and the signal of sensor
1.10 (Fig. 7) depicts a pattern (a drop in the mean signal value
just before the rise in the mean value associated with transi-
tion) that is indicative of transition associated with laminar
separation; another indication that the � ow relaminarized. A
convenient parameter often used to characterize the reversion
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Fig. 9 Calculated maximum relaminarization parameter at WBL
324 (5-deg � aps, hp = 5000 ft).

from turbulent to laminar � ow is the inverse Reynolds number,
K = (Uz /n)21, where the characteristic velocity is represented
by the local inviscid velocity U, and z = represents theU/U9s
characteristic length. Here, denotes the velocity gradientU9s
along the inviscid streamline. Launder and Jones21 and Nara-
simha and Sreenivasan22 provide additional information on K.
In two-dimensional � ows, relaminarization is shown to occur
for values of K in excess of approximately 3 3 1026. Very
little data are available for three-dimensional wing � ows; how-
ever, Beasley,23 Hardy,24 Arnal and Juillen,25 and Meredith15

suggest that a value of K in excess of 3 3 102 6 may also
indicate relaminarization in three-dimensional wing � ows if K
is evaluated along the inviscid surface streamline.

Because U and z are inviscid-� ow parameters, K can be
calculated based on the measured surface pressures and the
freestream conditions. The local edge velocity U is determined
at every pressure port as explained earlier, and the velocity
gradient along the inviscid streamline is calculated basedU9s
on the normal velocity distribution Un, the assumption that
locally in� nite swept-wing conditions exist, and the resulting
calculated inviscid surface streamline. In Fig. 9, the maximum
K value along the streamline is plotted as function of angle of
attack for the 5-deg � ap con� guration during the identical runs
used to calculate Rbar. Again, note the good agreement between
the curves based on data obtained during different � ights. The
calculations indicate that Kmax exceeds 3 3 1026 for a = 5 deg
to stall onset (a = 18 deg) and reaches a maximum value that
is signi� cantly larger than 3 3 1026 at a ’ 9 deg. This pro-
vides an additional indication that reversion to laminar � ow
was occurring in this initially turbulent slat � ow as a result of
the strong favorable pressure gradients. Earlier Preston-tube
measurements reported by Yip et al.6 indicate the likelihood of
relaminarization of the slat � ow in the high-lift con� guration.

At low angles of attack (a < 7 deg for 5-deg � aps and a <
5.5 deg for 15-deg � aps), the attachment line was located on
the upper surface just downstream of the leading edge and the
pressure gradient along upper surface was favorable as shown
in Fig. 4. However, the IR images, e.g., Fig. 6a for a = 2.9
deg, as well as the hot-� lm results (Fig. 5), indicate that tran-
sition occurred upstream of the slat trailing edge at these con-
ditions. In laminar-� ow regions with a favorable pressure gra-
dient, the growth of Tollmien-Schlichting disturbances is
suppressed, but in� ections in the mean velocity pro� le on
swept wings give rise to cross� ow vortices in the boundary
layer. Provided that the attachment line is laminar, cross� ow
is the primary mode of laminar instability and transition for
swept laminar-� ow wings at cruise conditions. Consequently,
the growth of these disturbances has been studied in great de-
tail mainly using methods based on linear stability theory.26

Vijgen et al.27 were the � rst to study leading-edge � ows along
swept high-lift systems using linear stability methods, and their
study shows that cross� ow instability may also be a transition
mechanism for these � ows.

In this paper, the growth of the cross� ow instabilities is
analyzed using a linear stability method,28 the � ight measured
surface pressures at WBL 324 and the freestream conditions.
Integration of the cross� ow ampli� cation rates gives an am-
pli� cation factor n, where n = <n(A/A0), with A representing
the local integrated amplitude of the cross� ow instability, and
A0 representing the initial amplitude at the neutral point. Here,
the envelope method approach is used, whereby the local am-
pli� cation rate is maximized by varying the wave-front angle
and wavelength.29 The three-dimensional mean velocity pro-
� les required for the boundary-layer stability analysis were
calculated using a compressible-� ow method.30 In Fig. 10, the
predicted cross� ow ampli� cation along the upper surface of
the slat is shown for a range of wave frequencies at three
angles of attack: 1) Fig. 10a, a = 2.6 deg (M` = 0.315, =Rc̄

21.8 3 106), the lowest angle-of-attack that could be reached
at the given weight and � ight conditions (hp = 5000 ft, 15-deg
� aps); 2) Fig. 10b, a = 4.4 deg (M` = 0.278, = 19.2 3 106),Rc̄

the angle of attack at which transition was observed to occur
near the slat trailing edge; and 3) Fig. 10c, a = 7.0 deg (M`

= 0.244, RcÊ = 16.9 3 106), the angle of attack for which the
pressure gradient along the upper surface is fairly � at except
near the leading edge. In all cases, the stationary cross� ow
instabilities ( f = 0 Hz) are shown to amplify rapidly starting
near the attachment line to x /c ’ 0.2. Depending on the pres-
sure gradients, the growth rates along the remainder of the slat
upper surface vary. Also, the traveling instabilities ( f > 0 Hz)
are shown to amplify stronger than the stationary instabilities
in agreement with other subsonic analyses.26 Although bound-
ary-layer stability predictions based on linear theory indicate
that traveling cross� ow instabilities have larger growth rates
than stationary instabilities and, thus, would be expected to
dominate the transition process, experimental results have
shown that stationary vortices tend to be dominant in quiet
� ows with low turbulence levels. In these � ows, micron-size
surface irregularities cause the initial amplitudes of the sta-
tionary disturbances to be signi� cantly larger than those of the
traveling disturbances, and this causes the domination of the
stationary vortices in the transition process.31 For the stationary
instabilities, a maximum linear ampli� cation factor nmax of 12
is predicted near the trailing edge at a = 4.4 deg (Fig. 10b).
At lower angles of attack, nmax for the stationary cross� ow
instabilities is predicted to be higher (Fig. 10a), and at higher
angles of attack, nmax is predicted to be lower (Fig. 10c). Ap-
plication of linear stability theory to predict swept-wing
boundary-layer transition requires systematic correlations
between transition-onset locations observed in similar experi-
ments and calculated values for nmax at those locations. Appli-
cation of this so-called en-transition prediction method to pre-
vious cross� ow experiments has resulted in values for nmax at
transition in the range of 9 – 12 (Ref. 26). The fact that in-� ight
the transition-onset location moved toward the trailing edge
with increasing angle of attack and reached the trailing edge
at a ’ 4.4 deg, correlates well with these predicted trends in
nmax (Fig. 10b), and indicates that cross� ow instability was the
likely cause of transition on the upper surface of the slat at the
lower angles of attack.

In summary, the observed boundary-layer state phenomena
on the deployed slat can be divided into three broad categories
based on angle of attack. At low angles of attack, the attach-
ment line is laminar and located on the upper surface of the
slat. The ensuing leading-edge suction peak on the lower sur-
face leads to transition just downstream of the peak as a result
of rapid growth of Tollmien-Schlichting/in� ection instabilities
on the lower surface. On the upper surface, growth of cross-
� ow instabilities in the favorable pressure gradient � ow causes
transition ahead of the trailing edge. In the mid angle-of-attack
range, the attachment line is located near the leading edge and
the pressure gradients on the upper and the lower surface are
fairly � at, except near the leading edge. At these conditions,
the � ow over the entire slat is laminar (except for the separated
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Fig. 10 Cross� ow linear stability predictions (envelope method,
cross� ow only) for � ow along upper surface of slat (15-deg � aps,
hp = 5000 ft): a) a = 2.6 deg, M` = 0.315, = 21.8 3 106; b) a =Rc̄

4.4 deg, M` = 0.278, = 19.2 3 106; and c) a = 7.0 deg, M` =Rc̄

0.244, = 16.9 3 106.Rc̄

� ow in the cove). At higher angles of attack, the attachment
line moves away from the highly curved leading edge toward
the relatively � at slat heel. This causes the attachment-line � ow
to become unstable and susceptible to contamination, and the
lower-surface � ow becomes turbulent at high angles of attack.
Under the in� uence of the strong favorable pressure gradient
leading to the suction peak on the upper surface, the � ow
reverses from the turbulent to a laminar state. Just downstream
of the upper-surface suction peak, the relaminarized � ow tran-
sitions as a result of rapid growth of Tollmien-Schlichting/
in� ectional instabilities or laminar separation. Note that under
typical takeoff conditions, the airplane tends to operate in the
mid- to high angle-of-attack range (a ’ 8 deg).

Concluding Remarks
Flight experiments on NASA Langley Research Center’s

TSRV (B737-100) airplane have been conducted to document
� ow characteristics for further understanding of high-lift � ows.

Detailed boundary-layer state measurements conducted on the
slat are analyzed and presented in this paper.

The hot-� lm and IR results validate earlier predictions that
signi� cant regions of laminar � ow can exist in � ight on the
slat of a subsonic civil transport airplane at high-lift conditions.
The analysis of the boundary-layer state changes observed in
� ight show that at high angles of attack, the transition process
on the lower surface of the slat is governed by contamination
of the attachment-line � ow. Correlation of the surface-pressure
data and the hot-� lm anemometer data indicates that attach-
ment-line transition occurs at Rbar of approximately 340, well
above the value of 245 for large disturbances. As a result of
the strong favorable pressure gradients at typical high-lift con-
ditions, K exceeds 3 3 1026, and the � ow is shown to reverse
to a laminar state in the slat leading-edge region. On the upper
surface, the � ow retransitions to the turbulent state under the
in� uence of the adverse pressure gradient downstream of the
leading-edge suction peak.

At low angles of attack, the laminar attachment line (Rbar <
245) resides on the upper surface. The ensuing leading-edge
suction peak on the lower surface causes transition governed
by Tollmien-Schlichting/in� ectional instabilities just down-
stream of the leading edge on the lower surface. In the favor-
able pressure gradient region on the upper surface, linear sta-
bility theory predicts ampli� cation factors for stationary
cross� ow vortices in excess of 12. Ampli� cation factors of this
level have been correlated to cross� ow transition, and the IR
and hot-� lm data obtained in the high-lift experiment also
show transition on the slat in the favorable pressure gradient
region at these conditions.
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