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iJ WING-ALONE AERODYNAMIC CHARACTERISTICS TO
HIGH ANGLES OF ATTACK AT SUBSONIC AND

TRANSONIC SPEEDS

SUMMARY

This report documents the results of a wind tunnel test
conducted to determine the aerodynamic characteristics of un-
banked wings from low to high angles of attack at subsonic and
transonic speeds. The test was conducted in the NASA/Ames
Research Laboratory 6- by 6-Foot Wind Tunnel at Mach numbers of

" ;* ~ 0.6, 0.8, 0.9, and 1.2 with limited additional testing at
Mach 1.6. Nominal angles of attack ranged from zero to 550 in

FT 50 increments, with supplementary angles of -2.50 and 56.50.
Several wing models with differing planform geometry were tested
to provide aspect ratios of 0.5, 1.0, and 2.0 with taper ratios
of 0, 0.5, and 1.0; in addition, an aspect ratio 4, taper ratio

7 0.5 wing was tested. All wings were full-span with straight
taper, zero trailing-edge sweep, constant bevel angle normal to
all edges and constant thickness (root chord thickness ratio
varied from .029 to .125).

The aerodynamic data obtained consisted of normal-force,
axial-force, pitching-moment, yawing-moment, and semispan root
bending-moment coefficients of which the yawing-moment coeffi-
cients were computed only as indicators of symmetry since the
wings were unbanked within the limits of tolerances and flow
angularity. Longitudinal, spanwise, and vertical aerodynamic
centers of pressure were computed from the force and moment data.
The aerodynamiic force and moment coefficients were obtained by
integrating the surface pressure distributions of the wings.
Surface pressures were measured at 60 to 70 locations on one
side of each wing configuration, with windward and leeward data
obtained in separate runs by rolling the models 1800.

The longitudinal and spanwise aerodynamic centers of pres-
sure approached the wing planform area centroids to within 5%
of the root chord or semispan for increasing angle of attack in

*the 350 to 550 range. Mach number var~iation had little effect
upon center of pressure above 350 angle of attack. At lower
angles of attack, the effects of taper ratio and aapect ratio

* upon longitudinal centers of pressure were large.

Normal-force coefficients showed systematic increases with
* aspect ratio except in the case of the aspect ratio 4 wing at

-'Mach 0.6, where wing-to-wing differences in section geometry may
have masked the true aspect ratio effect. At the Mach 0.6 test
condition, the effects of taper ratio (A) in the X = 0 to 0.5
range were much less than anticipated, again very likely due to
the importance of section geometry at subsonic speeds. At



Mach 1.2, the effects of aspect ratio and taper ratio were as
expected, and closely followed the results of complementary

I tests conducted previously with these models at higher super-
sonic speeds in the NASA/Langley Research Center (LRC) Unitary
Plan Wind Tunnel. The limited amount of data obtained at

-~ Mach 1.6 compared well with the NASA/LRC Mach 1.6 data.

In addition to the pressure-model tests, two replicas of
pressure-model wings were constructed as force models and sus-
pended from a sting and external strain-gage balance arrangement
to obtain aerodynamic data for comparison with the pressure
model results. The objective here was to determine the extent
of sting interference effects on the force-models, so as to
either validate or disqualify the potentially more cost/
effective force-model concept for the obtaining of aerodynamic
data on an additional assortment of wing configurations. The
sting interference effects were found to be excessive, and so
the force-model concept was abandoned.
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WING-ALONE AERODYNAMIC CHARACTERISTICS TO
HIGH ANGLES OF ATTACK AT SUBSONIC AND

TRANSONIC SPEEDS

1. INTRODUCTION

The objective of the effort described and documented by
this report was to acquire a systematic data base for the aero-
dynamic characteristics of low-aspect-ratio wings from low to
high angles of attack at subsonic and transonic speeds. This
work complements the supersonic data base for the same wings
acquired by NASA/LRC and documented in Reference 1.

_ A comprehensive and systematic data base of low-aspect-
ratio wing aerodynamic data is needed to support the design of
high-performance missiles and fighter aircraft. The aspect
ratio range of interest is 0.5 to 4, with taper ratios from 0 to

*1.0. Unswept trailing edges are preferred for modern high-
performance missiles and aircraft. The angle of attack need
ranges as high as 50 to 60 degrees because the use of all-

A moveable lifting surfaces for purposes of control often leads
to angle of attack and control deflection angle combinations
that produce a total incidence angle in the 50-60 degree range.
Surface and air-launched missiles must fly at speeds from the
subsonic launch condition to the high supersonic regime.

Wing-alone data are needed as the starting point in the
design process; analytical formulations developed over the years
allow prediction of missile and aircraft aerodynamic character-
istics if the wing and body aerodynamics are separately known.
Although much aerodynamic data have been obtained for wing-bodyU combinations in the past, these data are affected by the pres-
ence of the body so that the wing-body interference factors
cannot be isolated. According to the current state-of-the-art
in aerodynamics prediction methodology, the most precise aero-
dynamic characteristics estimates for arbitrary configurations
can be provided if wing-alone and body-alone aerodynamic data
are available to allow calculation of the wing-body interference
factors by comparison with data for wing-body combinations.

* Although the aerodynamic characteristics of bodies and air-
foil sections are well documented, the aerodynamic characteris-
tics of low-aspect-ratio finite wings alone have seen little
attention, due to the physical difficulties associated with
suspending slender wings in wind tunnels and measuring the forces
acting upon these in the absence of sting interference effects.

To provide the needed wing-alone aerodynamic data, the
current effort was undertaken in which the wing model pressure

LON
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distribution was measured on the side opposite to the model
support sting. Data for both windward and leeward sides of
each wing were obtained in two runs for each combination of
model configuration, angle of attack, and Mach number; the
opposite-side data for a given windward run was acquired by
rolling the model 1800 and repeating the angle of attack
sequence.

The following sections discuss the design of the wing
models and their instrumentation, the test facility and experi-
mental methods used, and the data acquired. The Discussion of
Results section treats the data uncertainties, effects of the
test parameter variations, sting-interference effects, and
comparisons with other sources of wing-alone data. The final
section provides a comprehensive summary of the relevant
conclusions.

2. SYMBOLS AND NOMENCLATURE

A = one-half the wing planform area = S/2

J. R = aspect ratio, b 2/S

b = wing total span

C = wing chord at arbitrary station (in.)

C = wing mean aerodynamic chord (in.), reference length

CA = wing axial-force coefficient = CAW + CAL (pressure
models)

CAL = leeward-side axial-force coefficient (pressure
models)

CAW = windward-side axial-force coefficient (pressure
models)

CBM = wing pressure model semispan root bending-moment
coefficient = CBMW + CBML

CBML = pressure model leeward side semispan root bending-
moment coefficient

CBMW = pressure model windward side semispan root bending-
moment coefficient

CFN = force model normal-force coefficient

CDIA = wing pressure model pitching-moment coefficient due
to axial force = CMAW + CMAL

2



CMAL = pressure model leeward side pitching-moment coeffi-

cient due to axial force

CMAW  = pressure model windward side pitching-moment coeffi-
cient due to axial force

CMBT = pressure model total pitching-moment coefficient
about the wing trailing edge = CMNB + CMA

CMCT = total pitching-moment coefficient about pressure wing
area centroids = CMNC + CMA

CMB = wing pitching-moment coefficient due to normal
L force = CMNBW + CMNBL (pressure models)

CMNBL = leeward-side pitching-moment coefficient due trnormal force (pressure models)

CMNBW = windward-side pitching-moment coefficient compc nt
due to normal force (pressure models)

CMBF = force model pitching-moment coefficient about v
trailing edge

CMNBRL ,  = pressure model windward and leeward components of
L P- relative pitching-moment coefficients about the

wing trailing edge

CMNC = pressure wing pitching-moment coefficient about the
pressure wing area centroid = CMNB - CN Xc/C

CN = wing normal-force coefficient, CNW + CNL (pressure
models)

CN = leeward-side normal-force coefficient component
L (pressure models)

CNw = windward-side normal-force coefficient component
(pressure models)

CNRLCNRw = pressure model windward and leeward components of normal-
force coefficient computed from pressure coefficients

Cp = pressure coefficient (P -P=)/qO

CR - wing root chord (in.)

CT = wing tip chord (in.)

CYM = pressure model wing yawing-moment coefficient = CYMW
.- 1 + CYML

3



CYML = pressure model leeward side yawing-moment coefficient

CYMW  = pressure model windward side yawing-moment coefficient

M, M. = freestream Mach number

M.A.C. = wing mean aerodynamic chord (in.)

2
P = pressure (lbs./in. )

P = pressure model leeward side local pressure

P W = pressure model windward side local pressure

PHI = roll position of wing-plane relative to the wind-
tunnel horizontal plane (deg.)

qC0 = freestream dynamic pressure

RMS = root mean square
P V~

RN/L = Reynold's number per foot,

S = wing total planview area, reference area

t = wing maximum thickness = 0.51 in.

V = freestream velocity

X = wing longitudinal station, inches forward of trailing
edge

-XC  = longitudinal station of pressure wing area centroid,
inches from wing trailing edge

X= longitudinal center of pressure for force or pressure
models, from wing leading edge

. XCP XCPNB
-C 1-- XCP=1= total longitudinal center of pressure

R R
as fraction of root chord measured from the pressure
wing leading edge

XCPNB = pressure wing longitudinal center of pressure

(XCPNB)wCNw + (XCPNB)LCNL
=~

c CN

4.. 4
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=pressure model leeward side center of pressure as
[2LCJ L fraction of M.A.C. from trailing edge

XCPNB pressure model windward side longitudinal center of
I. C pressure as fraction of M.A.C. from trailing edge

= coordinates of the centroids of the area elements
allocated to each pressure orifice, referenced to
the wing trailing edge and centerline

Y = wing lateral station, inches left of wing centerline
in top view

[YCP 1 = pressure model leeward side lateral center of pres-
[--/IL sure of normal forces as fraction of semispan from

wing centerline

(= pressure model windward side lateral center of pres-
[b-Y2Jw sure of normal forces as fraction of semispan from

wing centerline

Z = wing surface coordinate normal to X and Y, inches
from plane of the wing edges

[ZCP] = pressure model leeward side vertical center of pres-
[J/2 W sure of axial forces as fraction of one-half the

wing thickness from the wing geometric centerline

( ZCP = pressure model windward side vertical center of pres-
[t/2 W sure of axial forces as fraction of one-half the

wing thickness from the wing geometric centerline

a- = wing angle of attack, deg.

AaSD = change in angle of attack due to structural deforma-
tion of the pressure model sting.

AM = average Mach number error

AP= differential pressure

y 7 = ratio of specific heats

A= taper ratio, CT/CR

P = freestream absolute viscosity

p = freestream density

5



a M = standard deviation of Mach number uncertainty

a ALLOW - allowable yield stress (lb./in.2

e 90 - (sweepback angle)

Subscripts

G = freestream conditions

i = ith term in a set of numbers

L = leeward side

SC = stilling chamber conditions

t total quantities

W = windward side

W = test section wall condition

3. MODELS AND INSTRUMENTATION

Two separate systems of instrumentation and models were
tested in this program. The major portion of the program was
devoted to a family of 10 wings obtained on loan from NASA/
Langley Research Center (LRC). Each wing was equipped with a
large number of orifices and internal plumbing to enable meas-
urement of the surface pressure distribution. Tests were also
run on two wings mounted from a 6-component cage-type balance,
which allowed measurement of the orthogonal load components and
positions on the wing. These force-test wings had the same
dimensions as two corresponding pressure wings in order to allow
comparison of interference effects from the differing model
support systems. These pressure and force wing model configura-
tions are discussed below.

3.1 Pressure Models

The general configuration of the pressure model system is
shown in Figure 1. The wings and dogleg sting were provided by

* . LRC and the adapter was fabricated by NEAR, Inc. The remaining
sting equipment was provided by NASA/Ames Research Laboratory
(ARC). Details typical of all the wings are shown in Figure 2.
A summary of the individual wing dimensions is given in Table 1.

* The Mean Aerodynamic Chord listed in Table 1 is defined by

6
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21- 2

M.A.C. = J0c (y dy

where S is the wing planform area. For wings with straight

leading edges

2 + C21
M.A.C. =2 C R +RCT + CT

3 (CR + CT)

The ten pressure models were configured to provide systematic
parameterization of wing aspect ratio (AR) and taper ratio MX;
Table 2 shows how the pressure wing configurations are disposed
in an ( A,) matrix, with a cross-reference between NEAR, Inc.
and NASA designations. Configuration no. 11 with model roll
angle (PHI) set at 0 or 1800 is wing P8 with attached dummy sting
and shroud components as displayed in Figures 3 and 4. These
components were fabricated by LRC to simulate the support system
designed for the force wings. Configuration no. 11 with PHI = 0
simulates the interference effect of the force-model support

* - system on the windward side of the wing, whereas configuration
no. 11 with PHI = 1800 is designed to measure the effect of the
force model support system on the leeward side of the wing.

Each wing had 60 to 70 pressure orifices machined into one
semi-span surface on the wing surface opposite to that which was
utilized to suspend the wing model from its support sting. The
orifice diameter was .018 in. The layout of the orifices for
each wing is shown in Figures 5 through 14. Additional orifices
(nos. 59-70) were added to wing P8 (Fig. 12) to obtain a more5 detailed pressure distribution in the neighborhood of the attached
dummy sting for test configuration P11; although these are shown
in Figure 12 as being interspersed among the original orifices,
for illustration purposes, they were actually installed on the
right-hand side of the wing (not shown) in symmetric locations
with respect to the wing centerline.

Stainless steel tubes (.030 in. OD, .018 in. ID), running to
the wing surface were potted into machined groves in the wings.
When a given wing was attached to the sting, the bundle of pres-
sure tubes was routed up through the hollow blade of the sting to
the elbow (see Fig. 1). Outside the sting and aft o~f the forward
blade the stainless steel tubing was attached to .030 in. ID

* .. flexible plastic tubing which was in turn connected to a .018 in.
* ID quick-disconnect fitting (to facilitate changing wings). A

matching set of flexible tubes connected the fitting to six 24-
* port scanivalve barrels that were provided by ARC. Each of the
* ~. scanivalve barrels was connected to a Statham PM 131-TC, 0-12.5

psia pressure transducer to convert pressure levels to electrical
signals. The electrical output from each channel was fed into

7



the ARC data reduction computer system. The wing geometric
parameters (elementary areas, centroids, and coordinates) used
in the data reduction for integrating the pressures over the
wing surfaces to obtain resultant forces are provided in Table 3.
The tributary area of any orifice that was determined to be
plugged or excessively leaking was set to zero and redistributed
to adjoining orifices.

3.2 Force Models

To extend the range of aspect ratios covered by the pressure
wings to 5.0, an additional low-cost family of wings was designed.
To minimize fabrication costs and required testing time, these
wings were designed to be supported by a 6 degree-of-freedom
balance which measured the orthogonal components or aerodynamic
loads acting on the wing models. A view of the model and sting
configuration is shown in Figure 15. The wings were to have a
thickness of 0.350 in. and be constructed from 17-4 PH stainless
steel. In order to minimize the sting interference, the sting
was connected as far rearward on the wing as possible and its
diameter kept small near the trailing edge of the wing. An ex-
ternal non-metric shroud shielded the sting and balance from

N aerodynamic loads. A gap of 0.1 in. was allowed between the
shroud and sting to ensure that loads were not transferred be-
tween metric and non-metric components due to deflection-induced
grounding. Absence of grounding wag assured by monitoring an
electrical grounding indication circuit.

The force wings and support system were designed to be used
in either the 6- by 6-Foot Wind Tunnel at NASA/Ames or the 4 foot
tunnel at NASA/Langley. The limiting components in the overall
system is the NASA/Ames 2 inch balance which has a capacity of
900 pounds on each of the two normal force gages. Because of the
large moment arm from the wing to the balance, a normal force on
the wing of about 350 pounds produces the maximum allowable
balance loads. However, to allow the wings to be tested at near-
maximum values of dynamic pressure in either of the two tunnels,
the wings and sting were designed for a normal force of 400 pounds
using the strength criteria required by ARC for models being
tested in their wind tunnels. That is, the maximum allowable
stress is either 1/5 of the ultimate strength of the material or
1/3 of the yield strength, whichever is less. This gives, for
the materials used for the wings and sting,

7075-T6 Aluminum, 0aLW 1/5(76,000) -15,200 psi

17-4 PH (H900) stainless steel, a~O 1/5(190,000)

=38,000 psi.

8



One sting was fabricated for the entire family of wings being
considered so the wing producing the largest pitching moment
(lowest aspect ratio) determined the size of the sting.

Before the entire family of force wings was fabricated and
~ .-~.tested in the wind tunnel, it was deemed necessary to evaluate

the interference introduced by the sting and shroud. For this
purpose, two force wings (FP7 and FP9) were made with the same
dimensions as the pressure wings P7 and P9 except that the force
wings had an aft-protruding tang for attachment of the sting.
These wings are shown in Figure 16. Although true wing-alone
data were not available for comparison, it was felt that the
pressure wings would exhibit a small amount of sting interference
because the pressures were to be measured on the surface opposite
to that attached to the sting. Differences in resultant forces
applied to the corresponding pressure and force wings are, there-
fore, attributed mainly to interference effects of the sting and

' ~ shroud upon the force wing flowfields. Although this is discussed
in more detail in a later section, it is of importance to note
here that the interference effects of the force-model sting were
found to be excessive. In view of this, p~lans to test addi-
tional wings using the force-balance method were abandoned.
Table 4 shows the aspect ratio/taper ratio matrix of the force
wings that were designed to extend the aspect ratio extent of
the range covered by the pressure wings (Table 2).

* Table 5 provides the configurational details of the complete
W set of force wings that were designed, including the two pressure

* wing replicas (FP7 and FP9). Of these, FP7 and FP9 were fabri-
cated and tested to determine the extent of sting interference,
Fl through F5 were fabricated in "rough-cut" form (17-4 PH stain-
less) , and Al through A6 were designed but not fabricated.

The 6-component force balance used to measure the force-wing
loads was a Task 2.00 in. diameter unit designated MXIIIC. It

had the following rated load capabilities:

Forward normal-force gage - 900 lbs.
Aft normal-force gage - 900 lbs.
Forward side-force gage - 450 lbs.
Aft side-force gage - 450 lbs.
Axial force - 500 lbs.

4.0 TEST FACILITY AND METHODS

* 4.1 Facility Description

All testing for this phase of the effort was accomplished inLIthe NASA/Ames Research Center's (ARC) 6- by 6-Foot Supersonic
Wind Tunnel. Although characterized as supersonic in it's title,

9



this facility is calibrated for operation at subsonic, transonic,
and supersonic Mach numbers. This closed-circuit, single-return
wind tunnel is equipped with an asymmetric sliding-block nozzle
and the test section is vented to evacuable plenum chambers via
variable orifice perforations in the test section floor and ceil-

.ing; these features allow continuous variation of the test section
S, Mach number from 0.25 to 2.2. Airflow is provided for by an

eight-stage, axial-flow compressor powered by two electric motors
(60,000 total horsepower) that are mounted in tandem outside the
tunnel. Twin ejectors are utilized downstream of the test section
to provide adjustment of the test section static pressure in
addition to that provided by evacuation of the tunnel circuit.

Performance parameters and relevant test section dimensions

for the ARC 6- by 6-Foot Wind Tunnel are listed belcw:

Performance:

Mach number - continuously variable between 0.25 and 2.2
Stagnation pressure - 0.3 to 1.0 atmosphere

Reynolds number - 1.0 x 106 to 5.0 x 106 per foot
Stagnation temperature - 5800 F

Flow quality and measurement uncertainties:
* Mach number uncertainty: true test section centerline

Mach number relative to value indicated by test section
wall pressure instrumentation -

RMS Mach NumberMach Number Uncertainty

0.6 .005
0.8 .005
0.9 .010
1.2 .010
1.6 .005

'C

* Flow angularity - 0.08 deg. RMS

* Angle of attack measurement uncertainty - 0.08 deg. RMS

* Turbulence level as RMS of Ap/q -

Mach Number (Ap/q) RMS

* 0.8 .015
0.94 .011
1.2 .011
1.6 .011

* Manometer uncertainties on stilling chamber total pressure
and wall static pressure - 0.01 in. of Hg RMS.

10
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Test section Dimensions:

Height - 6.0 feet
Width - 6.0 feet
Length - 14.4 feet
Access - Side doors, 5.0 x5.0 feet

4.2 Experimental Methodology - Pressure Models

- L- ~ Figure 17 shows the operative envelope of the ARC 6- by 6-
Foot Wind Tunnel. For this effort, most data runs that utilized
the baseline models were accomplished at a fixed Reynolds number

.,6

of 2.0 x 106 ft. one wing configuration (PS) was tested at a

constant Reynold's number of approximately 1.5 x 10 6so that the
data could be directly compared with results obtained when a
"dummy" version of the force-model sting was mounted on config-
uration P8. As was discussed in section 3, the "dummy" sting
configuration (designated config. 11) was tested to determine the
interference effects of the force-model sting hardware upon the
wing pressure distribution, and this configuration consisted of
pressure wing configuration 8 with a force-model sting replica
cantilevered from it; to provide an adequate structural margin,
the dynamic pressure (and thus, Reynolds number) was reduced for
all runs involving pressure wing configuration number 8.

All model configurations were tested at Mach 0.6, 0.8, 0.9,
and 1.2, and configurations 1, 8, 9, and 11 were also tested at
Mach 1.6 to provide a basis for comparing the ARC 6- by 6-Foot
Wind Tunnel results with those obtained with the same models in
the NASA/Langley Research Center (LRC) Unitary Plan Wind Tunnel
(ref. 1). Nominal test angles of attack were -2.7*, 00, 50, 100,
150, 200, 250, 26.50, 270, 300, 350, 400, 350, 500, 550, and
56.30. The precision in setting the angle of attack was within
±0.5 deg. Table 6 shows the test run schedule with indication of

-. test conditions for which data were obtained.

The pressure models were mounted in the ARC 6- by 6-Foot
Wind Tunnel using the sting arrangements depicted in Figure 18.
The model support sting arrangement was mounted to the main sting
body, which was in turn suspended from a vertical, slotted strut
that provides for trinslation and rotation in the vertical plane.
Two sting assemblies were employed: the low-ai-range assembly
(-3.30 < ai < 26.90) and the high-ci-range assembly (26.90 < a~ <
56.60). Sixty to seventy pressure lines, corresponding to the
number of pressure taps utilized on each wing configuration,
were routed through the outer leg of the dogleg blade (diamond
cross-section) model support sting and thence external to the

* sting components but within a segment of 1 in. ID high pressure
line downstream to the main sting body. The 60 to 70 pressure
lines were connected to the monitoring ports of six 24-port
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scanivalve barrels which were mounted within the main sting body.
The scanivalves were motor-driven via a remote controller located
in the tunnel control room. Each of the scanivalve barrels was
connected to individual Statham PM 131-TC 0 tc 12.5 PSI pressure
transducers.

Since all pressure taps were located on only one side of
each wing model (the side opposite the dogleg blade sting), it
was necessary to conduct separate runs to obtain data for the
windward and leeward sides of each wing model; this was accom-
plished by rolling the model and blade sting 1800 as a unit
between the windward and leeward run sequenced.

The testing procedure consisted of establishing the test
section flow at each desired Mach number beginning with the
lowest angle-of-attack in a a-sweep range, scanning the 60 to 70
active pressure monitoring ports of the scanivalves serially,
and repeating this process at increasing angle of attack until
the data at the maximum angle-of-attack in each sweep range were
recorded. Since all desired combinations of Mach number and
angle of attack within a given sweep range (low or high) could
be obtained in a single run series without opening the test sec-
tion, four such run series were required to obtain the desired
(windward and leeward sides, high and low a) pressure data for
each wing configuration. Shadowgraph photographs were taken at
most Mach 1.2 combinations of angle of attack and configuration
to monitor the possible presence of a wall-reflected waves in
the vicinity of the models; no such reflected shocks intersected
the models.

4.3 Experimental Methodology - Force Models

Two force model configurations were tested that were replicas

Aof two of the pressure wing models. Configuration FP7 was a
replica of pressure model P7 (aspect ratio 2.0, triangular) where-
as configuration FP9 was a replica of pressure model P9 (aspect
ratio 2.0, rectangular). Certain configurational and support
system compromises were required to devise a cost-effective means
of obtaining direct force measurements using a st-rain gage bal-

q. ance; these are detailed in section 3. Testing was accomplished
at Mach numbers of 0.6, 0.8, 0.9, and 1.2 for the same angles of
attack as the pressure models. The run schedule of Table 6
includes a listing of runs conducted with the force models. Fig-
ure 19 shows now the force models were installed in the NASA/ARC
6- by 6-Foot Wind Tunnel.

The force model testing procedure was identical to that
utilized for the pressure models except that the six components
of the strain gage balance output were read rather than 60 to 70
pressures. Accordingly, the running rate was much greater than
that experienced with the pressure models, and the data reduction

,4 computational effort was greatly reduced.
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5.0 RESULTS AND DISCUSSION

The data obtained or derived as a result of this experi-'I mental effort are in the form of surface pressure coefficients,
aerodynamic force and moment coefficients computed by summa~tion
of elemental forces associated with the individual values of
measured absolute pressure, and aerodynamic force and moment
coefficients computed from the components of forces measured with
an external strain-gage balance. These three types of data are
discussed in the following subsections in terms of the data vari-
ation with the relevant fluid dynamic and geometrical parameters,
and the data uncertainties associated with the information
acquisition procedures and data reduction techniques. The final
two subsections deal with sting interference effects and compar-
ison of the data obtained in this effort with that extracted

* from other sources.

5.1 Surface Pressure Coefficients

Values of absolute pressure were measured at 60 to 70
0.0019 in. diameter orifices that were (more or less) uniformly
distributed over one-half a single surface of ten wing configur-
ations. The orifices were located on the wing surface opposite
to that of the sting attachments. The configurations, pressure

.4 measurement locations, and methods of instrumentation are dis-
cussed in section 3, whereas section 4 describes the test facility,
experimental methods employed, and provides the test run schedule.
The pressure data for opposite sides of each wing configuration

*. (upper vs. lower) for a given combination of angle of attack and
Mach number were necessarily obtained during separate runs that
were separated in time-of-measurement by (typically) several
hours. owing to limits on the precision to which the wing model
angle-of-attack could be set, the angles of attack at which
windward-side pressures were measured differ from the angles of
attack at which the corresponding leeward-side pressures were
measured by as much as one degree. This discrepancy resulted
from the ±0.5 degree tolerance upon remotely positioning the wing
models in angle of attack using the ARC 6- by 6-Foot Wind Tunnel's
manual (open-loop) attitude controller.

Table 6 provides the complete test run schedule, wherein the
* nominal values of Mach number and angle-of-attack at which pres-

sure distribution data were obtained for each configuration are
shown. The allowed tolerance on manual setting of the test sec-
tion Mach number of ±0.005 according to common practice in the

13



ARC 6- by 6-Foot Wind Tunnel. However, the actual test Mach num-
bers varied in the following manner:

Average Value Standard Deviation
Nominal M of Set Mach Number of Set Mach Number

0.6 0.602 .011

0.8 0.802 .0016
0.9 0.903 .0018
1.2 1.203 .0020
1.6 1.604 .0020

Thus, it is evident that the operators interpreted the operational
policy as meaning "stay between the nominal M and M + 0.005",

-* which resulted in better precision than called for by the ±.005
policy. The ±.005 precision standard for operator-set Mach number
is consistent with the level of random variability between
instrumentation-indicated Mach number and actual test section
Mach number. The random variability of test section Mach number,
expressed as the standard deviation of the run-to-run residual
found after introducing the correction terms for all bias contri-
butors to Mach number error from wing-tunnel calibration, is
indicated below:

Standard
M Deviation of M

0.6 .005
0.8 .005
0.9 .010
1.2 .010
1.6 .005

Pressure variations at the model surface were communicated through
about 15 feet of tubing to six scanivalves, each of which was
connected to a Statham PM-131-TC pressure transducer. These
transducers has a range of 0-12.5 psia and a specified RMS meas-
urement uncertainty of 0.7% of full scale. The wing model ori-
fices were 0.018 in. in diameter, consistent with the 0.018 in.
internal diameter (ID) stainless steel tubing used to communicate
pressure disturbances out of the model and through the dogleg
blade sting. Plastic tubing (.030 in. ID) was used to communicate
pressures from the model sting aft over the main support sting to
the scanivalves and pressure transducer (located in the main pod
of the wind tunnel pitch mechanism).

The s.:face pressure data were obtained at Mach 0.6, 0.8,
0.9, and 1.2 for seven of the wing configurations, and at Mach 0.6,
0.8, 0.9, 1.2, and 1.6 for four of the wing configurations (1, 8,
9, and 11). At each test' Mach number, data were obtained at nom-
inal angles of attack of -30, 00, 50, 10*, 15° , 20*, 25*, and
26.5 ° with a main sting offset strut installed to provide the low
angle-of-attack range. Data were also obtained at 27.50, 300,

14
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350, 400, 450, 500, 550, and 56.50 angles of attack with an off-

set strut installed to provide the high angle-of-attack range.
The position of the models in the test section varied very little
with angle of attack, in that axial or vertical excursions were
of the order ±3 in.

Model surface pressure coefficients (Cp) were computed from
P

the values of pressure measured at the model surface according
to the following formula:

p - P0,

CP q0

where P = local value of pressure on the wing model surface.

P ODP= test section static pressure as determined from an
electronic-output manometer connected to an orifice
in the test section wall.

q = test section dynamic pressure as determined from the

isentropic relationship: q. = I P M2 (y = specific

heats ratio, M = test section Mach number determined
from a calibration of test section Mach numbers vs.

* . stilling chamber total pressure and wall static pressure.

5.1.1 Pressure coefficient data.- Pressure coefficients
were computed for each orifice of every model configuration at
each of the test Mach number/angle of attack combinations. The

" - resulting 92,000 or so pressure coefficient values are listed in
Appendix A. On each of two successive pages, all of the windwardp (lower) surface and leeward (upper) surface pressure coefficients

* determined for a given model at a given Mach number are listed
(i.e., the data for all 16 angles of attack). Upon each pair of
successive pages, the first page contains data from the low
angle-of-attack range, whereas the second page contains data from
the high angle-of-attack range.

The data lists are organized so that the data for each wing
configuration are listed on successive pages according to increas-
ing Mach number (two pages per Mach number). All of the data are
listed for a given configuration, followed then by the next con-
figuration according to configuration number, beginning with
configuration 1 and ending with configuration 11. The (X,Y)
locations of the pressure orifices on each model are listed with
the orifice numbers along the left-hand margin of each page. The
details of the wing model. geometries and respective orifice loca-
tions on the models may be found in Figures 5 through 14 and in
Table 3. In certain cases, the data for a given angle of attack
were lost or deleted due to determination of some acquisition
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fault; in such cases, the C data tables are blank. Data from

plugged or leaking orifices were also deleted.

The listed values of angle-of-attack were not corrected for
sting deflections due to lack of a direct measurement of the
loads acting on the model; this correction could have been incor-
porated in post-test data processing, but was neglected due to
the small error involved. A crude correction for sting deflec-
tion may be applied according to the formula:

'Am SD z 3.7 x 10 aq(M)

where a = angle of attack, degrees, 5 350

q(M)(PSF) 245 305 325 380 450

M .6000 .8000 .9000 1.2000 1.6000

ASD .0091 .0113 .0120 0.0141 0.0167

This correction is approximate for all but configurations 8 and
11; multiply the results of 0.75 to obtain corrections for con-
figurations 8 and 11 (reduced q).

Graphical display of the pressure coefficient distributions
would provide insight regarding detailed features of the flow
over this parametric series of wing models; however, accomplish-
ing this would require expenditure of considerable effort to
interpolate in the Cp data to provide spanwise and chordwise

distributions at constant values of station or butline, and to
generate utilitarian displays. For current purposes, we have
listed all of the pressure coefficients obtained for inspection
in Appendix A.

5.1.2 Comparison of NASA/ARC and NASA/LRC data.- Mach 1.6
data were obtained for wing configurations 1, 8, and 9 to provide
a basis for comparing the NASA/ARC 6- by 6-Foot Wind Tunnel
results with those measured using the same model and sting at
M - 1.6 in the NASA/LRC 4- by 4-Foot Unitary Wind Tunnel (Ref. 1).
The ARC 6- by 6-Foot Wind Tunnel plenum control system was not
engaged during the low angle sweep range run for configuration 1
(run 1), and so these data are not good. Pressure coefficient
data from the two facilities are compared in Figures 20 and 21
or configurations 8 (port no. 31) and 9 (port no. 38). The two
pressure ports selected for this comparison are located on their
respective wing centerlines about 1.7 in. forward of the wing

'16
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trailing edges on the flat portions of the wings. The data show
good agreement, but the LRC data reflect a systematically larger
windward-to-leeward pressure difference than is typical of the
ARC data; this minor but systematic shift is borne out in the
aerodynamic coefficients at Mach 1.6 that were obtained by inte-
grating the wing surface pressures over the wing surface area
(Figs. 22 through 30).

5.1.3 Pressure coefficient data uncertainties.- It remains
* to indicate the levels of uncertainty associated with the pres-

sure coefficient data. The potentially significant sources of
error in the C data are listed below:

1. Uncertainty of the surface pressure (P) measurements
(1.35 lb./ft.2 RMS).

2. Uncertainty in determining test section local dynamic
pressure (q.)2associated with wall manometer uncertainty
(.706 lb./ft. RMS) and random Mach number uncertainty
(.005 to .010 RMS).

3. Uncertainty of the test section static pressure (P..)
associated with the wall manometer output uncertainty

"- (.706 lb./ft.2 ).

4. Dispersions in the pressure coefficient values from the
%7 true values at the nominal Mach numbers due to varia-

tions in the Mach number set by the wind tunnel operator
(±.005 by specification).

5. Uncertainty in the wing model angle of attack due to
position potentiometer errors (.08 deg. RMS) and sting

3 bending uncertainty [about 9 x 10- 6deg.q(M) RMS].

Determination of the test section Mach number and dynamic pres-
sure was accomplished according to convention in the following
manner:

a. Stilling chamber total pressure (Pt) and test sectiontsc
wall pressure (Pw) were measured at each data-taking

point using the electronic-output manometers.

b. The test section Mach number (M) was computed from:

* M = VL( Ptsc)-2/7 1-

and then corrected via a calibration curve.
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c. The dynamic pressure (q.) was computed from

C.= 0.7 
PM2

Random dispersions in true (local value) M. from the com-
puted value amount to .005 to .010 depending upon M , thus causing
the local values of P, and q. to differ from PW andwthe computed

value of q.. Also, uncertainties in the manometer outputs2
(.706 lb./ft. RMS) for PW and Ptsc lead to uncertainties in Cp.

The observed dispersions in M. probably arise in part from the
instrument uncertainties associated with the manometers, so care
must be taken to avoid double accounting for a single type of
error measurement.

The assessment of uncertainties in C was approached by

establishing the test section static pressure measurement as the
reference measurement point. Since it can be shown that total
pressure is virtually invariant throughout the test sections of
transonic wind tunnels (Ref. 2), random variations in local test
section Mach number and local static pressure are governed by the
following relationship:

P = P tw(1 + M 2/ 5) -7/2

If P t is constant, local static pressure and Mach number varia-

tions are related as follows:

dP - _ (7M/5)dM
P (1 + M2/5)

Given that Cp is computed from the relationship:

p- PP

P q0

disturbances in P, P , and q. affect C in the following way:
p

a= X

etc i dp + dP - (P 2dq

-q-- - dq--q2dq,,
P -P - +

q. q ..
_1[ 9kdOO qdq,

;. 18



and;

_P dP PO dPC dq.
C p P p - P P C

Since the total error is the square root of the sum of the squares,
we have

*~~~~~ ++(12(q ]1/2
A-P 2(A)2 - OD 1 ~~1 ,p.0 2j A

and the uncertainty in C ispi:- 1/
-- 2 1 2 22 ,p 12 P/+ 2 2

"1=2 + (i ( +

We now determine AP/P, APj/P.0, and Aq./q. to put in this
equation.

Now the uncertainty in true q. at the reference condition
is due entirely to measurement uncertainties in PC and to Pt' We

* find that

a[q- -2 (M2 + 5)JAPt P constant

,q. 5 p (7M2 2) JP
-7M2  J ; Pt constant

t
The square root of the sum of the squares established (i.

The uncertainty in the manometer measurements of Pt(Ptsc)

and PC(PW) are known, and the uncertainty in model surface pres-

*.': sure owing to Mach number random variability at constant total
pressure is

AP - 7/5 MAM
-vp 2

P t 1 + M/5

The uncertainty in measuring p is 1.35 psf.
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The net effect of these uncertainties is

AP 7/5 M 2AM 2+ 15]21/

P t1 + M 2 / + )

The uncertainty in P is 0.706 psf. The expression for un-
certainty in Cp becomes a function of M and P/P only, and so can

be readily evaluated at the specific test Mach numbers and various
levels of P/Pm; this has been accomplished in the following table:

Case (a): If P/Pm = l (Cp = 0)

J p p

1/.7M 2  M tnom. nom. APOO/PGO AP/P AC(psf) (psf)

3.97 0.6 1220 955 .00070 .0041 .0165
2.23 0.8 1030 675 .00105 .0054 .0123
1.76 0.9 945 560 .00130 .0111 .0197
0.99 1.2 933 380 .00190 .0135 .0135
0.56 1.6 1030 230 .00310 .0094 .0056

Case (b): If P/P = 0.5

M AP./POD AP/P (Aq./aq) P t (Aa /q) PD Cp P

0.6 .00070 .0048 .00250 .0023 -1.98 .0120
0.8 .00105 .0064 .00174 .0016 -1.12 .0080
0.9 .00130 .0118 .00154 .0014 -0.88 .0108
1.2 .00190 .0148 .00100 .0005 -0.50 .0076
1.6 .00310 .0139 .00f60 .0005 -0.28 .0043

Case (c): If P =P

PP, 0 /iA/ (Aq./q.) (Aqj/q.) Ac

"."M P/PD APC/P AP/P P t C P

0.6 1.28 .00070 .0041 00250 .0023 1.112 .0217
0.8 1.53 .00105 .0052 .00174 .0016 1.182 .0181
0.9 1.69 .00130 .0109 .00154 .0014 1.210 .0326
1.2 2.46 .00190 .0131 .00100 .0005 1.450 .0320
1.6 4.48 .00310 .0075 .00060 .0005 1.950 .0190
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Inspection of the above results indicates that the maximum uncer-
tainty in CPis of the order 0.03 or less, and ranges from .004

to .03 depending upon Mach number and the magnitude of local
pressure.

5.2 Forces and Moments Integrated
from Pressures

The absolute values of pressure measured at the surface of
the models at each combination angle of attack and Mach number
were multiplied by their allocated local areas (Table 3) to yield
local forces. The local force values were then resolved into
axial (with respect to symmetry axis) and normal (to plane formed
by root and tip chords) components and summed to provide the
total axial and normal pressure forces acting upon one side of

* each wing relative to zero absolute pressure. Also, the sumnma-
tion of moments of the local force components about the wing
centerlines and trailing edges was computed to obtain the normal

- and axial pressure force contributions to total bending moment
and pitching moment. Total force components were divided by the
reference area and dynamic pressure to yield normal and axial
force coefficients for the aerodynamic contribution of one side
(windward or leeward) of the wing. The total moments were divided
by the product of reference area, dynamic pressure, and mean aero--
dynamic chord to yield pitching- and bending-moment coefficients

* for one side (windward or leeward) of the wing. This calculation
procedure was carried out for each successive run, until the com-
plementary run that characterized the pressures on the opposite

* * side of the wing at very nearly the same angle of attack and Mach
number was completed. If force and moment coefficients were

* available for both sides (windward and leeward) of a given wingI model at the same angle of attack and Mach number, the differences
* between the windward and leeward force and moment coefficient

values could be computed, thus yielding the total force and moment
* coefficients for the configuration at the stipulated test condi-

- tions. Unfortunately, the windward run-to-leeward run mismatch in
angle of attack was as great as one degree (±0.5 deg. tolerance on

I-. independent windward and leeward runs), necessitating interpola-
tion in angle-of-attack of the upper and lower wing surface data
to yield force and moment components at a common angle of attack.
This was accomplished by fitting a second-degree Lagrangian inter-

* polating polynomial to each set of three data points taken at
successive angles of attack, and solving for the roots of the
polynomial at even 5 degree increments in angle of attack. Step-

* ping the polynomial solution through the monotonic a-sequence
provided the desired interpolated polynomial roots at even 5.0
degree a-increments, and these roots were within 0.5 degree of the
actual data points except at the upper and lower ends of the angle
of attack range where extrapolation was necessary. Extrapolated

* polynomial roots based upon the lowest three a-points
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(ca 2.70, 00, and 50) were obtained at a = -5 ° in the reduced
data. Similarly, the a - 600 point was extrapolated from the
polynomial constructed with the a = 500, 550, and 570
The a = -50 and 600 data points are uncertain and should be so
regarded. When interpolated values of the forces and moment coef-
ficient values acting respectively on the upper and lower wing
surfaces were derived, subtraction of the upper surface values
from the lower surface values yielded the total configuration
force and moment coefficients in even 5 degree increments (00,
50, 100, 15, etc.).

5.2.1 Force and moment coefficient computations.- The
aerodynamic parameters computed from the measured pressure data
consisted of the normal-force coefficient (CN). The axial-force
coefficient (CA), the pitching-moment coefficient about the model
trailing edges (CMBT), the wing root bending-moment coefficient
(CBM), and the yawing-moment coefficient (CYM). Center-of-
pressure locations were also computed, consisting of longitudinal
(XCP), lateral (YCP), and vertical (ZCP) components. Equations
that mathematically describe the computational process whereby
force and moment coefficients were derived from the absolute
pressure data are listed below:

For the windward ( = 0) and leeward (0 = 1800) surfaces

separately

n

CNW,CNL = L PiAi/Aq. = Normal-force coefficient acting on
il either windward or leeward side.

n P.AA.(tan 150) (sine)

CAwICAL = 1 1 = Axial-force coefficient due

j=lAq to pressures acting on
beveled edges only, either
windward or leeward side.

CMNBw,CMNB L = PAix/Aq c = Normal-force contribution to

pitching-moment coefficient about

i=l wing trailing edge, windward or

leeward side

n PiAiz (tan 150) (sine)
= L = Either windward or leeward
iCwMAq c axial-force contribution

to pitching-moment coef-
ficient about wing trail-
ing edge due to pressure
acting upon beveled edges
only.
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n

CBMWCBML = 2 F PiAAiy/Sq~b Root bending-moment coefficient
* il due to the normal force acting

Iupon a single side (windward or
leeward) of a semispan of each
wing.

n PiAAiy(tan 150) (sine)

CYM ,CYM. = = Windward or leeward compo-
i=l AqC nent of yawing moment coef-

ficient due to axial forces
components only about any
axis normal to both the
wing centerline and a span-

- wise axis.
XCPNBw CMNBW C'Bor L W or L

" CN - Longitudinal center of pressure of
C W or L normal forces a fraction of mean aero-

" dynamic chord from trailing edge.

YCPW  CBMWor L MWor L = Lateral center of pressure of normal
b/2 CNw or L forces as fraction of semispan from wing

centerline (root).

ZCPW or L _ CMAW or L c - Vertical center of pressure of axial

b/2 CAW or L forces as fraction of one-half the

wing thickness from the wing geo-
metric centerline.

Where subscripts W or L refer to wing windward or leeward side

* (respectively) for positive angle of attack.

n

* A = A = one-half the wing planform area = S/2
i=l2

L; 2(C + CRC + C2)
C = mean aerodynamic chord = R RT T

3(C R +CT)

t = wing maximum thickness

* -CR = root chord

- CT = tip chord

q = freestream dynamic pressure

23
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X,Y,Z = coordinates of the centroids of the area increments
associated with each pressure tap referenced to the
wing trailing edge and centerline (Table 3).

6 = 900 minus the sweepback angle of any edge

After interpolation in angle of attack to yield common a-
values in integral 50 increments:

CN = CNW - CNL

CA = CAW + CAL

CMNB = CMNBW - CMNBL

CMA = CMAW - CMAL

CBM- CBMW CBML

CYM = CYMW + CYML

CMBT = CMNB + CMA

XCPNB CN - XCPNB

XCPNB C N CL

CN

-C- = 1 - XCPN = total aerodynamic center of normal
CR CR forces as fraction of root chord from

leading edge.

The pitching-moment coefficient about the wing area centroid
(CMCT) was computed as follows:

XC

CMNC = CMNB - CN ,where XC = centroid axial station

Then,

CMCT = CMNC + CMA

The data reduction procedure for computing aerodynamic force and
moment coefficients from the measured pressure data was originally
devised and programmed by NASA/Langley Research Center personnel
and was previously reported in Reference 1. The data reduction
program was adapted for use at NASA/Ames Research Center by
Sverdup, Inc. personnel.
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The complete configuration force, moment, and center-of-
pressure data are listed in Appendix B, where the center-of-
pressure column labels should be interpreted as follows:

Column
Label

* xCP
.XCP , longitudinal center of pressure of normal

R forces as fraction of root chord measured
* from leading edge

• : YCP
YCP lateral center of pressure of normal forces

as fraction of the wing semispan
ZCP

ZCP /2 ,vertical center of pressure of axial forces
with respect to wing centerline, as fraction
of one-half the maximum wing thickness

The index to these data tables is provided at the beginning of
Appendix B. As was mentioned previously, the XCP and YCP data
are not valid at a = 50 and 60, and are meaningless at a = 0.

All of the force and moment coefficient data and the center
* of pressure data are plotted in Appendix C. The plots are organ-

ized to display the data at each value of taper ratio ) on two
successive graphs, beginning with X = 0 (configs. P1, P4, and P7)
and followed by X = 0.5 (P2, P5, P8, P10) and X = 1.0 (P3, P6,

4 P9). An index to the plotted data is provided at the beginning
of Appendix C. In the case of the Mach 0.6 and 0.8 XCP/CR plots,
"corrected" data points have been added at a = 30, 50, and 100
because a correction procedure was employed to account for the
effects of the run-to-run ±0.005 Mach number variability upon
the model surface pressures. Although application of the correc-
tion procedure to the YCP/(b/2) and ZCP/(t/2) data is warranted,

* .this has not been accomplished.

5.2.2 Correction of the data for run-to-run M,,, Differences.-
The procedure for computing force, moment, and center-of-pressure
information from the absolute pressure data is well posed at super-
sonic Mach numbers but is not well posed at subsonic Mach numbers.
The isentropic relationship between static (P.) and dynamic (q.)
pressures:

YPM 2

c* 2

" demonstrates the sensitivity of Pw to Mach number at subsonic
speeds and constant dynamic pressures:

25

. .. . * *. *



aP 10 a 2%1 4q
" - " M YM 3

This equation, when evaluated at nominal values of q. (240 psf)
and M(0.6), yields

DPCO
-F = 3175

Thus a ±0.0005 Mach number tolerance yields a static pressure
uncertainty of about ±16 psf, and a corresponding AP/q uncer-
tainty of about 7% per wing side (windward vs. leewardT. Sub-
traction of the leeward force components from the windward
counterparts in the data reduction process can result in very
large percentage errors when the windward and leeward force
components are nearly equal and opposite, such as is expected
near a = 0 with symmetric airfoil sections. To compensate for
the effects of Mach number differences between the windward and
leeward runs, the following correction procedure was applied for
a limited number of cases.

The windward and leeward normal-forc= coefficients (CNW,
CNL) and pitching-moment coefficients (CMNBW, CMNB L ) relative to

a vaccum on the opposite side were utilized to computer corres-
ponding coefficients (CNRW , CNRL, CMNBW, CMNBR L ) relative to

freestream pressure on the opposite side as follows:

CNRw/L = CNW/L - 2/yM 2

CMNBRW/L = CMNBW/L - l/yM2

The moment relationship was derived using the result that

XC - 0.5

for all wings tested (where XC = wing area centroid). This pro-

cedure is equivalent to computing the force and moment coeffi-
cients from pressure coefficients instead of absolute pressures.
The actual Mach number at the beginning of each run was utilized
in the correction procedure. The variation of Mach number during
each run was not determined, but instances of as much as ±.0003
variation in Mach number during a run are suspected. The result
obtained by utilizing the correction procedure outlined above
are listed in Table 7.
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5.2.3 Comparison of NASA/LRC and NASA/ARC data.- Wing sur-
face pressure data were obtained at Mach 1.6 for configurations
I(Pl), 9(P9), and 9(P9) only. These data were obtained to pro-'S vide a representative sample for comparison with the Mach 1.6
data of Reference 1, which data were obtained in the NASA/LRC

* 4- by 4-Foot Unitary Plan Wind Tunnel. Comparisons of the NASA/
.~. ARC 6- by 6-Foot and NASA/LRC 4- by 4-Foot data are shown in

Figures 22 through 30 in terms of the normal-force, pitching-
moment (about centroid) and spanwise root bending-moment coef-
ficients as computed from the surface pressure coefficients. The
ARC and LRC normal-force coefficient data are generally in close
agreement. The pitching-moment coefficients about the area
centroids were somewhat less in agreement, and the resulting
center-of-pressure values differed by as much as 10% of C in the
30-50 region for configuration 8. The spanwise root bending-
moment data were generally in close agreement. The NASA/LRC data
exhibit coefficient values that are systematically larger than

-" their NASA/ARC counterparts, very likely owing to the positive
shift of the NASA/LRC pressure coefficient data relative to the
NASA/ARC data noted in subsection 5.1. Up to 1% difference in
normal-force and pitching-moment coefficient between the two
facilities maybe due to the fact that the NASA/ARC 6- by 6-Foot
actual Mach number varied from 1.602 to 1.610, compared to the
NASA/LRC 4- by 4-Foot value of 1.600. On the whole, it is con-
sidered that the data from the two facilities largely agree
within the confidence level typical of wind tunnel test data.

5.2.4 Systematic effects of parameter variation in the
data.- The wing configuration variables consisted of aspect ratio
T() and taper ratio (M), whereas the fluid dynamic variables were
Mach number and angle of attack. Figure 31 shows the combined
effects of Mach number and angle of attack upon the normal-force

m coefficient and longitudinal center of pressure of a representa-
* tive wing configuration (A = 1, X = 0.5); the effects of stall

are noticeable at subsonic Mach numbers, but the angle of attack
associated with stall increases with Mach number and stall is
barely noticeable at Mach 1.2.

Figures 32 and 33 show the effects of taper ratio and angle
of attack variation for A = 1 at Mach 0.6 and 1.2, respectively.
At Mach 0.6 there are large effects of X on the onset of stall.
As X decreases and sweepback increases stall is delayed to higher
angles of attack. The center-of-pressure data for the rectangu-
lar wing show strong nonlinear effects. At MD = 1.2 the effect
of X on the normal-force curve is much reduced, and the center
of pressure positions are much more uniform.

- .: Figures 34 and 35 show the combined effects of angle of
attack and aspect ratio upon taper ratio 0.5 wings at Mach 0.6

* :and 1.2, respectively. The Mach 0.6 data displays a decreasing
angle of stall as the aspect ratio is increased at constant taper
ratio. This is associated with decreasing leading-edge sweep

"; which causes the nonlinear effect of wing thickness to increase
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significantly with increase in aspect ratio. The change in
thickness ratio is illustrated by the following tabulation:

Configuration x R t/cR 6 A

1 0 0.5 .030 1.90 82.90
2 0.5 0.5 .044 5.40 69.40
3 1.0 0.5 .060 15.00 0.00
4 0 1.0 .043 3.78 76.00
5 0.5 1.0 .063 9.10 53.10
6 1.0 1.0 .085 15.00 0.00
7 0 2.0 .060 6.80 63.40
8 0.5 2.0 .088 12.60 33.70
9 1.0 2.0 .120 15.00 0.00

10 0.5 4.0 .125 14.30 18.40

NOTE: 6 = streamwise component of the leading-edge bevel
half-angle

A = leading edge sweepback angle

At M = 1.2, the wings do not stall and the
ratio are much less than at M. = 0.6.

5.2.5 Force and moment coefficient data uncertainties.-
Uncertainties in the force and moment coefficients computed by
integrating surface pressures arose mostly from three sources:

1. Run-to-run Mach number differences.- Differences between
the data-cycle initiation Mach number at which the wing lower
surface pressures were measured and the data-cycle initiation
Mach number at which the wing upper surface pressures were meas-
ured led to a systematic differential error in the coefficients.
This error source could essentially be removed by recomputing
all the force and moment coefficients directly from the pressure
coefficients, as was essentially done in Table 7 at low angles
of attack for Mach 0.6 and 0.8 in the case of the previously-
discussed XCP/C plots for certain configurations. The statis-
tics of the obsirved differences in Mach number between respec-
tive runs where the upper and lower wing surface pressures were
recorded at about the same angle of attack are as follows:

Standard Deviation of
Run-to-Run Mach NumberAverage Run-to-Run Mach

M Number Difference, AMI Difference, aAM

0.6 .001222 .001053
0.8 .001500 .001190
0.9 .001648 .001374
1.2 .001321 .001157
1.6 .001200 (est.) .001000 (est.)

The frequency distribution of the absolute Mach number differences
resembles a gamma distribution.
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2. Mach number drift during a run.- During each pressure
data acquisition run the Mach number drifted by an unknown amount.
We suspect that such variation may have been as large as 0.003
in isolated cases, based upon the magnitude of certain anomalies
we have observed in CN W compared to CN Lnear a = 0 in cases where

.3, the indicated Mach numbers associated with the upper vs. lower
surfaces were nearly identical. The indicated, or "set" Mach
number was recorded only at the beginning of data acquisition
cycle (at a given nominal Mach number/angle-of-attack combina-
tion), and the "drift" in Mach number during the approximately
one-minute long pressure data recording cycle was not recorded nor
noted so long as the variation did not exceed the specified ±.005
tolerance. Based upon the foregoing, we feel that an approximate
EMS value for indicated Mach number drift during a run of

- 1/3(.003) = .001 is appropriate. Prior to measuring model sur-
face pressures, a series of tunnel PT and PWL readings were

taken, averaged, and utilized to compute test section Mach number
and dynamic pressure, which were assumed constant'during a~wing
surface pressure data recording cycle. These q and PWL =

fixed values were used in computing pressure coefficients. No
correction procedure for this source of data uncertainty is
envisioned.

3. Mach number fluctuation.- The fluctuation of test section
Mach number relative to indicated Mach number is a short-periodS random phenomenon of unknown frequency content that results in
measurement of individual wing surface pressures or groups of such
pressures at test section conditions other than that at which
tunnel PT and PWL were recorded prior to recording the wing sur-

face pressures. It is suspected that these random errors between
pressure instrumentation-indicated (P Tand P WAL) Mach number and

the true test section Mach number are due to a combination of
instrumentation error and unsteadiness in the test section flow.

* According to Sverdrup, Inc. personnel in charge of the ARC 6- by
6-Foot Wind Tunnel operation, the period of the 6- by 6-Foot Wind
Tunnel Mach number fluctuation is less than the data-sampling
rate. If it can be assumed that the frequency of flow fluctuation
is at least the same order as the wing surface pressure data-
taking rate (-0.6 sec./data point), then the expected RMS error

in Mach number over sixty sequential pressure measurements re-
normal force or pitching moment is:

a
a- == 0.129 a

M M
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Here a is the standard deviation of the indefinitely large pop-~m

ulation of Mach number errors. The estimated values of a are
as follows: m

M aM .129 a1M

0.6 .005 .000645
0.8 .005 .000645
0.9 .010 .001290
1.2 .010 .001290
1.6 .005 .000645

Since the pressure coefficient data uncertainty analysis revealed
that Mach number uncertainty is the dominant contributor to sur-
face pressure uncertainty, the remaining uncertainty associated
with the pressure measurements will be assumed negligible.

As was previously stated, the normal-force coefficient, CN,

was computed according to:

- PwiAP

CN = CNw - CNL =qW i _L

Applying the identity:

[P I
, P = P 1 + Y CP M2

2 '

we obtain

n PM + MA i  n P(L IA.

CN = Sq wySqLiw i=1

Then, since P/q = 10/7M and EPAA = P S (and after some
manipulation): n
. n

LL+ E Ai CPwi
cN 7(2 2][C Cp]

For small angles of attack in the present Mach number range
linear wing theory gives the result that both surfaces contribute
equal to normal-force coefficient and those contributions vary

2
similarly with Mach number, about as (M - 1)1/2. Under these
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. % .', circumstances the second term represents the true normal-forceof coefficient at the average of the test Mach numbers and the first
- term represents the error.

Now the first term,

10 1 _1 10o(MLM)(ML_+ M) 2.86 Am
2 72 23

M J 7  M

where

AM w - ML and M <<< 1

.- Therefore,

aCN 2.86

3AM

Similar arguments can be posed to derive the CM uncertainty:

.::: nCM = 5 1 9  Aii(CPwi p)
M; 11 Sc.=C i

-CM 1.43

a 3AM M

n n

Given thatC = 1 ACPiA i andC 1 - Ci~ i
iltrue true Sc i=

x cp
- can be defined:

1.43 AM+ C
x C 3 CMCP _M M .A

CN 2.86 A

"- Ntrue
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x
and the dispersion in due to the coupled uncertainties CM

and C may be written:
1N
AX CP X C

! cp cp ___

" C C [C tu
true C1.43 LM

Mt true Mtrue + C__rue_2386__M

C + 2.86 AM C N2.86 AMNM3 Ntrue NM3
Strue M true M

Cif Mtrue K and 2.86 AM = c, thenCP (0.5K)

CNtrue MCN +

Typical values for K are in the range 0.5 to 1.0 for all wing
configurations. The following table lists the sources of Mach
number uncertainty and their cumulative effect:

Run-to-Run Drift Random Cumulative RSS

M AM +M _ _M  o_ _M

0.6 .02270 .001 .00065 .0026
0.8 .00269 .001 .00065 .0029
0.9 .00302 .001 .00129 .0034
1.2 .00348 .001 .00129 .0035
1.6 .00220 .001 .00065 .0025

The resulting uncertainties in C N , CM, and XCP/C are listed below

for K = 0.75 and 1.0. For K = 0.5, AXCp/C is zero.

AX cp/C for Various CN

CN=0 CN= E C N=0.2 C N=1.0

M E=ACN E/2=AC K=.75 X=1.0 K=.75 K=1.0 K=.75 K=1.0 K=.75 K=1.0

01 .-. 125/ -.25/ -.036/ -.073/ -.0082/ -.016/""0.6 t.034 t.0170 .25 -. 5
+C +C +.051 +.102 +.0088 +.0176

08 06±00 2 -.125/ -.25/ -.019/ -.037/ + 004 ±.008
'-0.8 ±.016 ±.0080 .25 -.5 ± .00 t.0

+O +O +.022 +.043

0.9 ±.013 ±.0067 .25 -.5 -.125/ -.25/ -.015/ -.031/ ±.0033 ±.0066+O +O +.017 +.034

1.2 ±.005 ±.0025 .25 - 5 -.125/ -.25/ + 06 ±.012 ±.00125 ±.0025

1.6 ±.002 ±,0010 .25 -.125 -.25/ ±.0025 ±.005 ±.0005 ±.001

" 0 a=0 to 20 Ot=2* to 100 c=22* to 500
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This table illustrates the well known fact that at zero or
small angles of attack large errors occur in X CP/E values unless

the C M vs. C N curve is made to go through the origin. For value;
of C > 0.2, the error in X~/ is tolerable for Mach numbers

N C
equal to or exceeding 0.8. For M~ = 0.6 the error does not be-
come tolerable unless a is somewhat greater than 100. Application
of the error corrections substantially reduces the errors of the
measured data.

* 5.3 Directly Measured Forces and Moments

An external force-balance arrangement (discussed in sec-
tions 3 and 4) was used to measure directly the forces and
moments a -'ing on two wing configurations. These were:

1. An aspect-ratio 2.0 triangular (X~ = 0) wing designated
configuration FP7. This configuration is a geometric
replica of the pressure wing model P7.

2. An aspect-ratio 2.0, taper ratio 0.5 wing designated
configuration FP9. This configuration is a geometric
replica of the pressure wing model P9.

The objective of this series of runs was to obtain data that
* allows comparison of the pressure-model results with the force-

model results in order to assess sting-interference effects.

daaThe direct-force measurement technique saves test time and
_7 datareduction effort compared with the surface pressure meas-

urement technique in cases where the desired data are force and
* moment aerodynamic coefficients. Therefore, establishing the
* validity of the direct-force measuring technique would certify

it for extensive use in testing a large number of wing
configurations.

Surface oil-flow patterns on the lee sides of the two force-
model wings were made by applying a mixture of mineral oil and
titanium oxide pigment to the model surface prior to starting the
wind tunnel, pitching the model to the desired angle of attack,
and then running the wind tunnel up to steady-state, Mach 1.2
conditions (all oil flows were made at Mach 1.2). When the sur-
face flow pattern was fully developed at the steady state condi-
tion (as determined by observation through a window in the
test-section wall), a photograph of the oil-flow patterns was

* taken using a remotely-controlled camera. The surface oil-flow
* results are discussed in the following subsection (5.4).

* *.:*5.3.1 The directly-measured force and moment coefficient
data.- The force model and sting arrangement was tested in the
position shown in Figure 15 (~=0) , as well as inverted

(0=180*). In the *=0 case, the conical sting protrusion
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(which is metric) where the wing models mount to the sting via a
trailing-edge tab was located on the leeward side of the wing at
positive a. In the *=1800 case, the sting assembly was rolled
1800 on the balance so the metric conical sting protrusion was on
the windward side. Although the original design anticipated that
the *=0 position would be preferred for minimizing flow inter-
ference effects, tests of dummy versions of the force model sting
on pressure-model configuration 8 (designated configuration 11
in the data) revealed that minimum interference effects were
probably associated with the * = 1800 position. Low (-30 to 270)
and high (270 to 570) angle of attack sweep-range data were ob-
tained at *=1800. Only low-angle sweep range data were obtained
at *=0.

The complete force-model data are provided in Appendix D;
an index to these data and definitions of the mnemonic data labels
are also provided there.

5.3.2 Comparison of force-model and pressure-model aero-
dynamic data.- Comparisons of normal-force coefficients and
centers of pressure obtained for the force and pressure models
are provided in Figures 36 through 51. Each graph compares data
obtained by integrating model surface pressures with force-model
data for the 0=00 and *=1800 cases. Data for configurations
7(P7) and 12(FP7) are shown in Figures 36 through 43, whereas
the configuration 9(P9) data are shown in Figures 44 through 51.
The normal-force coefficient comparisons show superficial agree-
ment up to about a = 200; at higher angles of attack it is clear
that sting interference has a large influence upon the force-
model results. The aerodynamic center data for the triangular,

-* aspect ratio two wings (configurations 9 and 12) show that the
force-model results are shifted aft 15% of the root chord for
0 = 180* and about 10% for 0 = 0. In the case of the rectangular
aspect ratio two wings (configurations 9 and 13), the force-model
and pressure-model data are in wide disagreement below a = 250
regardless of whether the force model was upright or inverted.
Because of the last sting-interference effects, the utility of
the force-model data is limited to the study of sting interfer-
ence, the subject of subsection 5.4.

5.3.3 Force-model data uncertainties.- The uncertainty
- .level associated with the force-balance measured loads was quoted

as 1% or less of the full-scale rated capacity of each balance
gage or element. Since the rated capacity of the balance normal-
force gages was 900 lbs. this corresponds to a load uncertainty
of 9 lbs. per gage.
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*I 'The normal-force and pitching-moment (about wing trailing
edge) coefficients were computed from the formulas:

R 2 R R-RCFN 2 1

R 2l(X1 + X) -RX
CMNBF = 1

*qSC

where R1 = balance forward gage load, negative for + CFN

R = balance aft gage load, positive for + CFN

X= distance from the wing trailing edge to the forward
gage of the balance

= 25.525 in.

X = distance between balance gage elements = 7.25 in.

qS,C = as previously

Following the same approach as used in subsection 5.1, the frac-
tional uncertainties in CFN or CMNBF (stated as "C") are given
as:

" n2 AR212 + n 2[ 2

now

-RanCFN = 1 -5.0 (when X 4 in. forward of wing
-tR1 R 1 cptrailing edge)

atnCFN R 2Ln R =  R2  - R1 4.0 (X 4)
atR2 R2 R1 cp

• --',atnCFNaZICnq = -i

.1
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and

;LnCMNBF _ -XIR3a. nR1  R-= 36.7 (Xc CP 4)

[R2 (X1 + AX)- SIX]C

,.,X 1  + AX
-nCMNBF 1 a 37.7 (X 4)

2 [R2 (X1 + AX) - RIXI]

aLnCMNBF
,tnq

The task corp. MKIIIC 2-inch balance load measurement RMS
uncertainty of 1% of the full-scale normal load capacity of
900 lbs/element includes temperature effects, nonlinearities,
and hysterysis; also, three readings were taken and averaged at
each data recording cycle to "average out" the effects of the
low-frequency flow unsteadiness characteristics of continuous-
return wind tunnels. Therefore, the quoted 1% uncertainty is
with respect to an absolute reference but on a relative basis
with the forward and aft elements of the balance exposed to
virtually identical conditions, the RMS uncertainty is more like
0.5% (of full scale). Accordingly, we have used the 0.5% RMS
uncertainty (4.5 lbs) for R and R2 measurements, so that:

1. -2

AR AR
2 = - 4 " .005
-" " .0090 0

We have elected to use the full-scale values for R1 and R2 in

the uncertainty calculations. The results are conservatively
small for the lower angles of attack.

The uncertainty in normal-force coefficient [-i is:
CFN

R AR RR

R1- 2 R ACFN
M 2 1R 2 -R R1  CFN

0.6 .0034 .02 .025 .032
0.8 .0024 .02 .025 .032
0.9 .0021 .02 .025 .032
1.2 .0011 .02 .025 .032
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:: f CMBF]
The uncertainty in pitching-moment coefficient ( CMNBF) is:

~X) ~R 2  LCMNBF
_ 0 . 1 2  CMNBF

0.6 .189 .184 .264
0.8 .189 .184 .264
0.9 .189 .184 .264
1.2 .189 .184 .264

where

M = R2 (X1 + AX) - RIX 1

The error due to Aq/q is comparatively negligible. The indicated
26.4%CMNBF uncertainty level is a consequence of the 29-inch
separation between the model trailing edge and the balance center-
line. The uncertainty in center of pressure (Xcp)iS dominated
by the CMNBF uncertainty, so that:

"Xcp - ACMNBF CFN ACMNBF

" cp CFN CMNBF CMNBF

and if is of the order 0.5C to C, AX = (.132 to .264) C.

Thus the direct force measurements were found unsuitable for
obtaining the data base because of sting interference and poor
precision for center of pressure position. However they do pro-
vide insight into sting interference and are now considered in
this light.

5.4 Analysis of Sting Interference Effects

In the present investigation it was found that the struc-
tural requirement of handling high loads at high angles of attack
is in conflict with minimizing support interference. The con-
servative point of view led to design and construction of the
pressure wing models by NASA/Langley Research Center; the design
of these models is discussed in subsection 3.1 of this report.
Whereas the pressure models were conceived to provide data that
is largely unaffected by the model support subsystems, the test-
ing of these models consumes a disproportionate amount of model
construction effort and wind-tunnel testing time compared with
the test time associated with using a strain-gage force balance
to obtain total wing-model forces and moments. Also, certain of
the pressure-model wings were considerably thicker relative to
chord length than is typical of wings designed for high-speed
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missiles or aircraft, and the edge-bevel angle of these wings
(150 half-angle) was large. The thickness and bevel angles were
dictated by internal space requirements for mounting and routing
tubes to the pressure orifices. Therefore, it was considered
that if a force-model suspension and balance arrangement could
be devised that was relatively free of sting interference effects,
more wings and thinner wings could be tested within the limited
amount of available testing time. Accordingly, NEAR Inc.
designed and fabricated a model, sting, and balance arrangement
suitable for obtaining direct force and moment measurements;
this design is discussed in subsection 3.2. The force-model
sting arrangement was recognized at the outset as having a higher
potential for sting interference effects than was associated with
the pressure model installation, but it was hoped that simple cor-
rections for the interference could be made. Figures 52 and 53
show photographs of the installations for the pressure models
and the force models, respectively.

5.4.1 Approach for assessing sting interference effects.-
Ten pressure-model wings were fabricated and tested, and initial
plans called for testing of an additional 13 force models, two
of which closely replicated two of the pressure models. Testing
of the two force-model replicas of the pressure-model wings was
planned immediately to follow the pressure-model tests. If the
force and moment data were found to be substantially in agreement,
then the remaining 11 force-model wings could be tested with a
high degree of confidence. if differences between the force and

* pressure model results were found to be significant, then it was
postulated that a correction procedure could be devised from the
data obtained on the identically-configured models that could be
applied to correct force-model data obtained subsequently.

To provide a basis for quantifying the sting interference
effects possibly associated with the force-model sting arrange-
ment, "dummy" sting components that separately replicated the
windward and leeward force-model sting hardware were designed
and fabricated for mounting on pressure model P8 (config. 8).
This additional pressure-model configuration was designated
No. 11, and it is illustrated in Figures 3 and 4 of subsection 3.2.
Testing of configuration 11 was accomplished at Mach 0.6, 0.8,
0.9, 1.2, and 1.6 from -30 to 270 angle of attack; comparison of
the configuration 11 pressure data and force/moment data obtained
by integrating the pressures with similar results obtained for
configuration 8 provides an assessment of the interference effects
between the support systemn and the wing.

5.4.2 Effects of force-model sting simulation upon wing
pressure distributions and forces and moments integratedr From
erresures.- The force-model dummy sting moun'ted on model P8 pro-
duced interference effects mostly on the wing leeward side that
ranged from significant to large. At low angles of attack, lee-
side pressure coefficients were altered by factors of two to
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four over wing portions within an inch of the conical tip of the
dummy sting as well as over the entire trailing-edge bevel. As
the angle of attack was increased, the affected region progressed
forward from the trailing edge, involving the entire leeward
surface of the wing at a = 250. At the a = 250, Mach 1.2 condi-
tion, the pressure coefficients were typically increased by 50
to 60% over the entire lee side of the wing. Figures 54, 55,
and 56 show comparisons of the pressure coefficients obtained at
each orifice of wing P8 with and without the dummy sting hard-

*ware installed; in these figures, the regions of significant
interference are indicated by a circle drawn around the pressure
coefficient numbers. Figures 57 and 58 provide comparisons at
Mach 1.2 of the normal-force coefficients and aerodynamic centers
of pressure for pressure model P8 with (config. 11) and without
(config. 8) the dummy force-model sting installed. These data

were obtained by integrating the model pressure distributions.
At low a, the dummy force-model sting shifted the aerodynamic
center forward nearly 10% of the root chord while reducing CN

values by about 0.05; higher angles of attack resulted in
increased loss of CN whereas the forward shift in aerodynamic

center systematically decreased. Figures 59 and 60 compare
normal-force coefficients and aerodynamic center for P8 with and
without the dummy sting at Mach 0.6. In this case, the loss of
CN at low angles of attack remains but the attendant forward

shift in aerodynamic center is not so large. At angles of attack3 above 150, the Mach 0.6 data ndctttahedummy stinginaboe 5* te Mch0. dtaindicate thta the dmysigin-
creases the normal-force coefficient while shifting the aerody-
namic center aft about 6% of the wing root chord.

It is apparent that presence of the dummy sting on pressure
model P8 had a major effect upon the model leeside flowfield.
This is particularly noticeable in Figure 61, which provides
shadowgraph photographs of the model leeside flowfield at
Mach 1.2 with and without the dummy force-model sting hardware
installed. For the a = 200 case shown, the -onfiguration 8 (P8

* alone) leeside flow is attached to the wing surface, whereas the
flow is evidently separated with the dummy sting hardware in-

rstalled. Based upon the pressure data results, the forces and
aerodynamic centers integrated from the pressures, and the
shadowgraph evidence, it was concluded that the sting interfer-
ence effects associated with the force-model installation were
too large to provide interference-free force-model data. It was
further concluded that the interference effects were too complex
to allow correction of force-model aerodynamic data based upon an
algorithm derived from a single wing configuration (P).

5.4.3 Comparison of aerodynamic data from force and pres-
sure models.- Let us ncw examine the results for the other five
force-model replicas of two pressure models. Force and moment
data were obtained for configurations 12(FP7) and 13(FP9) which
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are replicas of configuration 7(P7) and 9(P9), respectively. The
data were obtained at Mach 0.6, 0.8, 0.9, and 1.2 from -30 to
570 angle of attack with the model and sting assembly rolled 1800
4= 1800) on the balance. This orientation placed the major

sting protuberances on the windward side of the model and pro-
vides the opportunity to see if the sting interference effects
might be less severe in this orientation. [owing to the high
run-rate achieved with the force models, sufficient occupancy
time remained near the end of the test to obtain force data in
the -..30 < a < 270 range with the model at the design bank angle
(0 = 0) with _the main protuberant features of the sting located
on the lee sides of the wings.] The force-model data, compared
with their pressure-model replicas in Figures 36 through 51,

indicate that the sting interference effects were increased with
the force model and sting assembly rolled 1800 on the balance.

5.4.4 Visualization of surface flow characteristics on the
force models.- A mixture of machine oil and titanium dioxide
pigment was applied to the force models immediately after com-
pletion of each installation to reveal the pattern of leeside
surface streamlines for various angles of attack and upright or
inverted model roll angles. Photographs were taken of these
surface oil-flow patterns at Mach 1.2 only. Figures 62 (a), (b),
and (c) shows force-model surface oil-flow patterns at a = 50,
200, and 280 (Mach 1.2) made on configuration 13 (FP9, replica
of P9). The model is rolled 1800 so that the most protuberant
sting features lie on the wing windward side. At a = 50
(fig. 62(a)], the flow is separated over the trailing-edge. At
a= 200, there is evidence of a source-flow phenomenon with air-
f low apparently directed forward from the sting shroud so as to
cause the leeside flow to separate from the model surface at
about midchord. The sting shroud (described in section 3.2)
performs the function of isolating the metric portions of the
model sting from external airloads; Figure 62(c) (ax = 280) re-
veal~s that the shroud provides the added but very undesirable
function of a windward air-scoop with a high-speed, forward-
directed air jet emanating from its leeward lip. This air-jet
phenomenon was in evidence to a somewhat lesser degree with the
model rolled to its design position (0 = 0). The air-jet phenom-
enon was noticable in surface oil-flow photographs taken at Mach
1.2 for the triangular configuration 12(FP7), but the extent of
its influence was substantially reduced probably by the presence
of vortices shed from the leading edges. Figures 63 (a) and (b)
shows the surface oil-flow patterns on configuration 12 at ax= 250
for 0=0 and 1800.

In view of the complex and severe nature of flow interfer-
ence effects caused by the force-model sting and balance arrange-
ment, further experimentation with the force-models was abandoned.
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5.5 Comparison of Results Wt te ore
of Wing-Alone Aerodynamic Data

Three information sources have been found wherein limited
normal-force coefficient and center-of-pressure data are provided
for some of the planforn and Mach number combinations that were
investigated in this experimental effort. These data may be
found in References 2, 3, and 4 at the following combinations of
wing aspect ratio, taper ratio, and Mach number for angles of

* attack up to 30*:

For Mach 0.8: Taper Ratio

0.0 0.5 1.0

0.5 Ref. 4 Ref. 2

Ref. 2
apec 1.0 and Ref. 2

Ratio Ref. 3 _____

2.0 Ref. 3 Ref. 2

For Mach 1.2: Taper Ratic_____

0.0 0.5 1.0

0.5 Ref. 4 Ref. 2 _____

Aspect 1.0 Ref. 2 Ref. 2
Rto 2.0 ______ Ref. 2 ______

Comparisons of the normal-force coefficient and longitudinal
center of pressure data from References 2, 3, and 4 with the
present data of like aspect ratio and taper ratio are shown in
Figures 64 through 67.

Considering the importance of airfoil section effects at
transonic speeds, the data comparisons show good agreement for
the most part, with the main differences notable in the aerody-
namic center of pressure data at angles of attack below 100 where

C: experimental errors can have large effects.

The differences in the data are mainly attributable to
- -. differences in the longitudinal section geometry of the wings.

For example, the configurations of Reference 2 utilized 40 half-
angle streamwise bevels at the leading and trailing edges with
root chord thickness ratios from .025 to .049; in the present
work, the wing leading edges were beveled 150 normal to all edges
(variable streamwise), and root-chord thickness ratios varied
from .029 to .125. The wings from Reference 3 had NACA 63A004

* longitudinal sections. The pressure model used in Reference 4
0 was completely flat on its instrumented side (tested windward

and leeward), and so represents wing of zero thickness. Table 8
presents descriptions of the sectional geometries of all the
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pressure-wing models tested. Differences in the stall character-
istics of the wings are probably due to the combined effects of
test Reynolds number differences and wing section differences.

6.0 CONCLUSIONS AN RECOMMENDATIONS

An experiment has been conducted in the NASA/Ames Research
Center 6- by 6-Foot Wind Tunnel to determine the aerodynamic
characteristics of unbanked wings at subsonic and transonic
speeds from low to high angles of attack. The wing planforms
varied in aspect ratio and taper ratio with unswept trailing
edges, 150 bevels normal to all edges, and constant thickness
(root thickness ratios varies from .029 to .125). The wings had
aspect ratios of 0.5, 1.0, and 2.0 with taper ratios of 0, 0.5,
and 1.0. In addition an aspect ratio 4, 0.5 taper ratio wing
was tested. The wings were tested in 50 angles of attack incre-
ments from 00 to 550, with supplementary points at about -30 and

a 570 angle of attack. Nominal test Mach numbers were 0.6, 0.8,
0.9, and 1.2 with a limited amount of data taken at Mach 1.6.
The aerodynamic force and moment coefficients of the wings were
determined by integration of the measured surface pressure dis-
tributions; in addition, pilot runs were made with two force-
balance-mounted wings to assess the extent of sting interference
effects upon the data acquired through comparison with aerodynamic
data from the pressure models. The results of this experimental
effort may be summarized by the following conclusions:

1. The pressure model results yielded results which appear
more accurate than the force model results. The pressure distri-
bution measurement and integration technique appears to be the
better means of isolating the wing aerodynamic data from sting
interference effects.

2. The pressure model data reduction technique, involving
integration of absolute pressures, is not so accurate as integra-
tion of nondimensionalized pressure coefficients for testing
below Mach 0.9. Run-to-run variations in Mach number lead to
significant run-to-run differences in test section static pres-
sure, thus introducing significant errors when data from windward
and leeward runs were combined in the integration procedure.

3. The estimated uncertainty of the normal-force coeffi-
cients obtained by integration of the wing surface pressure
distributions ranges from ±.002 at Mach 1.6 to ±.034 at Mach 0.6.
The estimated uncertainty of the pitching moment coefficients
ranges from ±.001 (Mach 1.6) to ±.017 (Mach 0.6). The resulting
Mach 0.6 uncertainty in longitudinal aerodynamic center is less
than 2% of the mean aerodynamic chord (MAC) when C is greater
than 1, but increases to more than 25% of the MAC Hear 2* angle
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of attack. About half of the uncertainty is due to use of abso-
lute pressures in the data reduction procedure.

* 4. The force-model results were greatly affected by sting
interference, and should not be used in any data base of wing
aerodynamic characteristics.

5. The NASA/ARC 6- by 6-Foot Wind Tunnel data taken at
Mach 1.6 are in good agreement with NASA/LRC Unitary Plan Wind
Tunnel data obtained at Mach 1.6 using the same pressure models.

6. At angles of attack above 350, the longitudinal aero-
dynamic centers of wings of identical taper ratio converged to
nearly common locations regardless of aspect ratio and Mach
number.

7. Below 350 angle of attack, the longitudinal aerodynamic
* . centers varied widely with aspect ratio for subsonic Mach numbers,
* and this variation decreased slightly with increasing Mach numn-

bers. At Mach 1.2, however, the aspect ratio effect on aero-
dynamic center for constant taper ratio is much reduced.

8. Except for its influence on aspect-ratio-effects below
a= 350, varying Mach number did not greatly affect longitudinal

aerodynamic center.

* 9. Taper ratio had the largest effect upon longitudinal
U aerodynamic center; at the higher angles of attack, the aerody-

* namic centers systematically approach positions within 5% ahead
of the geometric planform area centroids of the wings. At angles
of attack below 350, increasing the taper ratio significantly
increased the variability of aerodynamic center with aspect
ratio.

10. The normal-force coefficients of the wings showed the
*expected increase in CN, with aspect ratio at constant taper

ratio with the exception of the aspect ratio 4, taper ratio 0.5
wing at subsonic speeds; the anomalous behavior of this wing is
likely due to its increased streamwise component of leading-edge
bevel angle compared with the lower aspect ratio, 0.5 taper ratio
wings.

11. The Mach 0.6 normal-force coefficient slopes of all
* *-,aspect ratio l and 2 wings were largely unaffected by taper ratio

and associated sweepback angle.

12. The angle of attack apparently associated with stall
* shows the expected decrease with increase in aspect ratio. In-

creasing the Mach number systematically decreased the effects
and significance of "stall."
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13. Increasing Mach number systematically increased the
value of normal-force coefficient at the highest angles of attack.
All wings exhibited a C Nof about 1.4 at a = 550 and Mach 1.2.

14. At subsonic speeds, longitudinal section geometry
effects on normal-force coefficient can be as important as aspect
ratio and taper ratio, whereas the effects of section geometry
are not nearly so important at supersonic speeds. Recognition
of this fact is necessary in the application of data presented
in this report to design activities.
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Table 1.- Dimensions of pressure wings.

Configuration Aspect Taper Tip Root Span Mean
Ratio Ratio Chord Chord Aero Chord

NEAR NASA JR X CT(in) CR(in) M.A.C.(in)

P1 1 0.5 0 0 16.971 4.243 11.313

P2 2 0.5 0.5 5.657 11.314 4.243 8.800

P3 3 0.5 1.0 8.486 8.486 4.243 8.486

P4 4 1.0 0 0 12.000 6.000 8.000

P5 5 1.0 0.5 4.000 8.000 6.000 6.222

P6 6 1.0 1.0 6.000 6.000 6.000 6.000

P7 7 2.0 0 0 8.486 8.486 5.657

P8 8 2.0 0.5 2.828 5.657 8.486 4.400

P9 9 2.0 1.0 4.243 4.243 8.486 4.243

PlO 10 4.0 0.5 2.000 4.000 12.000 3.111

NOTES: (1) All wings have 0.5 inch maximum thickness.

(2) The wing areas are equal at 36 square inches.

(3) The leading, side, and trailing edges are
uniformly straight-beveled with a 150 wedge
half angle normal to each edge.

.
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Table 2.- Matrix of configurations according to
aspect ratio and taper ratio.

* Taper Ratio (X) +

+

0 0.0 0.5 1.0
0.5 P1 P2 P3

1.0 P4 P5 P6

2.0 P7 P8 P9

4.0 PlO

Pressure Wing Configuration Cross-Reference:

NASA NEAR, Inc.

1 P1

2 P2

3 P3

4 P4

S.5 P5

6 P6

7 P7

8 P8

* 9 P9

10 Plo

11 DNP8 @ =0
DNP8 @ 4 = 180
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Table 3.- Elementary values of surface area, area centroid
coordinates, and other model geometric data used to
compute aerodynamic force and moment coefficients

* from surface pressure coefficients.

NOTE: The parameter tables consist of computer printout
with the parameters defined and arranged as listed
below. The configuration number is indicated

p within parenthesis. When data are shown for
individual pressure orifices, the orifice number
follows the configuration number within the
parenthesis; e.g., (n,m). An arrow indicates
invariant parameters between (config., orifice)
combinations.

NUM number of active pressure orifices per wing, with the

wing configuration number indicated parenthetically:

(n)

AR wing aspect ratio (configuration no. indicated

parenthetically)

CBAR - mean aerodynamic chord (in feet)

CROOT - root chord (in feet)

ANGLE - bevel angle of all edges, degrees

XBAR - axial component of centroid of elementary area assoc-

iated with the indicated orifice, inches forward of

trailing edge

YBAR - spanwise component of centroid of elementary area

associated with the indicated orifice, inches laterally

from the wing root

ZBAR component of centroid of elementary area measured

orthogonally to XBAR and ZBAR (wing thickness direc-

tion), inches normal to the wing centerplane.

AREA surface area associated with the indicated orifice,

square inches

THETA for orifices located on edge bevels: the angle between

the wing edge and its centerline. For orifices located

on flat, unbeveled wing surfaces: THETA = 0.0.
47
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Table 3.- (Continued).

Corrected Orifice Parameters

Orifice Area

Number Configuration in. in. in. in.

12 0.392 6.950 0.201 0.250

13 2;PHI=0,180 0.000 6.950 0.268 0.250

50 I-"(P2LN,P2LU) 0.394 0.442 1.380 0.118

58 J 0.000 0.161 1.664 0.043

38 l 0.000 1.216 0.063 0.250

64 1 10.195 1.021 0.362 0.250
._(DUP8LU )" " "

70 0.535 0.479 0.209 0.500

55 0.000 0.500 0.609 0.134

56 3;PHI=,180 0.180 0.500 0.609 0.134

( N57P 3 0.164 0.492 1.299 0.132

11 7 9;PHIO,180 0.234 3.753 4.074 0.045

16 (P9HN,P9HU) 0.109 3.531 3.755 0.131

.d
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Table 4.- Taper ratio/aspect ratio matrix of
force wing configurations.

Taper Ratio (X)
:Y. 0

0.0 0.25 0.5 1.0

3 Al F5 A3 A5

4)4 Fl F2 F3

5 A2 F4 A4 A6

NOTE: FP7 and FP9 not shown; they are replicas
of P7 and P9, respectively.
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Table 5.- Configurational details of the
force wing models.

Aspect Taper Tip Root Mean
Configuration Ratio Ratio Chord Chord Sp Aero Chord

b(in)(i n C ( n)M.A.C.U(n)

FP7 2.0 0 0 8.486 8.486 5.657

FP9 2.0 0.5 4.243 4.243 8.486 4.243

Fl 4.0 0 0 6.000 12.000 4.000

F2 4.0 0.25 1.200 4.800 12.000 3.360

F3 4.0 0.50 2.000 4.000 12.000 3.111

F4 5.0 0.25 1.073 4.293 13.416 3.005

F5 3.0 0.25 1.386 5.543 10.392 3.880

Al 3.0 0 0 6.928 10.392 4.619

A2 5.0 0 0 5.367 13.416 3.578

A3 3.0 0.5 2.309 4.619 10.392 3.592

A4 5.0 0.5 1.789 3.578 13.416 2.783

A5 3.0 1.0 3.464 3.464 10.392 3.464

A6 5.0 1.0 2.683 2.683 13.416 2.683

NOTES: (1) Only FP7 and FP9 were tested. NASA/ARC designa-
tion was configuration FP7 was no. 12, whereas
configuration FP9 was identified by NASA/ARC as
configuration no. 13.

(2) Fl through FS were rough-machined but not tested.

(3) Al through A6 were neither fabricated nor tested.

(4) FP7 and FP9 are replicas of P7 and P9 and are
0.5 in. thick with 150 half-angle wedges for all
edges, measured normal to edge.

(5) All other force model configurations were to be
0.35 in. thick with all edges straight-leveled
at a 100 half angle normal to each edge.
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Table 6.- Run Schedule for wing-alone high

angles of attack wind tunnel test.

-NOMENCLATURE FOR THE RUN SCHEDULE -

u Schedule = The sequence of angle of attack nominal values at
which data were obtained. The schedules are:

A - -3, 00, 50, 10, 150, 20, 250, 26.50

B - 27, 30, 350, 40, 450, 500, 550, 56.60

C - 00, 50, 100, 150, 25, 26.50

-' D = -30, 00, 50, 100, 150, 20

E - 30, 350, 400, 450, 500, 550, 56.50

F = 27.50, 300, 350, 400, 450, 500, 550

• .RN/L x 10- 6 = Nominal Reynolds numer per foot x 10- 6

NASA
Code NEAR Description: AR = Aspect Ratio
No. Code X = Taper Ratio

Configuration 1 P1 Pressure Model, AR = 0.5, x = 0.0
Code: 2 P2 Pressure Model, 7R = 0.5, A = 0.5

3 P3 Pressure Model, AR = 0.5, X = 1.0

4 P4 Pressure Model, AR = 1.0, A = 0.0

5 P5 Pressure Model, ;R = 1.0, A = 0.5

• . 6 P6 Pressure Model, ;R = 1.0, X = 1.0

7 P7 Pressure Model, JR = 2.0, A = 0.0

8 Pe Pressure Model, AR = 2.0, A - 0.5

9 P9 Pressure Model, AR = 2.0, A = 1.0

10 P10 Pressure Model, AR = 4.0, A - 0.5

1PHDPB R= 2.0, A = 0.5II,PHI=0 DN P8 Press. model with dummy force model
or stings (DN = windward replica, DU =

•lPI.-D 8leeward replica)

12 FP7 Force model, replica of P7 (J- 2.0,
X = 0.0)

13 FP9 Force model, replica of P9 (JR= 2.0,
wP = 1.0)

Model Roll Angle, PHI: When PHI - 0, the pressure model pressure
ports are on the wing windward side for positive
angle-of-attack. When PHI = 180, the pressure model
is rolled 1800(re PHI = 0) so that the pressure ports
are on the wing leeward side for positive angle-of-
attack. PHI is the variable name for this quantity
in the data tapes.
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Table 6.- (Continued).
r- -

r Model

FX/L Roll
Run Mach a Config. Angle,
No. No. Schedule xlO Code PHI Comments

Tunnel upper and lower slot
1 1.60 A 2.0 1 (PI) 0 valves on manual. Data no good.

2 1.20 Badpressure ports: 38, 40, & 41

3 0.90

4 0.80

5 0.60 0
Bad pressure ports: 38, 40,

6 1.60 180 41, & 47

7 1.20

8 0.90

9 0.80

10 0.60 1 (P1) _

11 1.20 2 (P2) 180 Bad pressure ports: 7, 13, & 58

12 0.90

13 0.80

14 0.60 180

15 1.20 0

16 0.90

17 0.80 A
- - -Skipped OL -30 point

18 0.60 C 2.0 2 (P2) 0 Bad ports: 7, 13, & 58

19 1.60 A 1.5 8 (PS) 180 Bad pressure ports: 70, 49

20 1.20 _ _ __

C. :-21 0.90 __

22 0.80 A 1.5 8 (PS) 180
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Table 6.- (Continued).

Model

Run Mach a Config. Angle,
No. No. Schedule xl0 6  Code PNI Coments

23 0.60 A 1.5 8 (PS) 180 Bad pressure ports: 70, 4, 9

24 1.601 0

* 25 1.20

26 0.90
-. o. -

27 0.80

28 0.601 8 (P8).: 29 1.60 11 (DP8) Bad Pressure ports: 45, 50, 54,

29 1.60 11 (DNP)70

30 1.20

31 0.90$

32 0.80

/ 33 0.60 11 (DNP8) 0

34 1.601 11 (DuPS) 180

35 1.20

36 0.90

37 0.80

38 0.60 1.5 11 (DUP8)

39 1.20 2.0 3 (P3) No bad ports

40 0.90

41 0.80

42 0.60 180

43 1.20 0 Bad pressure port: 29

44 0.90 A 2.0 3 (P3) 0 Bad Pressure port: 29
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Table 6.- (Continued).

Model

r milL Roll
Run Mach -6 Config. Angle,
No. No. Schedule xl0 Code PHI Comnents

45 0.801 A 2.0 3 (P3) 0 Bad pressure port: 29

46 0.60 3 (P3) 0 Bad pressure port: 29

47 1.20 7 (P7) 0 Bad pressure port: 62

48 0.90 _

49 0.80

50 0.60 A 0
MSkipped a - 250, 26.50 points

51 1.20 D 180 Bad pressure port: 62
, 5

52 0.90 A Bad pressure port: 62

53 0.80

54 0.60 7 (P7) 180

55 1.60 9 (P9) 180 Bad pressure port: 16

56 1.20

57 0.90

58 0.80

59 0.60 180

60 1.60 0

61 1.20

62 0.90_

63 0.80 _______

64 0.60 9 (P9) __

65 1.20 4 (P4) No bad pressure ports

66 0.90 A 2.0 4 (P4) 0 No bad pressure ports
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Table 6.- (Continued).

Model
Roll

Run chdl 2N/L Config. Angle,
No. No. Schedule x0 "6  Code PHI Comments

67 0.80 A 2.0 4 (P4) 0 No bad pressure ports

68 0.60 0

69 11.20 180

70 0.90

71 0.80

72 0.60 4 (P4 180

73 1.20 5 (P5) 180

74 0.90

75 0.80

76 0.60 180

77 1.201 0

78 0.90

79 0.80

80 0.60 5 (Ps) 0

81 1.20 10 (PIo) 180

ii8 2 0.90

83 0.80

84 0.60 180

85 1.20 0

86 0.90

87 0.80

88 0.60 A 2.0 10 (PlO) 0

70



Table 6.- (Continued).

Model

RN/L Roll
' Run Mach -6 Config. Angle,

No. No. Schedule xl0 Code PHI Comments

3 89 1.20 A 2.0 6 (P6) 0 Bad pressure ports: 19, 28, 31

90 0.90

'A.. 91 0.80

92 0.60 0

93 1.20 180

94 0.90

95 0.80

96 0.60 A 6 (P6)

Skipped OL 27.50 point
97 1.20 E 10 (PIO) No bad pressure ports

98 0.90 B No bad pressure ports

9910.80 B

100 0.60 B 180
3Skipped a - 56.50 point

101 1.20 F 0 No bad pressure ports

102 0.90 B No bad pressure ports

103 0.80

104 0.60 10 (PlO)

105 1.20 6 (P6) Bad pressure ports: 19, 28, 31

106 0.90

107 0.80

108 0.60 0

109 1.20 180

110 0.90 B 2.0 6 (P6) 180
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Table 6.- (Continued).

Model
Roll

Run Mach a -6 Config. Angle,
No. No. Schedule xlO Code PHI Comments

i 0

112 0.60 B 6 (P6) Bad pressure ports: 19, 28, 31
112 0.60 B 6 (P6) Bad pressure ports: 19, 28, 31

..n Skipped a - 27.50 point
113 1.20 E - 4 (P4) No bad pressure ports

114 0.90 B - No bad pressure Ports

115 0.80 .

116 0.60 180

117 1.20 0

118 0.60

119 0.90

120 0.80 4 (P4)

121 1.20 5 (P5) 0

122 0.90
--

123 0.801

124 0.60 _

125 .20180

126 0.90

127 0.80

128 0.60 2.0 5 (P5)

129 1.60 1.5 8 (P8) Bad pressure ports: 49, 70

s 130 1.20

131 0.90

B31.5 8 (P8) 18
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Table 6.- (Continued).

Model
Roll

Run Mach a Config. Angle,
, No. No. Schedule xl0 Code PHI Comments

133 0.60 B 1.5 8 (Pa) 180 Bad pressure ports: 49, 70

134 1.60 8 (P8) 0

135 1.20 8 (P8)

136 0.90

137 0.80

138 0.60 1.5 8 (PM) 0

139 1.20 2.0 2 (P2) 180 Bad pressure port: 7

140 0.90

141 0.80a
142 0.60 180

143 1.20 0

144 0.90

145 0.80

146 0.60 2 (P2)

147 1.20 7 (P7) 0 Bad pressure port: 62

148 0.90

149 0.80 3
150 0.60 0

151 1.20 180

152 0.90-_

153 0.80 __

154 0.60 B 2.0 7 (P7) 180 1
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Table 6.- (Continued).

Model
R un Mach ci N/L Roll
Ru- Config. Angle,
No. No. Schedule xlO Code PHI Comments

155 1.60 B 2.0 1 (Pi) 180 Bad Pressure ports: 38,40,41,47

156 1.20

157 0.90A

158 0.80

159 0.60 1 180

160 1.60 0

161 1.20

162 0.90

163 0.80

164 0.60 1 (P1)

165 1.20 3 (P3) Bad pressure port: 56

166 0.90

167 0.80

168 0.60 0

" 169 1.20 180

170 0.90

171 0.80

172 0.60 3 (P3)

173 1.60 9 (P9) No. bad pressure ports

174 1.20

175 0.90

176 0.80 B 2.0 9 (P9) 180
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,-7.

Table 6.- (Continued).

Model
Roll

S:. Run Mach a -6 Config. Angle,
No. No. Schedule x10 Code PHI Comments

o 177 0.60 B 2.0 9 (P9) 180 No bad pressure ports

178 1.60 0

179 1.20

180 0.90

181 0.80

182 0.60 y0
6 Force runs from 183 on.

183 1.20 12 (FP7) 180 Oil flows @ a = 500 + 280

i,°.'-"184,0.90

185 0.80 "_

186 0.60 112 (Fr-7) I
187 1.20 13 (FP9) 180 Oil flows @ c = 280

188 0.90189 0.80

190 0.60 B

191 1.20 A Oil flows @ ax -20 to 270

192 0.90

193 P.80

194 0.60 13 (FP9)

195 1.20 12 (FP7) Oil flows @ - -20 to 250

196 0.90 ___

_197 0.80 1_ 1 1

198 0.60 A 2.0 12(FP7) 180
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*. Table 6.- (Concluded).

Model
Roll

Run Mach a -6 Config. Angle,
No. No. Schedule xl0 Code PHI Comments

199 1.20 A 2.0 12 (FP7) 0 oil flow @ a - 250

200 0.90

201 0.80

202 0.60 12 (FP7) _

203 1.20 13 (FP9) Oil flow @ a - 250 + 150

204 0.90

206 0.60 A 2.0 13 (FP9) 0 Oil flow 8 a , 25 + 150

76



Table 7.- Corrected values of CN, CMB, and - for certain
C R

combinations of configurations and Mach numbers.

xcPSCR

CN CMNB CR

g Configuration Mach a Uncorr. Corr. Uncorr. Corr. Uncorr. Corr.

2(P2) 0.6 3 --- 0.0487 --- 0.0391 --- 0.3760
5 0.0778 0.0900 0.0614 0.0722 0.3856 0.3750

10 0.2685 0.2410 0.1861 0.1709 0.4604 0.4500

3(P3) 0.6 3 --- 0.0390 --- 0.0390 --- 0.0000
5 0.1013 0.0760 0.0785 0.0675 0.2242 0.1120

10 0.1920 0.2290 0.1581 0.1800 0.1756 0.2140

5(P5) 0.6 3 --- 0.0712 --- 0.0606 --- 0.3380
5 0.1481 0.1378 0.1083 0.1102 0.4304 0.3780

10 0.3428 0.3540 0.2542 0.2650 0.4219 0.4180

6(P6) 0.6 3 --- 0.0700 --- 0.0600 --- 0.1430
5 0.0785 0.1190 0.0810 0.1020 -.0365 0.1460

10 0.2620 0.3290 0.2344 0.2650 0.1022 0.1950

8(P8) 0.6 3 --- 0.0790 --- 0.0770 --- 0.2400
5 0.1796 0.1590 0.1513 0.1530 0.3416 0.2520

10 0.4950 0.4840 0.3753 0.3640 0.4077 0.4150

9(P9) 0.6 3 --- 0.1020 --- 0.0870 --- 0.1470
5 0.1553 0.1750 0.1361 0.1475 0.1188 0.1570
1 10 0.4753 0.4830 0.3876 0.3940 0.1798 0.1840

10(P1O) 0.6 3 --- 0.0630 --- 0.0780 --- 0.0300
5 0.1984 0.0960 0.1355 0.1320 0.0113 0.0000

10 0.4711 0.4710 0.4033 0.4060 0.3259 0.3300

2(P2) 0.8 3 --- 0.0400 --- 0.0300 --- 0.4100
5 0.1027 0.0950 0.0699 0.0660 0.4700 0.4600

10 0.2558 0.2520 0.1770 0.1740 0.4613 0.4600

3(P3) 0.8 3 --- 0.0520 --- 0.0370 --- 0.2800
5 0.0838 0.1030 0.0596 0.0700 0.2878 0.3170

10 0.2683 0.2620 0.1944 0.1880 0.2746 0.2800

4(P4) 0.8 3 --- 0.0710 --- 0.0310 --- 0.7150
5 0.1288 0.1220 0.0722 0.0620 0.6259 0.6650

10 0.3224 0.3100 0.1829 10.1800 0.6215 0.6150
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Table 7.- (Concluded).

xcP

CN CMNB CR

Configuration Mach Uncorr. Corr. Uncorr. Corr. Uncorr. Corr.

5(P5) 0.8 3 --- 0.0800 --- 0.0640 --- 0.3810
5 0.1586 0.1600 0.1122 0.1120 0.4491 0.4560

i0 0.3976 0.3980 0.2814 0.2830 0.4484 0.4480

6(P6) 0.8 3 --- 0.0930 --- 0.0610 --- 0.3500
5 0.1682 0.1640 0.1165 0.1160 0.3064 0.2870

10 0.4328 0.4250 0.3201 0.3160 0.2584 0.2550

7(P7) 0.8 3 --- 0.1180 --- 0.0700 --- 0.6050
5 0.1891 0.2080 0.1171 0.1230 0.5863 0.6050

10 0.4718 0.4650 0.2922 0.2870 0.5861 0.5890

8(P8) 0.8 3 --- 0.1660 --- 0.1180 --- 0.4470
5 0.2759 0.2790 0.1951 0.1980 0.4482 0.4480

10 0.6066 0.6040 0.4208 0.4160 0.4585 0.4640

9(P9) 0.8 3 -- 0.1870 -- 0.1290 --- 0.3130

5 0.2605 0.2920 0.1818 0.1910 0.3003 0.3460
10 0.5846 0.5860 0.4266 0.4280 0.2674 0.2710

10(P1O) 0.8 3 --- 0.1200 --- 0.1080 --- 0.2950

5 0.2131 0.2000 0.1864 0.1780 0.3127 0.3090
10 0.4540 0.4920 0.3942 0.4100 0.3164 0.3510
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Table 8.- Streamwise section geometry of the
I" pressure wing models.

NOTE: See Table 1 for further details of
pressure wing geometry.

3Configuration MR A 6 LE 6 TE t/R t/CT tc

1 0.5 82.90 1.90 150 .030 undefined .045

2 0.5 69.40 5.4o 150 .044 .088 .056

3 0.5 0 15.00 150 .060 .060 .060

4 1.0 76.00 3.70 150 .043 undefined .064

5 1.0 53.10 9.10 150 .063 .126 .082

6 1.0 0 15.00 150 .085 .085 .085

7 2.0 63.40 6.80 150 .060 undefined .090

8 2.0 33.70 12.60 150 .088 .176 .116

9 2.0 0 15.00 150 .120 .120 .120

1 . 10 4.0 18.40 14.30 150 .125 .250 .164
I le

6 = leading edge bevel angle in streamwise direction

6TE trailing edge bevel angle in streamwise direction

!.: t = thickness of wing flat (unbeveled) portion

VA = sweepback angle

CR = root chord

CT = tip chord

- mean aerodynamic chord

..
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Figure 6.- Orifice locations, wing no. 2.
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~Figure 20.- Comparison of configuration 8, port 31 pressure
~coefficients from ARC and LRC Mach 1.6 data.
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Figure 21.- Comparison of configuration 9. Port 38
pressure coefficients from ARC and LRC Mach

1.6 data.
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Figure 22.- Colarison of Mach 1.6 CN data from ARC 6 ft. and
LRC 4 ft. wind tunnels for configuration 1 -

"R 0.5, ) = 0).
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..:.Figure 23.- Comparison of Mach 1.6 CN data from ARC 6 ft.
LRC 4 ft. wind tunnels for configuration 8

: :( R= 2, )X = 0.5).
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Figure 24.- Comparison of Mach 1.6 CN data from ARC 6 ft. and
.i LRC 4 ft. wind tunnels for configuration 9
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, Figure 25.- Comparison of ARC and LRC pitching-moment coefficient
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Figure 27.- Comparison of ARC and LRC pitching-moment coefficient

data for configuration 9 at Mach 1.6 (AR= 2.0, X 1.0).
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Figure 28.- Comparison of ARC and LRC root bending-moment coefficient
data for configuration 1 at Mach 1.6 (AR = 0.5, A = 0.0).
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Figure 30.- Comparison of ARC and LRC root bending-moment
coefficient data for configuration 8 at Mach
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Figure 33 .- Effect of taper ratio at Mach 1.2, R =1.
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Figure 34.-Effect of aspect ratio at Mach 0.6 for A = 0.5.
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Figure 36.- Comparison of normal-force coefficients
from force (FP7) and pressure (P7) models.
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Figure 38.- Comparison of normal-force coefficients from
force (FP7) and pressure (P7) models.
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Figure 39.- Comparison of normal-force coefficients from
force (FP7) and pressure (P7) models.
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Figure 40.- Comparison of longitudinal centers of pressure
from force (FP7) and pressure (P7) models.
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• :.-',Figure 41.- Comparison of longitudinal centers of pressure
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Figure 42.- Comparison of longitudinal centers of pressure
*from force (FP7) and pressure (P7) models.
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Figure 43.- Comparison of longitudinal centers of pressure
from force (FP7) and pressure (P7) models.
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Figure 44.- Comparison of normal-force coefficients
From force (FP7) and pressure (P7) models.

128



1.8

M 0.8
Configuration:

1.6 0 13 (FP9), = 00

1.4 013 (FP9) , 0=

1.49 (P9)

z 1.2

*41.0
4-4

0 0.8
0
4..'-

U 0.6
0

0.4

r, 0.2 .

0 10 20 30 40 50 60

Angle of attack, a (deg)

Figure 45.- Comparison of normal-force coefficients
from force (FP9) and pressure (P9) models.
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"; Figure 49.- Comparison of longitudinal aerodynamic centers
~fr.om force (FP9) and pressure (P9) models.
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7.1'

Figure 52.- Photo of pressure model installation for -30 a
S270 (config. 4) model P4 shown: aspect ratio 1,

taper ratio zero.
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£3Figure 53.- Photo of force-model installation for 27* < at
< 570 (config. 12, model P4 shown: aspect ratio 2.0,

* taper ratio zero).
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Nomenclature

.XXX4.-C from run 20-config. 8 (PS)
.)XX4-C6P from run 35-config. 11 (PS with dummy sting)

p
Pressure orifice number

* Note: Circled C 'a differ by Mre than 0.1p

JI 4

.. 46.

@3. 
.12

;&2

@M -.*43 20 portion
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Nomenclature 057

"XXX----C from run 20-config. S (PS).
from run 35-config. 11 (PS with dummy sting). .001
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Pressure orifice number §P4 004

Note: Circled Cp's differ by more than 0.1.

00b 
-. 340

45 :45 .356

". 6
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G."r,.,_., @-.:46 37

O-:72 
P8Sa-

-.734 744 -. 742 .66 507 -.

.574 .Ir 4

676-. s! "/ .647 -. 7""39

" ! Figure 55.- Dunmmy force sting effect on leeward side pressurecoefficients (M = 1.2, a = 15
°, 9 = 180).
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Nomenclature29

.XXX -C from run 20-config. S (PS)

.XXX==Cp from run 35-config. hI(PS with dummy sting)

Pressure orifice number o% .331

Note: Circled CP's differ by more than 0.1. 5 :9

-. 751 .59:.15

-. 73 *7~ . 2 ~Q.5 39 .

qIi .47 .6
"S.....

/4 .4

Figure 56.- Dununy force effect on leeward side pressurecoefficients (M = 1.2, = 251 .
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Figure 57.- Comparison of normal-force coefficients
for pressure model P8 with (config. 11) and

without (config. 8) dummy force-model
sting hardware installed.

Mach 1.2
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:-.-Figure 58.- Comparison of aerodynamic centers for
:""pressure model P8 with and without the
-. dummy force-model sting.
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Figure 59.- Comparison of normal-force coefficients
- for pressure model P8 with and without dummy

force-model sting installed.
Mach 0.6.
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• Note: a = 50 data deleted due to low
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data.
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Figure 60.- Comparison of aerodynamic centers
for pressure model P8 with and without
the dummy force-model sting installed.
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Figure 62c.- Force model FP9 (config. 13) surface oil flow
pattern at Mach 1.2, a 280, *=1800, run 187.
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* . Figure 63a.- Force model FP7 (config. 12) surface oil flow pattern
at Mach 1.2, a~ 25,* = 1800, run 195.
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Figure 64. - Comparison of wing normal-force
coefficients at Mach 0.8.
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Figure 64.- Continued.

155

1*1I



1.4

1.2

- 0300

z1 E01
L1.0 0

I"013

6CI.. . 003

Uo0
0 00

,4

o 
C

•4.4 02a Wing

pa 0
T23 0 Ref. 2

.2

0 Ai

0 0 0 0o 0

Angle of attack, a (deg)

f) JR - 2.0, X - 0.5, M 0.8

Figure 64.- Concluded.

156

o'Io



.70

*70

.64

I

'C'
.66

-. .66

00

Su .64

3 tU

.000 000
Sc

UI 00.0

E

.5 "- e . 4S65

; ,o

% 58

.°0'
o .561

": Angle of attack, a (deg)

-'. (a) JR =0. 5, X = 0, M = 0. 8

... 5

Figure 65.- Comparison of wing longitudinal aerodynamiccenter data at Mach 0.8.
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-" APPENDIX A

PRESSURE COEFFICIENT DATA

NOMENCLATURE

. Symbol Definition

M Mach number

ALPHA Angle of attack, deg

TUBE Pressure orifice number

X/L Axial distance from wing trailing edge to
indicated TUBE number as fraction of overall
length

y/b/2 Spanwise distance from wing root to
* indicated TUBE number as fraction of semispan

C Cp Pressure coefficient, (P - P )/q=

windward C. data for the windward side of the wing
(given positive ALPHA)

f-.- leeward C data for the leeward side of the wing
(given positive ALPHA)

The data are organized according to configuration number;

>: the table number corresponds to the configuration number.

Within each configuration, the data are organized according to

F increasing Mach number. There are two pages of press-,re

coefficient data for each combination of configuration and Mach

number; the first provides C data for angles of attack from
p

-3 to -+ 270, and the second provides C data for angles of
p

attack between -270 and -570.
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APPENDIX B

AERODYNAMIC DATA COMPUTED FOR THE PRESSURE
MODELS; TABULAR FORM

NOMENCLATURE

Symbol Definition Units

TST,TN Test ID numbers

First "P" in Not meaningful
header list

TTF Total temperature deg F

TF Test section static temperature deg F

I RN/L Unit Reynolds number ft 1

PT Total pressure lbs/ft2

Second "P" in Test section static pressure lbs/ft2

a-; header list

. Q Free-stream dynamic pressure lbs/ft2

MACH Free-stream Mach number

ALPHA Angle of attack deg

CN Normal-force coefficient
FN/QS

S Wing plan-view area ft2

FN Wing normal-force determined lbs
from pressure integration

CA Axial-force coefficient
1. FA/QS

FA Axial-force determined from
pressure integration

CMNB Pitching-moment coefficient due
to normal-force components only,

.* about wing trailing edge
MYN/QSU

C Mean aerodynamic chord ft

CONF. Wing configuration number
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Symbol Definition Units

MyN Moment about wing trailing edge ft-lbs
due to normal-force components
only

CMNC Pitching-moment coefficient due
to normal-force components only,
about the wing area centroid,
MyNc/QSC

MyNC  Moment due to normal forces ft-lbs

only, about a spanwise axis

through the wing area centroid

CMA Pitching-moment coefficient due
to axial-force components only,
about any spanwise axis through
the wing centerline, MYA/QSC

MyA Moment about any spanwise axis ft-lbs
MY. through centerline of axial

force components only

CMBT Total pitching-moment coeffi-
cient about the wing traing
edge, = CMNB + CMA

CMCT Total pitching-moment coefficient
about the wing area centroid
= CMNC + CMA

CMB Semispan root bending-moment
coefficient, Mk/QS (b/2)

b wing span ft

Moment due to the normal ft-lbs
force acting on a single semi-
span of the wing about the
wing root chord (centerline)

CYM Yawing-moment coefficient
M z/QSU

M Moment about an axis normal to ft-lbs
z the wing plan view and its

centerline

XCP Longitudinal aerodynamic center root-chord
of the wing from its root fraction
leading edge as fraction of the
root chord

268
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Symbol Definition Units

YCP Lateral aerodynamic center Semispan
of the normal force acting fraction
upon a semispan with respect to
the wing centerline (root) as
fraction of the semispan (b/2)

ZCP Vertical aerodynamic center of Half-thickness
the wing axial force with fraction
respect to the wing centerline,
as fraction of one-half the wing
thickness. Positive down with
the wing pitched up (positive
ALPHA)

The data presented are organized in sets according to increas-
ing configuration number. Within each set the data are organized
according to increasing Mach number. The first set of data is
for configuration 1, followed by sets corresponding to configura-
tions 2 through 11.
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APPENDIX C

PLOTTED AERODYNAMIC DATA FROM THE
WING PRESSURE MODELS

The data are grouped according to taper ratio in sets of

increasing Mach number.

NOMENCLATURE

Symbol Definition Units

a Angle of attack deg

M Mach number

X Taper ratio, C T/C , wing tip chord

divided by root chord

;Aspect ratio, b 2/S, wing span squared
and divided by wing planform area

C N Normal-force coefficient, FN/qS, wing

normal force divided by dynamic
pressure and wing planform.

CA Axial-force coefficient, F A/qS, wing
axial force divided by dynamic

pressure and wing planform area

Cy YSide-force coefficient, F y/qS (not
computed)

C m Pitching-moment coefficient, Myc /qSC,

moment about a spanwise axis through
the wing area centroid divided by the
dynamic pressure, wing planform area,
and mean aerodynamic chord

Cb Root bending moment coefficient,
M /q(S/2) (b/2), moment about wing

longitudinal axis due to load on one
semispan of the wing divided by
dynamic pressure, 1/2 the wing plan-
form area, and 1/2 the total span
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Symbol Definition Units

Cn Yawing-moment coefficient, M /qSC,
moment about an axis normal i the
wing and through its area centroid
divided by dynamic pressure, wing
planform area, and the mean aero-
dynamic chord

cp Wing longitudinal aerodynamic center
Cr measured positive aft from the root

leading edge divided by the root
chord (longitudinal aerodynamic center
as fraction of root chord)

yc Lateral aerodymaic center of the
b/2 normal force acting on one semispanof the wing measured from the center-

line (positive outboard) divided by
1/2 the total span (semispan lateral

* aerodynamic center as fraction of
semispan)

z cVertical aerodynamic center of the
axial force with respect to center-
line divided by 1/2 the wing thickness

((vertical aerodynamic center as
fraction of 1/2 the wing thickness),
positive in the direction opposite to
that of the normal force (e.g., down
for the nose-up pitch attitude)
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INDEX

Figure Data M A Configurations

C-I CN, CA 0.6 0 1,4,7

C-2 Cm, Cb, Cn  0.6 0 1,4,7

x y z
C-3 -p -P -S 0.6 0 1,4,7

CR b/2' t/2

C-4 CN' CA 0.6 0.5 2,5,8,10

C-5 Cm, Cb, Cn  0.6 0.5 2,5,8,10

C xcp 0.6 0.5 2,5,8,10

CR  t/2
R

C-7 CN' C A 0.6 1.0 3,6,9

C-8 Cm, Cb, Cn  0.6 1.0 3,6,9

X Yc z

C-9 ' b2 t 0.6 1.0 3,6,9

C-10 CN, CA 0.8 0 1,4,7

C-II Cm, Cb, Cn  0.8 0 1,4,7

CR ' b.2' t c 0.8 0 1,4,7

C-13 CN' CA 0.8 0.5 2,5,8,10

C-14 Cm, Cb, Cn  0.8 0.5 2,5,8,10

C-15 x S, cp 018 0.5 2,5,8,10
CR b/2' t/2

C-16 CN' CA 0.8 1.0 3,6,9
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Figure Data -M x Configurations

C-17 Cm , Cb , Cn  0.8 1.0 3,6,9

C-18 B p y 0.8 1.0 3,6,9CR' b/2' t/2

C-19 CN , CA 0.9 0 1,4,7

C-20 Cm , Cb, Cn  0.9 0 1,4,7

x Y z
C-21 , 2 0.9 0 1,4,7

C-22 CN' CA 0.9 0.5 2,5,8,10

C-23 CmI Cb , Cn  0.9 0.5 2,5,8,10
xz

C-24 cP !2E 0.9 0.5 2,5,8,10
CR' b/2' t/2

C-25 CN, CA 0.9 1.0 3,6,9

C-26 CmI Cb, Cn  0.9 1.0 3,6,9

C-27 Xcp !SR 0.9 1.0 3,6,9
CR b/2' t/2

C-28 CN' CA 1.2 0 1,4,7

C-29 CmI Cb, Cn  1.2 0 1,4,7
xz

C-30 cP Y Z 1.2 0 1,4,7
CR' b/2' t/2

C-31 CN' CA 1.2 0.5 2,5,8,10

C-32 CmI Cb, Cn  1.2 0.5 2,5,8,10
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Figure Data -M x Configurations

SC-33 XcYc ZCR  b7 2' 1.2 0.5 2,5,8,10

C-34 CN, CA 1.2 1.0 3,6,9

C-35 Cm , Cb, Cn  1.2 1.0 3,6,9

C-36 , , - 1.2 1.0 3,6,9
C Rt72-
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APPENDIX D

AEORDYNAMIC DATA FROM THE FORCE-BALANCE
MODELS IN TABULAR FORM

NOMENCLATURE

Symbol Definition Units

RUN Run number

TST, TN Test ID numbers

First "P" in Not meaningful
header

CONF Configuration number

RN/L Unit Reynolds number ft-

PT Total pressure lb/ft2

P Test section static pressure lb/ft 2

MACH (in header) Mach number at beginning of
an ALPHA-series

TTF Total temperature deg F

TF Test section static temperature deg F

PHI Model roll position deg
= 0 means sting protrusion up
= 180 means sting protrusion

down

SEQ Data sequence number

MACH (in matrix) Mach number at each data point

Q Dynamic pressure lb/ft 2

ALPHA Angle of attack deg

CFN Force model normal force FN/QS
coefficient

FN Normal force lbs

S Wing plan-view area ft2

CFA Force model axial force FA/qs
coefficient 339



Symbol Definition Units

FA Axial force lbs

CMNBF Pitching-moment coefficient
about trailing edge,
M yB /qs

M Moment about trailing edge ft-lb

YB

c Mean aerodynamic chord

CMNCF Pitching-moment coefficient
about the force model area
centroid, M yc/qs-

c

M Moment about the spanwise axis ft-lb
yc through the model area centroid

XCP Force model longitudinal aero-
dynamic center as fraction of
the mean aerodynamic chord from
the wing trailing edge

YCP Force model lateral aerodynamic
center, CMR/CFN, as fraction of
wing span, measured from the
wing centerline

CMR Wing rolling moment coefficient,
MR/QSB

b Wing span ft

MR Rolling moment ft/lbs

The data are organized according to increasing run number.
Consult the run schedule in Section 4 to locate the run numbers
associated with particular configuration, Mach number,
and angle of attack - range combinations.
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