
JOURNAL OF AIRCRAFT
Vol. 32, No. 3, May-June 1995

In-Flight Pressure Measurements on a Subsonic Transport
High-Lift Wing Section
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The NASA Langley Transport Systems Research Vehicle (B737-100 aircraft) was used to obtain in-flight flow
characteristics including surface pressures and surface shear stresses for a full-chord wing section, including
the slat, main-wing, and triple-slotted, Fowler-flap elements. Chordwise pressure distributions were obtained
at the 58% semispan station using thin pressure belts. Flow characteristics observed in the chordwise pressure
distributions included leading-edge regions of high-subsonic flows, leading-edge attachment-line locations, slat
and main-wing cove-flow separation and reattachment, and trailing-edge flow separation. In addition, surface
shear-stress measurements were made using Preston-tube probes on each element. Computational analysis of
the in-flight pressure measurements using two-dimensional, viscous-flow, multielement methods and simple-
sweep theory showed reasonable agreement. However, overprediction of the suction pressures on the flap
elements indicates a need for more detailed (off-surface) measurements of the flow and the in-flight flap geometry
to aid modeling of the complex three-dimensional flowfield.

Nomenclature
b = wingspan, 93.0 ft
C* = skin-friction coefficient (also see discussion

in Description of Flight Experiment), r/q^
CL = aircraft lift coefficient, \ift/(qJS)
Cr = pressure coefficient
c = mean aerodynamic chord, 11.20 ft
h = pressure altitude, ft
M = freestream Mach number
qv, = freestream dynamic pressure, psf
Re = Reynolds number based on true airspeed

and c
S = reference wing area, 980 ft2

Vj = indicated airspeed, kt
x/c = non dimensional chordwise coordinate
a = aircraft angle of attack, deg
8r = flap deflection, deg
17 = nondimensional semispan location,

2y/b
ALE = leading-edge sweep angle, deg
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r = surface shear stress computed from Preston-tube
measurements, psf

Introduction

H IGH-LIFT system aerodynamics can significantly impact
the overall design of transport aircraft in terms of sizing,

performance, system complexity, and noise and safety certi-
fication.1 Currently, the improved design of subsonic high-lift
systems remains a technical challenge mostly due to the lim-
ited understanding of the complex flow physics associated with
high-lift flows. Multielement, high-lift flows are sensitive to
Reynolds and Mach number effects; and therefore, the aero-
dynamic performance of three-dimensional high-lift systems
is generally difficult to extrapolate from wind-tunnel or to
predict in computational fluid dynamics (CFD) studies. In
order to improve the design methodology for high-lift systems,
additional experimental data with sufficient flow details on
transport-type swept wings are needed at actual flight Reyn-
olds and Mach numbers to better understand high-lift flows.
Thus far, only a very limited number of flight investigations
have been conducted with sufficiently detailed flow measure-
ments on a high-lift system for correlation with ground-based
investigations and to guide three-dimensional CFD modeling.
One such investigation was reported by Greff2 on an Airbus
A310-300 aircraft with flow measurements concentrated in
the slat region.

As part of a multiphased research program at NASA Lang-
ley, flight tests are being conducted on the Transport Systems
Research Vehicle (TSRV), a B737-100 aircraft, to obtain de-
tailed full-scale flow measurements on a multielement high-
lift system at various flight conditions. The purpose of this
article is to report the initial flight-test results, including flow
visualizations, surface pressure distributions, and surface shear-
stress measurements. Before describing the flight experiment
and its results, a brief background on aspects of multielement
high-lift flows relevant to the data included is presented.
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Multielement Flow Issues
The flowfield around a multielement transport wing with

sweep is characterized by several aerodynamic phenomena
that are generally highly interrelated, complex in nature, and
not fully understood. Accurate prediction of surface-pressure
distributions, merging shear layers, and separated-flow re-
gions over multielement airfoils is an essential requirement
in the design of advanced high-lift systems for efficient sub-
sonic transport aircraft. The availability of detailed measure-
ments of pressure distributions and boundary-layer flow pa-
rameters at flight Reynolds and Mach numbers is critical to
the development and evaluation of CFD methods for high
lift.3 4 Detailed measurements and analysis of the multiele-
ment flowfield have generally been limited to two-dimen-
sional studies. Previous detailed flow measurements in the
wind-tunnel investigations have included Reynolds-stress
components, however, at subscale Reynolds numbers and only
in two dimensions.5"8 These results have been applied towards
the development and validation of two-dimensional multiele-
ment numerical codes. Two-dimensional multielement flow
issues include 1) compressibility effects including shock/
boundary-layer interaction on the slat, 2) laminar separation-
induced transition along the upper surfaces, 3) confluent tur-
bulent boundary layer(s) [the merging of wake(s) from up-
stream elements with the boundary layers of downstream
elements], 4) cove separation and reattachment, and 5) flow
separation on the flap upper surfaces and the main element.

Availability of detailed flow data in three dimensions at
full-scale (flight) Reynolds numbers has been much more lim-
ited. To contribute to the understanding and correlation of
high-lift research between wind tunnel, CFD, and flight, ex-
periments are needed for three-dimensional swept wings at
full-scale Reynolds numbers. Further understanding of scale
effects is required to accurately extrapolate subscale, three-
dimensional results to full-scale, flight conditions.9~H

Three-dimensional multielement flow issues include 1)
leading-edge transition and relaminarization; 2) sweep effects
on confluent boundary-layer development, turbulent bound-
ary-layer separation, and separated cove flows; 3) highly three-
dimensional, local flow modifications; e.g., vortex generators;
flap side-edge-separated flows and tip effects; and flow in-
teractions with slat brackets and flap-track fairings, engine
pylons, and landing-gear struts. The three-dimensional mul-
tielement issues of leading-edge attachment-line transition and
the potential for relaminarization are discussed in more detail
in the following section.

Attachment-Line Transition and Relaminarization Issues
In three-dimensional, swept-wing flows, the flow along the

attachment line (a locus of points near the leading-edge
dividing upper- and lower-surface flows) can be laminar,
transitional, or turbulent, depending on the pressure distribu-
tion, the leading-edge sweep angle, and the Reynolds num-
ber.12 u If attachment-line transition occurs, the resulting
changes in the development of boundary-layer flows can sig-
nificantly influence the downstream turbulent flowfield. Re-
laminarization of the flow downstream of a turbulent attach-
ment line can occur if the streamwise flow acceleration is
sufficiently strong. 15~17 If the flow ahead of a steep adverse
pressure gradient along the upper surface of the elements is
laminar, an additional Reynolds number effect can occur due
to the presence of a laminar-separation bubble and its effect
on subsequent turbulent-flow behavior.

The issues of leading-edge transition and relaminarization,
illustrated in Fig. 1 for a smooth, single-element, swept wing,
are important in the extrapolation of subscale, three-dimen-
sional wind-tunnel results to flight. Typically, three-dimen-
sional wind-tunnel data used to extrapolate maximum lift in
flight are obtained at Reynolds numbers where wing stall is
dominated by conventional scale effects.18 Conventional scale
effects refer to the increase of maximum lift with Reynolds

Separation
bubblf Turbulent

Laminar^. L_
B.L.

Trailing-edge
separation

Relaminarization

Reynolds number (RN)
Fig. 1 Effect of attachment-line transition and relaminarization on
maximum lift of swept single-element wing.

A
S = 980.0 sq. ft.
b = 93.0 ft.
c = 11.20 ft.
A|e=27.56°

Fig. 2 Planform view of the B737-100 aircraft.

number due to the thinning of the turbulent boundary layer
in the wing trailing-edge region and the subsequent aft move-
ment of the trailing-edge flow separation point. At flight
Reynolds numbers, attachment-line transition can occur caus-
ing turbulent flow to start from the attachment line. By shift-
ing forward the starting point of the turbulent boundary layer,
the trailing-edge separation location can also shift forward
due to the increased growth of the turbulent boundary layer.
Because of the increased extent of trailing-edge separation,
a significant reduction in lift can occur. However, because of
steep favorable pressure gradients associated with high-lift
flows, relaminarization is possible for some sections of the
wing and would thereby alleviate some of the lift loss expected
as a result of the attachment-line transition. In a high Reyn-
olds number wind-tunnel investigation of a swept-wing con-
figuration without slats, maximum-lift losses of the order of
15% have been measured when transition occurred along the
attachment line and relaminarization did not occur.10

Description of Flight Experiment
The NASA Langley TSRV was the prototype aircraft used

in the development of the Boeing B737-100 and has been
significantly modified for flight systems research.19 In its un-
modified state, the Boeing 737-100 is a twin-jet, short-haul,
subsonic transport designed to carry approximately 100 pas-
sengers with a cruise speed of Mach 0.78. In order to obtain
short-field takeoff and landing performance the aircraft in-
corporates leading-edge devices and a triple-slotted flap sys-
tem. Figure 2 shows a planform view of the B737-100 config-
uration and illustrates the overall geometric characteristics.
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Inboard leading-edge Kriiger flaps (not indicated in Fig. 2)
and outboard leading-edge slats are extended in conjunction
with the triple-slotted trailing-edge flaps. As shown in Fig. 3,
the outboard high-lift wing section studied in this aricle con-
sists of five elements: 1) the leading-edge slat, 2) the main
wing with fixed leading edge, 3) the fore flap, 4) the midflap,
and 5) the aft flap. At flap settings over 25 deg the two most
outboard slat segments are fully extended and deflected an
additional increment (see Fig. 3), effectively creating a break
in the leading edge between the inboard slat and outboard
slats (see Figs. 4 and 5a). At the lower flap settings, only a
very small slot exists between the slat and main-wing elements
(see Fig. 3).

Instrumentation for the full-chord, wing-section measure-
ments is illustrated in Fig. 4. Surface pressure distributions,
Preston-tube skin-friction measurements, and flow-visualiza-
tion results were obtained on the starboard wing of the re-
search aircraft. The chordwise pressure distributions were
measured at a nominal spanwise station of 17 = 0.58 on the
upper and lower surfaces of the slat, main-wing, and flap
elements using thin belts of plastic tubing (0.062 in. o.d./0.028
in. i.d.), which were wrapped around each element. The belts
were attached to the surface with thin (0.005 in.) adhesive
tape. To minimize belt edge effects, five extra (nonfunction-
ing) tubes were added to each side, and the sides of each belt
were ramped with a silicon-rubber compound. The spacing
of the pressure orifices was reduced in the leading-edge re-
gions in order to be able to capture the leading-edge suction

15 Degrees

main element fore-flap
mid-flap

aft-flap
Fig. 3 Wing sections at various flap settings (outboard wing).

»
slat

Preston tube x/c
slat, upper 0.72
wing, upper (1U) 0.14
wing, upper (2U) 0.54
wing, upper (3U) 0.96
wing, lower (1L) 0.18
wing, lower (2L) 0.70

\
vortex
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Pressure belt

] = 0.58 remote
computer

peaks. The technique of using external pressure belts has been
commonly used in previous flight studies and was shown to
generally provide good surface pressure measurements when
compared to flush surface orifices.20

A total of 160 pressure tubes (144 for pressure distributions,
12 for static and total measurements of the Preston tubes,
and 4 spare tubes) were connected to five electronically scan-
ning pressure (ESP) modules that were located in the wing
cove region (see Fig. 4). The ESP modules were maintained
at a constant temperature to minimize zero shift of the mea-
surement, and two differential-pressure transducer ranges (2.5
and 5.0 psi) allowed high resolution of the pressure data. A
plenum chamber was housed in the wing cove region to pro-
vide the reference pressure for the ESP transducers; the ref-
erence pressure was monitored with an absolute pressure gauge
and was related to the static pressure measured by the aircraft
pitot-static probe. A small data-acquisition unit was located
in the outboard flap track fairing of the wing (see Fig. 4) to
access and address the ESP transducers. The digital output
data were processed by an on-board computer for real-time
graphical display and stored on an optical disk for postflight
data analysis. Pressures were recorded at a rate of 10 samples/
s while aircraft flight parameters were recorded at a rate of
20 samples/s. The pneumatic lag for the longest tube length
was measured in ground tests and determined to be approx-
imately 0.5 s, and was taken into account in the measurement
and reduction of data.

In order to provide corrections of the static pressure due
to probe position error for each flap setting, an airspeed cal-
ibration flight was conducted prior to the research flights using
a tracking-radar method.21 These corrections along with tem-
perature measurements were used to compute freestream static

Fig. 4 Instrumentation layout.

is«;it|ii«̂

Fig. 5 Pressure-belt and Preston-tube installation: a) B-737 subsonic
high-lift flight experiment, wing-section pressures and flow visuali-
zation (df = 40 deg) and b) pressure-belt and Preston-tube installation,
leading-edge slat and main wing element (close-up view, 8f = 15 deg).
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and dynamic pressures as well as Mach and Reynolds num-
bers. Also, angle-of-attack corrections were obtained for each
flap setting by calibrating the aircraft angle-of-attack vane
against pitch attitude obtained from the aircraft inertial nav-
igation system in steady level flight. Lift coefficients were
determined from steady, l-g flight maneuvers using aircraft
weight calculated from aircraft fuel consumption measured
by fuel-flow sensors. Thrust corrections obtained from a stan-
dard engine performance deck were applied to remove the
thrust contribution from the lift data.

Flow visualization was obtained by applying nylon yarn tufts
to the upper surfaces of the outboard flap and the main-wing
elements (see Fig. 5) to indicate local regions of flow sepa-
ration. The tuft patterns were recorded with still and video
photography to allow for postflight analysis and correlation.

Preston tubes were installed on the upper and lower sur-
faces of the main-wing element, and one Preston tube was
installed on the slat upper surface (see Figs. 4 and 5). The
Preston-tube probes were installed in the freestream direction
just outboard of the pressure belt and staggered spanwise to
minimize interference effects of the probes on each other.
These probes contain a flush orifice in addition to the pitot
pressure orifice to measure static and total pressures within
the boundary layer, and the local skin friction coefficient can
be determined based on the measured pressure differential
at the tube.22 The o.d. of the modified Preston tube used here
were 0.083 in. for the wing locations and 0.042 in. for the slat
location. The calibration expression for these probes is valid
if both the static and the total port are located within the law-
of-the-wall region of the turbulent boundary layer.22 Since the
boundary-layer state, its thickness as well as its orientation
are dependent on the flap setting and the various flight pa-
rameters, skin-friction values based on the Preston-tube mea-
surements are listed in this paper as C *; where the superscript
indicates that these measurements do not necessarily reflect
actual skin-friction values if the Preston-tube readings were
outside the valid calibration range, e.g., if the flow was lam-
inar. Preston-tube measurements on the flap elements were
obtained without the instrumentation installed on the wing
and the slat during a different phase of the flight experiment.23

Flight-Test Results
The flight experiments covered a range of Reynolds and

Mach numbers as the aircraft was flown at pressure altitudes
of 5, 10, 15, and 20 kft. The Reynolds number based on the
mean aerodynamic chord Rf (where the mean aerodynamic
chord c = 11.20 ft) ranged from 1.0 x 106 to 2.1 x 106, and
the freestream Mach number varied from 0.16 to 0.40. Test
conditions and test points obtained in flight with flap deflec-
tions of 15, 25, 30, and 40 deg are shown in Fig. 6, as well
as lines of constant Reynolds and Mach numbers for standard
atmospheric conditions. As indicated by Fig. 6, flight at in-
creasing altitudes provides conditions of increasing Mach
number and decreasing Reynolds number for a given indi-
cated airspeed Vh which corresponds approximately to a con-
stant lift coefficient for a given aircraft weight.

The flight-test points were obtained for each of the flap
settings at l-g, steady conditions in level flight with the aircraft
initially flown at a high nominal airspeed and then slowed to
the stick-shaker speed. Data were sampled for approximately
30 s at each constant-airspeed test point. In addition, data
were recorded during the deceleration of the aircraft between
selected test points. The aircraft was decelerated at a nominal
rate of 1 kt/5 s while constant altitude was maintained. Per-
tinent test points were repeated to ensure data repeatability.
All data were obtained with the landing gear retracted. The
research flight deck on the TSRV allowed autothrottle and
autopilot operations of the aircraft for constant airspeed and
altitude modes of testing.

The results presented here are for a flight altitude of 10 kft
unless otherwise noted. The surface static pressure measure-

Altitude, ft
25,000
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15,000

10,000

5,000

100 150

Vj, KIAS
Fig. 6 Flight-test conditions.
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Fig. 7 Comparison of trimmed data from flight and low Reynolds
number (Rf = 1.4 x 106) wind-tunnel data (thrust contribution re-
moved). In night, Rc ranged from 1.04 x 107 at CL = 2.76 and 8f =
40 deg to 2.03 x 107 at CL = 0.86 and 8f = 15 deg.

ments at this altitude are representative for results obtained
at the other altitudes.

Trimmed-Lift Data
Trimmed-lift coefficients from representative flight data are

shown in Fig. 7 for the TSRV configuration with flap deflec-
tions of 15, 25, 30, and 40 deg. For the angle-of-attack range
tested, the lift curves remained nearly linear with no signifi-
cant slope changes except for a slight decrease in the lift-curve
slope for the 15-deg-flap case at high angles of attack. In Fig.
7, the flight lift data are also compared with available wind-
tunnel lift data24 for the 30- and 40-deg-flap settings. The
wind-tunnel investigation used a one-eighth scale model of
the TSRV with flow-through nacelles. The wind-tunnel data
were obtained at test conditions of M = 0.14 and Re = 1.4
x 106, significantly less than the flight Reynolds numbers that
ranged from Rf = 1.04 x 107 at low-speed conditions (C^ =
2.76, 8f = 40 deg) to 2.03 x 107 at high-speed conditions
(CL = 0.86, df = 15 deg). Wind-tunnel force and moment
data were recomputed for 18% c, the nominal e.g. location
in flight, and trimmed-lift coefficients were estimated based
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on stabilizer requirements for trimmed flight. The compar-
ison shows significant differences between flight and wind-
tunnel data, likely due to the discrepancy in the Reynolds
numbers as well as differences in aeroelastic deformations
of the high-lift elements between the wind-tunnel model
and the actual airframe. At high angles of attack, the un-
derprediction in the wind-tunnel data is probably due to
premature flow separation at the much lower wind-tunnel
Reynolds number conditions. At low angles of attack, the
overprediction in the wind-tunnel data may be a result of
an inverse Reynolds number effect on multielement airfoils
where lift decreases with increasing Reynolds number for
given geometry.18-25

Pressure Distributions and Skin-Friction Measurements
Pressure distributions measured for all elements on the

TSRV, high-lift wing section are presented in Fig. 8 for the
15- and 40-deg-flap settings. Several observations can be made
based on the overall flight-measured pressure distributions:

1) Changing the angle of attack affected primarily slat and
main-wing pressure loading, and had little effect on the flap
pressures. The small variance of flap loading with angle of
attack is explained by the fixed deflection geometry of the
upstream element that largely determines the in-flow angle
for the flap element.

2) Because of sweep effects, maximum Cp values were less
than the two-dimensional value for the stagnation point. Also,
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flow reattachment in the main-wing cove is indicated by the
near-maximum Cp values.

3) Pressures at the trailing edge of each element, except
for the aft flap, do not recover completely due to the influence
of the downstream element. The accelerating flow region be-
tween the elements also causes changes in the trailing-edge
pressure distributions, e.g., note the decreasing main-wing
element upper-surface pressures near the trailing edge with
increasing flap deflection. The higher velocities near the trail-
ing edge also relieve the pressure rise on the leading edge of
the downstream element, thus alleviating potential separation
problems that could cause loss in lift. These multielement
flow phenomena are attributed to the "circulation effect" and
"dumping effect" as described by Smith.26

Flow characteristics of the individual elements of the high-
lift system are examined in more detail in the following sec-
tions. More detailed plots of the pressure distributions of the
individual elements are presented in Ref. 28.

Slat-Element Flow Characteristics
A comparison of the slat pressure distributions for the 15-

and 40-deg-flap setting (Fig. 8) shows similar results for a
given angle of attack (e.g., note the pressure distributions at
a « 2.5, 9.5, and 13.5 deg). Both flap settings show favorable
upper-surface pressure gradients at low angles of attack, nearly
flat pressure distributions at moderate angles of attack, and
an upper-surface suction peak near the leading edge with a
subsequent adverse gradient downstream at high angles of
attack. For the 15-deg-flap setting, the upper-surface suction
peak reached a minimum value of Cp = -13.18 at the highest
available angle of attack, a = 16.42 deg, and a freestream
Mach number of 0.20. This Cp value corresponds to a local
Mach number of 0.83.

For both flap settings, the approximate position of the at-
tachment line, as indicated by the maximum Cp value, is lo-
cated on the upper surface of the slat for angles of attack less
than about 4 deg. Consequently, for the 40-deg flap setting
and a = -1.51 deg, the slat is shown to produce negative
lift. At this negative angle-of-attack condition, lower surface
flow separation is indicated by the nearly constant Cp value
in the leading-edge region. On the lower surface, slat pressure
ports aft of (x/c)slat = 0.30 were actually located in the slat
cove. Also in this region, the nearly constant pressure level
for both flap settings at high angles of attack is indicative of
flow separation in the cove. Near the lower-surface trailing
edge, the pressure distributions indicate increasing flow ve-
locities as a result of the slot flow between the slat and the
main-wing element. In this region, the narrow gap for the 15-
deg-flap setting caused a larger acceleration compared to the
40-deg-flap setting.

In Fig. 9, the Preston-tube measurements on the slat are
plotted as a function of aircraft angle of attack for two alti-
tudes, h = 10 and 20 kft, and two flap settings, df = 15 and
40 deg. The data show a significant increase in the measured
values of C* for the moderate angle-of-attack range (2.5 deg
< a < 9.0 deg) for both flap settings, except in the lower-
altitude, higher-Reynolds-number data of the 15-deg-flap set-
ting. As mentioned earlier, at df = 40 deg, the flow over the
slat with Preston tube starts with a new attachment point (see
Figs. 4 and 5a), ensuring elimination of a turbulent inboard
attachment line. This increase in C* can be traced to a sudden
increase in the Preston-tube total-pressure reading as opposed
to its static-pressure reading that varied smoothly throughout
this angle-of-attack range. This flow behavior can be related
to the attachment-line boundary-layer state and the phenom-
enon of relaminarization and is discussed in more detail in a
companion paper.27 Briefly, if the attachment-line flow and/
or the flow downstream of the attachment line become lam-
inar as a result of changes in the pressure distribution, a
significant reduction in boundary-layer thickness occurs. This
reduction in boundary-layer height causes the Preston tube
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Cf 0.009

0.007
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h= 10,000 ft, 15 flaps
h = 20,000 ft, 15 flaps
h = 10,000 ft, 40 flaps
h = 20,000 ft, 40 flaps

I I I I I I I I I I

4 8
a, deg

12 16

Fig. 9 Preston-tube measurements on upper surface of slat.

to be only partially submersed in the boundary layer as com-
pared to fully submersed in the turbulent case. The outcome
is an increase in the total-pressure reading of the Preston tube,
and therefore, an accompanying increase in the value of C*.
More detailed measurements using flush-mounted static pres-
sure orifices and hot-film sensors are planned to further study
the boundary-layer transition and relaminarization phenom-
ena on the slat.28

Main-Wing Element Flow Characteristics
Closer examination of the main-wing pressure distributions

for the 15- and 40-deg-flap settings (Fig. 8) indicates that in
both cases, there is a large suction peak at the (*/c)main =
0.12 location of the upper surface. A local flow acceleration
was registered by the pressure belt measurement at this lo-
cation that corresponds to a pressure port located just behind
a notch (i.e., a forward-facing step) in the leading-edge sur-
face. The notch in the airfoil contour is a result of the slat
element retracting into the main-wing leading edge for cruise
flight conditions. For the 40-deg-flap case, the suction peak
occurred at about (x/c)main = 0.036, which is ahead of the
notch in the surface and, consequently, a double-peaked pres-
sure distribution is created for most of the angles of attack
shown.

On the lower surface, the six most-aft pressure ports are
located on the spoiler lower surface in the wing cove region.
Note that the lower-surface flow apparently reattaches onto
the spoiler lower surface as indicated by the high Cp value
that is similar to the attachment-line value near the leading
edge. The influence of the slat lower-surface, separated-flow
region on the main-wing element is evidenced by the reduction
in pressures in the lower-surface nose region. For the 15-deg-
flap setting, the slat and main-wing elements form, in effect,
a single element at lower angles of attack. The slot between
the slat and the main-wing element is very narrow (see Fig.
3), causing the slat leading edge to function as the stagnation
region for both the slat and the main-wing elements in low-
and midrange angles of attack.

Preston-tube skin-friction measurements for the main-wing
element are presented in Fig. 10 for the 15- and 40-deg-flap
cases as a function of angle of attack. Three upper-surface
and two lower-surface Preston tubes were attached to the
main-wing element (see Figs. 4 and 5). The data indicated
high values of C* for probe no. 1U in the 15-deg-flap case,
and for probes 1U, 2U, and 3U in the 40-deg-flap case. These
high readings are indicative of the high flow velocities and
thin boundary layers at those locations. Probe no. 1U is lo-
cated just behind the notch in the leading-edge upper surface
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Fig. 10 Main-wing Preston-tube measurements. 8f = a) 15 and b)
40 deg.

(see Fig. 5b). Also, in both cases, the lower-surface probe
near the leading edge, probe no. 1L, experienced low C*
values. This result is indicative of the lower-surface slat sep-
aration bubble engulfing the main-wing leading-edge region
on the lower surface. At a 40-deg-flap setting, the slat is
deflected an additional amount (see Figs. 3 and 5). For the
40-deg-flap case, the C* values for the midchord location,
probe no. 2U, and for the aft-chord location, probe no. 3U,
exhibited higher values than those for the 15-deg-flap case.
This result correlates with the widening of the slat gap, which
allows higher velocity flows over this region.

Flap-Elements Flow Characteristics
A detailed study of the flap pressure distributions was pre-

sented in the paper by Vijgen et al. ,23 therefore, only a limited
discussion will be presented herein.

For the 15-deg-flap setting, increasing the angle of attack
increased the upper-surface loading slightly, while the lower-
surface pressures remained nearly unchanged (Fig. 8a). These
increases in loading for the fore-flap element are small com-
pared to the increases for the slat and main-wing elements
because the in-flow angle is predominantly fixed by the ge-
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Fig. 11 Flap trailing-edge Preston-tube measurements (from Ref.
23). df = a) 15 and b) 40 deg.

ometry of the flap system. No separation is indicated in the
pressure distributions for the 15-deg-flap setting, even at the
highest angle of attack shown (a = 16.42 deg), although the
decreasing trailing-edge pressures of the aft flap are indicative
of a thickening boundary layer at higher angles of attack.

For the 40-deg-flap setting, the upper-surface loading also
increased slightly with increasing angle of attack except at the
highest (a = 13.38 deg) angle of attack shown (Fig. 8b). Flow
separation near the trailing edge of the fore flap is indicated
for all angles of attack shown except the lowest angle of attack
(a = —1.51 deg). The flow separation is indicated by the
nearly constant pressure level near the trailing edge upper
surface of the fore flap starting at (*/c)fore ~ 0.80. At the
highest angle of attack (a = 13.38 deg), a pronounced effect
of the separation on the fore flap is also observed on the
midflap element.

Measurements of modified Preston-tubes located at the
trailing edge of each flap element are presented in Fig. 11 to
further examine the occurrence of flow separation (see Ref.
23 for Preston-tube locations on the flap). Negative values of
C* indicate flow separation at the Preston-tube location. For
the 15-deg-flap setting, no separation is indicated for the an-
gle-of-attack conditions measured. The higher readings for
the fore flap correspond to the higher velocities associated
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with the fore-flap flow. For the 40-deg-flap setting, the C*
values indicate separated flow on the fore flap for angles of
attack greater than approximately 0 deg.

In Fig. 12, a typical flow-visualization result is shown for
the 40-deg-flap setting with the aircraft operating near the
stick shaker speed (Vf « 105 KIAS, a « 7 deg). For this
condition, the tuft patterns showed generally attached flow
on the flap system, although, in the wake of the flap track

o
D

Experimental
Up per Surface
Lower Surface
MSES
MCARF

Fig. 12 In-flight flow visualization (Sf = 40 deg, a ~ 7 deg, Vt
105 KIAS).
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fairings, localized unsteady and separated flow regions are
evident. In the region of the pressure belts, the flow remained
attached on the main wing and the flaps, except for flow
separation near the trailing edge of the fore-flap element. The
tuft patterns indicate that flow separation occurred over ap-
proximately the last 20% of the fore-flap chord. The tuft
patterns correlate well with the previously discussed obser-
vations based on the pressure distributions and Preston-tube
results. Figure 12 also indicates that the flow near the trailing
edge of the aft flap is on the verge of separation at this con-
dition, although the pressure distributions do not show incip-
ient separation. Finally, the tuft patterns near the flap/aileron
edge show three-dimensional tip effects in the trailing-edge
region of each flap element due to the flap-edge vortical flow-
field.

Computational Analysis of Pressure Measurements
A limited computational analysis of the experimental pres-

sure distributions at the semispan station of 17 = 0.58 is pre-
sented using two currently available two-dimensional com-
putational methods. The current lack of fully three-dimensional
viscous multielement analysis methods makes the use of two-
dimensional methods in conjunction with appropriate sweep
corrections necessary for the analysis of three-dimensional
high-lift systems.29 The sectional geometries used in the com-
putational analysis, shown in Fig. 3, have been faired in the
cove areas of the main-wing and midflap elements to facilitate
the flow calculations. In the present analysis, simple-sweep

a)

0 .1 .2 0 .1 .2 .3 .4 .5 .6 .7 .8 .9 0 .1 .2 0 .1 .2 .3 0 .1 .2

(X/C)s,at (X/C)main (X/C)fore (X/C)mid (X/C)aft

b)

-1

0
D

Experimental
Upper Surf ace
Lower Surface
MQPQ

MCARF

0 .1 .2 0 .1 .2 .3 .4 .5 .6 .7 .8 9 0 .1 .2 0 .1 .2 .3 0 .1 .2

(x/c)s,at (x/c)main (x/c)fore (x/c)mid (x/c)aft
Fig. 13 Comparison of predicted pressure distributions with flight measurements: a) df = 15 deg, a = 9.39 deg, Rc = 1.47 x 107, M = 0.24
and b) df = 40 deg, a = 9.57 deg, Re = 1.12 x 107, M = 0.19.
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theory30 is used to account for the (inviscid) sweep effects on
the pressure distributions.

One of the major challenges in applying two-dimensional
sectional analysis methods to three-dimensional wing geom-
etries is the determination of the local angle of attack for
input to the two-dimensional methods. For single-element
wings at low angles of attack, where viscous effects are not
dominant, this may be accomplished in a relatively straight-
forward manner by matching the predicted and experimental
section normal-force coefficients. In the case of multielement
high-lift systems, however, the use of the sectional normal-
force coefficient is not feasible due to the strong viscous in-
teractions, including the effects of confluent boundary layers
and the presence of extensive regions of flow separation. In
the results presented here, the local angle of attack was de-
termined by matching the predicted and experimental upper-
surface slat pressure distributions.

The two multielement analysis codes used are MCARF3132

and MSES.33-34 In Ref. 35 comparisons are made with two-
dimensional wind-tunnel data to gain insight into the pre-
diction capabilities of the codes when compared with two-
dimensional data. In this article, results of the two codes,
modified for sweep effects as described previously, are com-
pared to the flight-measured pressure distributions (Fig. 13).
The comparison shows that the predicted pressure distribu-
tions are in reasonable agreement with flight-measured pres-
sures for flap settings of 15 and 40 deg at the angles of attack
shown. For the 15-deg-flap setting, where no flow separation
was predicted or measured along the upper surfaces, the magni-
tudes of the flap element suction pressures are slightly over-
predicted. However, separated flows in the lower slat-cove
and along the main-wing lower-surface leading edge are not
well-predicted, and the suction peak near the forward-facing
step on the main-wing upper surface is not predicted in the
MCARF computations. For the 40-deg-flap setting, where
flow separation was measured on the fore-flap upper surface,
the suction pressures over this surface are substantially over-
predicted. Although the flow separation near the trailing edge
is not modeled in MCARF calculations, the location of sep-
aration onset is predicted and is in agreement with the ex-
perimental separation location on the fore flap.23 In addition,
pressures are overpredicted for the leading-edge upper sur-
faces for all the elements aft of the slat. This overprediction
of the pressures suggests that modeling of the confluent
boundary layers in MCARF as well as the present approxi-
mation of three-dimensional sweep effects is not adequate for
the complex high-lift geometry studied. For the 40-deg-flap
setting, the MSES solution reveals small regions of flow sep-
aration near the trailing edges of the mid- and aft-flaps, as
well as in the cove of the midflap. The flow over the fore flap
is predicted to be separated over approximately the last 20%
of the upper surface at this condition (note the nearly constant
pressures in this region). This agreement in the measured and
predicted flow phenomena indicates that the direct inviscid/
viscous coupling incorporated in MSES allows reasonable
modeling of the flow separation observed in flight.

Concluding Remarks
Flight experiments are being conducted as part of a mul-

tiphased subsonic transport high-lift research program for cor-
relation with ground-based wind-tunnel and computational
results. The NASA Langley TSRV (B737-100 aircraft) is used
to obtain in-flight flow characteristics at full-scale Reynolds
numbers to contribute to the understanding of two- and three-
dimensional high-lift flows including leading-edge transition,
confluent boundary-layer development, and flow separation
characteristics.

Flight tests were performed over a range of chord Reynolds
numbers from approximately 1.0 x 106 to 2.0 x 106, and
freestream Mach numbers from approximately 0.16 to 0.40
for angles of attack of up to near-stall conditions. Flight test

results showed that aircraft lift coefficients obtained from steady-
state, trimmed conditions in level flight differed significantly
from available wind-tunnel trimmed-lift coefficients due to
viscous (Reynolds-number) effects. The flight-test data ex-
hibited more linear lift curves and steeper lift-curve slopes
than the wind-tunnel results. Flight test results of pressure
distributions, Preston-tube skin-friction measurements, and
surface-flow visualization over a full-chord wing section on a
triple-slotted flap high-lift system were presented for the 15-
and 40-deg-flap settings. Measurements of the pressure dis-
tributions showed that increasing the angle of attack primarily
increased slat and main-wing pressure loading, but had only
a small effect on the flap-element loading. For the 40-deg-
flap deflection, the fore-flap upper-surface pressures indicated
flow separation near the trailing edge at all but the lowest
angles of attack. Tuft-flow visualization and Preston-tube re-
sults corroborated this separation on the fore-flap trailing
edge. Pressure distributions for the slat and main-wing ele-
ments showed lower-surface-separation regions, reattach-
ment locations, and aft movements of the attachment-line
location with angle of attack. Pressure distributions on the
slat upper surface reached high suction values that corre-
sponded to locally high, but subsonic Mach numbers.

Preston-tube measurements on the slat outboard of the thin
pressure belt indicated a likely laminar boundary-layer state
at the Preston tube for certain conditions of angle of attack
and altitude. Further flight experiments using hot-film instru-
mentation are planned to study the leading-edge transition
phenomena in more detail.

A limited analysis of the experimental pressure distribu-
tions using two, two-dimensional, multielement computa-
tional codes with integral boundary-layer methods showed
that the predicted pressure distributions were in reasonable
agreement with flight-measured pressures for attached flow
conditions. For the 40-deg-flap setting, where trailing-edge
flow separation was measured over the fore flap, the pressures
over the flap elements were overpredicted. This overpredic-
tion of the flap pressures suggests that current two-dimen-
sional modeling of the confluent boundary-layer and three-
dimensional (sweep) effects may not be adequate for the
present, complex high-lift geometry studied. More detailed
in-flight boundary-layer and flap-geometry measurements as
well as the application of two- and three-dimensional Navier-
Stokes analysis methods will be required to further address
the effects of confluent boundary-layer development on three-
dimensional high-lift systems.
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