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Experimental Study of the Turbulent Boundary Layer
on a Transport Wing in Subsonic Flow

Frank W. Spaid*
McDonnell Douglas Corporation, St. Louis, Missouri

The upper-surface boundary layer on a transpoert wing model was extensively surveyed with miniature yaw
probes at a subsonic cruise condition. Significant variation in flow direction with distance from the surface was
observed near the trailing edge, everywhere except at the wing root and tip. Values of streamwise displacement
thickness, normalized by the local chord, were maximum at the highly loaded midsemispan stations. The data
are intended to provide a test case for computational fluid dynamics code validation.

Nomenclature

= wingspan
= section chord
= local skin-friction coefficient, 7/¢,
pressure coefficient, (p — pw)/Gw
streamwise boundary-layer shape factor, 8;/0;;
Mach number
pressure
dynamic pressure, (1/2)pu?
Reynolds number based on chord
= velocity magnitude, u? = u2? + w?
component of velocity parallel to boundary-layer-edge
flow direction
shear velocity, V7,,/p,,
component of velocity normal to boundary-layer-edge
flow direction
coordinate measured parallel to freestream direction
spanwise coordinate
coordinate normal to wing mean reference plane
angle of attack with respect to model planform refer-
ence plane
yaw-plane flow direction angle measured with respect
to u., positive outboard
8; = streamwise displacement thickness,

ggc [1 - (pus/peue)] dz
8, = crossflow displacement thickness, — {3 (ow/p.u.) dz
n = normalized semispan, 2y/b
0,1 = streamwise displacement thickness,

58 (ous/pette) (1 — ug/u,) dz
v = kinematic viscosity

= density

7 = shear stress determined from velocity magnitude pro-

files
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Subscripts

e = conditions at edge of boundary layer
w = conditions at surface

oo freestream conditions

i

Introduction

ECENT progress in the development of methods for
computation of wing flowfields has led to a need for
experimental data that can be used to evaluate the accuracy
and range of applicability of the computed predictions.!
Low-speed experiments in flows related to the flow about a
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swept wing are reported by van den Berg et al.? and Seetharam
et al.> The present study describes efforts to provide an exper-
imental description of the boundary layer on most of the
upper surface of a typical transport wing in subsonic flow.
Data from this investigation are also presented in Refs. 4-7.
This study is part of a cooperative program among McDonnell
Douglas Research Laboratories, Douglas Aircraft Company,
and the NASA Ames Research Center (ARC).

Facilities and Equipment

The experiments were conducted in the NASA-ARC, 14-Ft
Transonic Wind Tunnel. This facility is a continuous-flow
tunnel; the stagnation pressure is atmospheric, and the stagna-
tion temperature is controlled. by exchanging air with the
surrounding atmosphere. The semispan model wing, fuselage,
and probe traversing assembly installed in the test section are
shown in Fig. 1. The test-section walls are slotted, but steel
plates were used to cover the floor slots during this test.

The wing model was obtained from Douglas Aircraft Com-
pany. It has a 1.113-m semispan and a 0.359-m mean aerody-
namic chord. Figure 2 is a plan view of the model and includes
some geometric properties of the wing. The wing is instru-
mented with 378 static-pressure orifices located at nine span-
wise stations.

The fuselage is one-half of a body of revolution, under
which a 3.18-cm-thick uniform section was added. An auxil-
iary wing with a probe traversing unit is attached to the
fuselage downstream of the primary wing. The undisturbed
tunnel-wall boundary layer is approximately 18-20 ¢cm thick at
the model station,® the displacement thickness is approx-
imately 3.2 cm, and the ratio of the undisturbed velocity at the
height of the wing root (16.5 cm above the tunnel floor) to the
freestream velocity u,, is approximately 0.97. The model is
small relative to the test section; the blockage ratio is 0.45%,
and the ratio of semispan to tunnel height is 0.26.

Good technique in obtaining three-dimensional, boundary-
layer data typically includes the‘use of probes attached to the
surface near the measuring station and alignment of the tips
with the local flow direction by a nulling technique. The high
cost of operating a large transonic wind tunnel and the limited
availability of such facilities for research investigations pre-
cluded such a time-consuming approach. It was decided that a
traversing unit allowing remote streamwise positioning and
flow-direction measurements using fixed-position probe tips
would be required to complete the study in approximately one
month of tunnel occupancy.

The model and traversing mechanism used in this study are
shown schematically in Figs. 2 and 3. An auxiliary wing with
a traversing unit is attached to the fuselage downstream of the
primary wing. The constant-chord auxiliary wing is swept 20
deg and lies approximately in the mean chord plane of the
primary wing. The auxiliary wing is mounted at — 1.5 deg
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Fig. 1 Transport model with traversing unit in NASA-ARC 14-Ft
transonic wind tunnel.
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Fig. 2 Wing, fuselage, and boundary-layer traversing unit.

incidence relative to the fuselage centerline because panel-
method calculations indicated that this alignment would mini-
mize interference in the flow about the primary wing at sub-
sonic conditions. The auxiliary wing has a remotely actuated
trailing-edge flap for minimizing interference at test condi-
tions other than the primary subsonic condition. The flap
chord is 20% of the auxiliary wing chord. A strut connecting
the two wing tips, also shown in Fig. 2, is intended to minimize
their relative unsteady motion. The strut is pinned to the
primary wing and to the auxiliary wing near the leading edge.
A remotely actuated pneumatic clamp, designed to minimize
relative vibration between the two wings, is located near the
auxiliary-wing trailing edge.

A two-degree-of-freedom traversing unit was installed in
succession at the nine spanwise stations on the auxiliary wing,
thus allowing boundary-layer profiles to be obtained along
each row of static-pressure orifices. The principal features of
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Fig. 4 Probe geometry.

the traversing unit are shown in Fig. 3. The design of this
device was influenced by compromises between flow interfer-
ence and rigidity. Probe tips are attached to a rectangular
probe shaft that moves though a housing containing the hori-
zontal-drive stepper motor, horizontal-position encoder, and
instrumentation-lead rewind spool. Maximum streamwise
travel is 48 cm with a resolution of 0.0866 mm per encoder
pulse. The design of this traversing unit and the auxiliary wing
was a compromise between rigidity and flowfield interference.

Motion and readout in the direction normal to the wing are
provided by a similar motor-encoder assembly installed in the
airfoil-shaped strut located below the auxiliary wing. The
range of travel normal to the wing is 7.6 cm; this motion is
accommodated by a coil of instrumentation leads within the
strut. Position resolution is 0.0052 mm per encoder pulse.
Play and backlash are eliminated in both directions by spring-
loaded bearings and antibacklash gearing.

Probe tips are small, flattened, three-orifice yaw probes (see
Fig. 4), similar to those described by Dudzinski and Krause.?
Calibration of these probes allowed determination of the flow
speed and its direction in the plane of the wing. The probe tips
were electrically insulated from the probe shaft to allow the
wing surface to be located by an electrical contact during a
test.

A number of profiles at inboard stations near the trailing
edge were obtained outside of the pitch angle range of =10
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deg, for which errors in measured stagnation pressure are
negligible. Posttest calibration data appropriate to the actual
pitch misalignment range were used to reduce the data ob-
tained with probes 2 and 3. Errors in measured yaw angle
caused by pitch misalignment were small, and therefore no
corrections to yaw angle for effects of pitch misalignment
were made. Boundary-layer-edge values of stagnation pressure
obtained from the data from probes 2 and 3 agreed with the
freestream value to within 0.5% for 85% of the profiles.
Typical errors in data obtained with the first probe are larger,
but the satisfactory agreement between data obtained with the
first probe and data obtained with the second and third indi-
cates that effects of pitch misalignment in the data from the
first probe are minor.

Probe data and test-section conditions were recorded with

- the aid of a control unit and a microcomputer and stored on

flexible disks. A boundary-layer survey was performed by a
preprogrammed sequence of probe motions and data acquisi-
tion cycles. Primary-wing static pressures and test-section con-
ditions were acquired by the wind-tunnel data system.

Boundary-layer transition trips were applied on both upper
and lower surfaces at 6% local chord, following the recom-
mendations of Braslow et al.!? The roughness elements were
spherical glass beads having a nominal diameter of 0.13 mm.
This size corresponds to 1.5 k to 2 k£, where & is the minimum-
size element that will cause transition to occur at the trip.

Results and Discussion

Data obtained from this investigation are summarized in the
following sections. A more detailed description of the experi-
ment and presentation of the results are included in Ref. 7.

Static Pressures and Tuft Flow Visualization

Upper-surface, boundary-layer data were obtained at the
following test conditions: Mach number, M, = 0.50; Rey-
nolds number based on mean aerodynamic chord,
Re. = 3.4 x 10%; angle of attack, o = 6 deg; and wing-lift coef-
ficient, C; = 0.583. Sublimation. flow visualization data ob-
tained at this test condition indicated that transition occurred
forward of the boundary-layer trip at spanwise locations in-
board of 90% semispan; transition occurred at the trip out-
board of this station.

Static-pressure distributions obtained at all nine spanwise
pressure-orifice stations corresponding to the test condition

2.0 -‘

-1.57

-1.07
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Fig. 5 Wing static-pressure distribution, subsonic test condition,
o = 0.50, a = 6 deg.

TRANSPORT WING 593

for which boundary-layer data were obtained are shown su-
perimposed on the wing planform in Fig. 5. The suction peaks
in these pressure distributions are strongest at the midsemi-
span stations; the peaks decrease near the tip as a result of the
wing twist. Interference of the auxiliary wing and traversing
unit on the flow about the primary wing, as indicated by
static-pressure data, was no greater than differences associ-
ated with run-to-run repeatability for this test condition.

Prior to each boundary-layer survey, a set of wing static-
pressure data was obtained with the probe near the surface in -
position for the survey. Static-pressure distributions obtained
upstream of the probe location are superimposed in Fig. 6 on
the corresponding distributions obtained with the probe re-
tracted. The probe-tip interference effects are similar to, but
smaller than, the effects observed in the airfoil experiments
reported in Ref. 11. Where interference effects are present,
they usually take the form of an additional adverse static-pres-
sure gradient. Interference associated with the probe tip was
negligible when the probe tip was aft of midchord, and inter-
ference at forward survey stations was minor.

Results of an attempt to determine the effects of similar
static-pressure perturbations on boundary-layer properties are
summarized n Ref. 11, where it is tentatively concluded that
these effects are small if the noninterference C, is used in
computing velocities from pitot-pressure data.

A fluorescent minituft, flow-visualization photograph cor-
responding to the test conditions shown in Fig. 5 is presented
in Fig. 7. The tufts are 0.05-mm-diam monofilament nylon,

-2.0
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oWing plus traversing unit

-------------- oProbe tip at survey station,
symbol at probe tip location
1.0 i 1 1 i

0 0 0 0 0.5 1.0
x/c

Fig. 6 Effect of probe tip on wing static-pressure distribution up-
stream of survey station, Mo = 0.5, a = 6 deg.

Fig. 7 Flourescent minituft flow visnalization, Mo = 0.5, « = 6 deg.
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Fig. 8 Boundary-layer profiles.

dyed with a fluorescent dye and cemented to the model sur-
face. The rows of tufts lie in planes parallel to the plane of
symmetry of the model. The tuft pattern was photographed
during a run by use of an ultraviolet flash. The minituft
technique was developed by Crowder.'? The region of missing
tufts in the central portion of the planform in Fig. 7 was
caused by flow unsteadiness before this photograph was
taken; the wing and tufts had been subjected to severe test
conditions, including higher Mach numbers and angles of
attack, which were associated with extensive regions of flow
separation on the central portion of the wing.

The flow at the wing root, as indicated by the tufts, is
essentially unyawed. Deviation of the tufts from the stream-
wise direction is minor, except near the trailing edge, where
outboard flow is indicated. The two rows of tufts nearest the
tip show significant differences. The row nearest the tip shows
the inboard flow forward and outboard flow aft, but the next
row inboard does not show an outboard component of flow
near the trailing edge.

Boundary-Layer Profiles

Velocity magnitude and flow-direction profiles are pre-
sented in Fig. 8. The ordinate z/c is the distance from the

surface normalized by the local chord, and the velocity magni-
tude u is normalized by the freestream velocity. The flow
inclination angle 3 is defined relative to the freestream flow
direction, and positive values of 8 correspond to outboard
flow. The use of the freestream direction as the reference for
B allows both the variation in flow direction both through the
boundary layer and along the chord to be presented in a single
plot. Data obtained nearest the wing root = 0.165 are in-
cluded in Fig. 8a. The side of the fuselage is roughly planar
above the wing, except for a small fillet at the wing-fuselage
intersection, and is located at 4 = 0.127, 4.2 cm inboard of this
spanwise survey station. The velocity magnitude profiles are
moderately full and show some scatter resulting from flow
unsteadiness. The direction profiles show nearly streamwise,
collinear flow in the aft region with moderate outboard incli-
nation at midchord near the surface.

The data of Fig. 8b at n = 0.450 are qualitatively different
from the data obtained at the root station and are typical of
the midsemispan stations. The velocity magnitude profiles at
n = 0.450 show greater boundary-layer growth relative to the
root station, and the flow-direction profiles show greater three
dimensionality. The flow is inboard and nearly collinear at the
forward stations. The magnitude of the edge inclination de-
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Fig. 8 Boundary-layer profiles (continued).

creases with increasing x/c, becoming nearly aligned with the
freestream direction near the trailing edge. Profiles at the aft
chordwise stations show the flow direction changing from
slightly inboard at the edge to outboard near the surface—a
trend that becomes more pronounced as the trailing edge is
approached. Velocity magnitude and flow-direction data ob-
tained with two different probes at the same chordwise station
are in good agreement with each other.

The qualitative characteristics of the boundary-layer veloc-
ity magnitude and flow-direction profiles obtained at
7 = 0.300, 0.575, 0.650, and 0.725, are similar to the charac-
teristics of the profiles obtained at = 0.450. The influence of
the wing twist and the associated reduction in section lift
coefficient with increasing spanwise station near the tip are
evident in the data obtained at the outboard stations » = 0.900

and 0.950, Figs. 8c-8d. The variation of flow direction with_

chordwise location at the boundary-layer edge is qualitatively
the same as at the inboard stations. Profiles at forward chord-
wise locations are approximately collinear. Both the growth in
boundary-layer thickness with increasing chordwise distance
and the variation in flow direction through the boundary layer

near the trailing edge decrease abruptly as the tip is ap-
proached.

For two-dimensional turbulent boundary layers, a generally
accepted near-wall similarity law is

u_ 1, <z"’> +5 1

u, 0.41 v M
Pierce et al.!? concluded that the magnitude of the wall shear
stress could be determined with the aid of Eq. (1) by the
Clauser chart technique!4 to within 5-10% if data in the range
10=<z* <100 (z * = zu,/v,) were used. This conclusion was
limited to- monotonically skewed boundary layers with an
approximate maximum of 15-20 deg of skew.

Figure 9 illustrates the method by which the Clauser chart
technique was applied to the present data. Velocity magni-
tudes obtained at # = 0.165 and 0.950 are plotted in semiloga-
rithmic coordinates. In these coordinates, Eq. (1) represents a
family of straight lines with the skin-friction coefficient as a
parameter. Since the straight lines in Fig. 9 represent the range
10 = z* = 1000, it is apparent that the sublayer and the inner
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Fig. 11 Shape factor distributions.
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Fig. 13 Distributions of yaw-plane flow direction at the boundary-
layer edge.

portion of the logarithmic region are not resolved in these
data. For this reason, most of the velocity magnitude profiles
do not appear to approach zero with decreasing distance from
the wall. In some cases, where a well-defined logarithmic
region exists, the data obtained nearest the surface lie above
the law of the wall. This trend has been observed in airfoil
boundary-layer measurements and is believed to be a surface
proximity effect, probably also related to relative motion of
the model and traversing unit. Note that the maximum skew-
ing angles corresponding to many of the profiles of this inves-
tigation exceed the range of applicability of this method for
estimating skin friction. Near the trailing edge at the mid-
semispan stations, the difference in 8 between the boundary-
layer edge and the surface sometimes exceeds 35 deg. For the
more highly skewed profiles, it is likely that values of C;
estimated by this method represent the correct order of magni-
tude.

The behavior of the boundary-layer profiles obtained at the
wing root, n = 0.165, is qualitatively different from that of the
profiles at the other spanwise stations. Although these profiles
do exhibit a logarithmic region near the surface, the siope is
greater than that given by Eq. (1). '

Integral Properties, Skin Friction, and Edge-Flow-Angle Data

Values of streamwise displacement thickness §;, for all of
the profiles obtained at the subsonic test condition, are pre-
sented in Fig. 10, normalized by the mean aerodynamic chord.
The streamwise and crossflow displacement thicknesses §; and
b, are defined in the Nomenclature section. Agreement be-
tween data obtained at the same location with different probes
is generally good. The increase in 8] with x/c near the trailing
edge is moderate at the root station, but the larger values of

Fig. 14 Crossflow displacement-thickness distributions.

lift coefficient in the midsemispan region result in increased
chordwise growth of &, with increasing x/c. This trend re-
verses near the tip as a result of reduced tip loading. The
trailing-edge streamwise displacement thickness normalized by
the local chord varies by nearly a factor of two from mid-
semispan to the tip. Values of 8; are more scattered near the
tip than similar data obtained farther inboard, probably be-
cause of vibration since the boundary layer was thinnest at the
tip where the relative motion was greatest.

Values of streamwise shape factor H are presented in Fig.
11. These data show the expected increase near the trailing
edge at midsemispan and more nearly constant values at the
root and tip. ‘

Values of skin friction obtained from the Clauser charts are
presented in Fig. 12. The data show little variation at the root
and monotonically decreasing values of C,with increasing x/¢
at the other spanwise stations. Data obtained with different
probes at the same location are in good agreement. The trends
in the skin-friction data are consistent with trends observed in
the ) and H plots.

Flow-direction measurements at the boundary-layer edge
are presented in Fig. 13. Although all the previous compari-
sons show significant differences between trends observed at
the wing root and at the other spanwise stations, the flow
direction results are the most dramatic in this respect. The
need for additional data in the transition region between the
root and the midsemispan stations is apparent.

The crossflow displacement thickness 8, is probably the
most clear-cut indicator of three dimensionality. Distributions
of crossflow displacement thickness are presented in Fig. 14.
The trends in these data are consistent with the velocity magni-
tude and flow-direction profiles of Fig. 8; the most significant
crossflow effects are present at midsemispan, aft of midchord.
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Concluding Remarks

Boundary-layer survey data were obtained over most of the
upper surface of a transport wing model at a subsonic test
condition. The data were obtained with miniature three-orifice
yaw probes that allowed determination of the flow speed and
its direction in the plane of the wing. Surveys were obtained at
nine spanwise stations and 10-12 chordwise stations at each
spanwise station, from 20% chord to the trailing edge. De-
tailed velocity magnitude and yaw-plane flow direction angle
data are presented here for four spanwise stations. Significant
variation in flow direction with distance from the surface was
observed near the trailing edge except at the wing root and tip.
Values of skin friction were estimated from velocity magni-
tude profiles by the Clauser chart technique. The profile data
were integrated to obtain streamwise and crossflow displace-
ment-thickness distributions and streamwise shape-factor dis-
tributions. In addition to the boundary-layer data, surface
static-pressure distributions and fluorescent minituft flow-vi-
sualization photographs were also obtained.

Compromises in the design of the data-acquisition equip-
ment related to flow interference and rigidity were necessary
to permit acquisition of an extensive set of data in a reason-
able period of wind-tunnel occupancy. The influence of the
traversing unit on the wing static-pressure distributions was
negligible. The internal consistency of the data, including
generally good repeatability, indicates that the data should
provide useful test cases for three-dimensional, turbulent,
boundary-layer computation methods.
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