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Balance Rénge of

Design Calibration ~ Check Measurement

Component Loads Load Range Loads Uncertainty
Normal Force, 1b 10 4 ~ +2.5 +0.025
Pitching Moment,* in.-1b 20 10 . 1.6 +0.050
Side Force, 1b 10 4 +1.0 +0.025
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sk .
About balance forward moment bridge

Absolute Uncertainty |
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Mo Cx o % Cy Cn N y CaT
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PREFACE

The work presented herein was conducted by the Arnold Engineering Development
Center (AEDC), Air Force Systems Command (AFSC), for the Nielsen Engineering and
Research, Inc., Mountain View, California, at the request of the Air Force Flight Dynamics
Laboratory (AFFDL/AFSC), Wright-Patterson Air Force Base, under Program Element
62201F. The test results were obtained by ARO, Inc. (a subsidiary of Sverdrup & Parcel
and Associates, Inc.), contract operator of AEDC, AFSC, Amold Air Force Station,
Tennessee. The test program was conducted under ARO Project number V41A-B4A, and
the final data package was completed September 10, 1975. The authors of this report
were William T. Strike, Jr., Terry R. Penney, and John H. Porter, ARO, Inc. The manuscript
(ARO Control No. ARO-VKF-TR-75-164) was submitted for publication on November
19, 1975,

The authors would like to express their appreciation for the engineering support
provided by R. H. Burt and J. T. Best, the theoretical results provided by Dr. A. W.
Mayne and E. O. Marchand, and the programming of the data reduction requirements
provided by J. L. Roberson and G. R. Cook which greatly accelerated our evaluation
of the test results.
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1.0 INTRODUCTION

This investigation was conducted in the von Karman Gas Dynamics Facility (VKF)
Supersonic Wind Tunnel (A) for Nielsen Engineering and Research, Inc. (NEAR) who is
under contract with the Air Force Flight Dynamics Laboratory (AFFDL/FXG) for the
development of a generalized, theoretical method for predicting separation characteristics
of stores from high-speed aircraft.

Three types of data’ were obtained in the interference flow field of a generalized
aircraft shape with and without pylons. The test program was divided into three phases
which consisted of (1) flow field surveys, using a cone probe rake to determine the local
velocity field; (2) pressure distributions on a store model; and (3) force and moment
data on a store model. In addition, free-stream (interference-free) data were obtained with
the probe rake and on the force and pressure store models.

The probe rake was calibrated at nominal Mach numbers of 1.5, 1.76, 2.0 and 2.5.
The major portion of the test program was accomplished at Mach numbers 1.5, 2.0, and
2.5 at a nominal Reynolds number of 4 million per foot and at parent-body angles of
attack of O and 5 deg.

This report contains a discussion of the data reduction, an analysis of the flow-field
probe calibration data, and a brief evaluation of a selected sample of the test results.
A complete analysis and publication of the test results will be forthcoming from Nielsen
Engineering and Research, Inc., Mountain View, California.

20 APPARATUS

2.1 WIND TUNNEL

Tunnel A is a continuous, closed-circuit, variable density wind tunnel with an
automatically driven flexible-plate-type nozzle and a 40- by 40-in. test section. The tunnel
can be operated at Mach numbers from 1.5 to 6 at maximum stagnation pressures from
29 to 200 psia, respectively, and stagnation temperatures up to 750°R (M_, = 6). Minimum
operating pressures range from about one-tenth to one-twentieth of the maximum at each
Mach number. The tunnel is equipped with a model injection system which allows removal
of the model from the test section while the tunnel remains in operation.
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2.2 FLOW-FIELD PROBES AND MODELS

The model installations used in each phase of the test program are shown in Fig.
1. The sector-supported parent body remained the same for each phase. The parent-aircraft
model, installed in an inverted position on the main strut support system, consisted of
a symmetrical swept-wing and fuselage combination with pylon locations on the fuselage
centerline and at the 1/3- and 2/3-wing-semispan stations. The store models were two-caliber
tangent ogive cylinders and were tested with and without fins during the force phase.
The store models and the flow-field probe rake were all supported from the VKF Captive
Trajectory System (CTS).

A three-probe rake was used to obtain the flow-field survey data. The three conical
probes with 20-deg semi-apex angles were spaced 1.5 in. apart in the vertical plane. There
were four static pressure orifices on the surface of each cone (equally spaced 90 deg
apart) and a total-pressure orifice at the apex of the cone. Details and dimensions of
the probe are shown in Fig. 2, and model installation photographs of the probe with
the parent body are presented in Figs. 3a and 3b. The installation of the pressure model
(phase II) on the CTS in a stored position on the 2/3-pylon wing station of the parent
body is shown in Fig. 3c. Details and dimensions of the pressure model including the
location of the pressure taps are shown in Fig. 4. One pressure tap was located in the
model nose to provide a pitot pressure measurement. The finless (Sppn) force model,
which was identical to the pressure model (except that the pressure model nose was slightly
blunted by the presence of the pitot pressure tap), is shown in Fig. 5 along with the
fin (S rr) force model.

Details and dimensions of the parent-aircraft model are given in Fig. 6. The fuselage
consisted of a tangent ogival nose section, a cylindrical center section, and a truncated
tail cone. The wing had an NACAG65A006 airfoil section with the quarter-chord line swept
45 deg, an aspect ratio of 4, and a taper ratio of 0.3. Coordinates of the parent body
and airfoil sections are tabulated in Fig. 6.

The model had provisions for mounting pylons at the fuselage centerline and on
the left wing at the 1/3- and 2/3-wing semispan stations. Details of the pylons are included
in Fig. 6. The pylons were identical except for the contour of the pylon-aircraft contact
surface. Touch wires (electrical grounding system) on the pylons provided a location
reference check between the store model and the pylon surface.

2.3 INSTRUMENTATION AND DATA UNCERTAINTIES

Tunnel A stilling chamber pressure was measured with a 15- or a 60-psid transducer
referenced to a near vacuum. Based on periodic comparisons with secondary standards,
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the uncertainty (a two-standard deviation bandwidth which includes 95 percent of the
residuals) of these transducers is estimated to be within £0.2 percent of reading or £0.015
psia, whichever is greater. Stilling chamber temperature is measured with a
copper-constantan thermocouple with an uncertainty of +3°F based on repeat calibrations.

These uncertainties in the basic tunnel parameters, p, and To, and the two-sigma
variation in Mach number distribution determined from test section flow calibrations were
used to estimate uncertainties in the other free-stream properties, usmg the Taylor series
method of error propagation.

Test Conditions

Uncertainty (+), percent

M_ M, ~ Po To R q Re/ft
1.505 13 0.2 0.5 29 0.3 0.8
- 1,756 1.1 3.0 0.8 1.0
2005 1.0 1 1.1 1.1
2503 08 1.5 1.3

The cone probe and model pressures were measured with 15-psid transducers with
a variable reference. The variable reference was also measured with another 15-psid
transducer referenced to a near vacuum. These transducers were calibrated daily over a
range of 0.3 to 12.0 psia using an air dead weight tester. Least squares straight line curve
fits through these data points were used in determinating a single scale factor for the

15-psid range of each transducer. The measurement precision is estimated to be 0.05 percent
of reading.

This uncertainty in the pressure measurements was used to estimate the corresponding
uncertainty that may exist in the cone probe calibration data and in the flow-field survey

results presented in this report. The Taylor series method of error propagation was used
in this analysis.

Model Pressures

Uncertainty (), percent

M_ p p/p, Po p/Po
1.51 0.05 3.0 0.1 0.3
1.76 0.3
2.01 ‘ l 0.4
2.50 0.5
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Local Mach Number Evaluations

Uncertainty (), absolute

M P/po My
1.51 0.0012 0.004
1.76 0.0012 0.006
2.01 0.0012 0.006
2.50 0.0026 0.026

Flow Angularity Parameters

Uncertainty (%), absolute

Ap;,3/p and og,ap,
M, Apz 4/D n/p deg
1.51 0.003 0.0003 0.2
1.76 0.003 0.0004
2.01 0.004 0.0005
2.50 0.006 0.0007

Model forces and moments were measured with a six-component, moment type,
strain-gage balance (PWT 6-.40-.010-40M-G) calibrated by VKF. Prior to the test, static
loads in each plane and combined static loads were applied to the balance to simulate
the range of loads and center of pressure locations anticipated during the test. The following
uncertainties represent the bands which enclose 95 percent of the measured residuals, based
on differences between the applied loads and the corresponding values calculated from
the balance calibration equations included in the final data reduction.

Balance Range of
Design Calibration Check Measurement
Component Loads Load Range Loads Uncertainty
Normal force, 1b 10 4 2.5 +0.050
Pitching moment,*
in.-b 20 10 1.6 +0.100
Side force, 1b 10 4 1.0 +0.050
Yawing moment,*
in.-lb 20 10 0.6 £0.100
Rolling moment,
in.-lb 2.25 0.9 £0.45 £0.011
Axial force, 1b 6 3 0-1.5 +0.03

-

*About balance forward moment bridge
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The transfer distance from the balance forward moment bridge to the model moment
reference location was measured to an estimated precision of +0.005 in.

The balance and base pressure uncertainties were combined with uncertainties in the
tunnel parameters, using the Taylor series method of error propagation, to estimate the
uncertainty of the aerodynamic coefficients which are presented below.

Absolute Uncertainty ()

M, Cn Cm Cy Cn Cp Ca CarT
1.51 0.0012 0.007 0.0012 0.007 0.004 0.0055 0.0019
2.01 0.0012 0.013 0.0012 0.006 0.003 0.0043 0.0019
2.50 0.0013 0.010 0.0013 0.006 0.003 0.0034 0.0021

The CTS six degrees of freedom are sensed by potentiometers and read by a
multiplexed analog-to-digital converter. The uncertainty in these measurements are
summarized below. This estimate was made using the uncertainties quoted for each degree
of freedom and the equations of motion.

CTS Attitude and Position Uncertainties

Drive System Model Attitude and
Motion Uncertainty Position Uncertainty

X +0.005 in. £0.050 in.

y - £0.080 in.

z £0.005 in. £0.060 in.
acrTs +0.05 deg £0.10 deg
Ycrs™ £0.10 deg 1£0.10 deg
NncTsS £0.03 deg —

*The yaw angles YcTS and TCTS are used to obtain both yaw angle and lateral
displacement.

24 DATA REDUCTION PROCEDURES

The probe calibrations were conducted such that a positive pressure differential across
the probe in the pitch plane corresponded to a positive local flow angle as indicated below.
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/-Pressure Tap No. 3 (p3)
A w

) z
Pressure Tap No. 1 (pl)

(p; - p3) proportional to (a))

Flow=Field Coordinates in the
Pitch (Downwash) Plane

In the yaw plane, the probe calibrations were performed so that a positive pressure
differential across the probe in the yaw plane occurred with the probe yawed in the negative
direction or with a negative local sidewash angle as shown below.

Pressure i v
Tap No. 217Y:

'f\‘ (py)

X
- + - - » u

Pressure Tap No. 4 (p4)
(py - P4) proportional to (-oz)

Flow-Field Coordinates in Yaw
(Sidewash) Plane

A complete discription of the data reduction employed to deduce the local Mach number
and flow-ficld angle from the cone probe calibration data is presented in Section 4.1.

The numerical scheme employed to evaluate the local loading coefficients on the
storebody from the model surface pressure data is summarized below so that the local
and resultant loading coefficients presented in the figures of this report are clearly defined.
At each point in the test grid consisting of a fixed angle of attack and position in the
flow field, the storebody was rolled 360 deg in 10-deg increments while surface pressure

10
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data along one ray of the storebody was recorded. These pressure data were integrated
as a function of roll angle to define the local force and moment coefficients per unit
length (per inch).

The local normal-force coefficient and the local pitching-moment coefficient attributed
to the normal force loading per inch at model station x, is

Ny =k [ (P/pJn T cOs ¢ dp ()
where
K = 2/(yr M2 1,2)
cmy = oN, (Xp - 3.188)/(2rp) 2)

Similarly, the local side-force and yawing-moment coefficients per inch were defined
as follows:

Crp = K f (®/pJn 1o sin ¢ do (3)
and

oy = -Cyn (Xn - 3188)/(2fb) (4)

The local axial-force coefficient per unit length of the storebody (i.e., per inch) was
defined as follows:

ca =k [ (p/p. - Dn (ra tan 8,) d¢ 5)

where 1, is the local storebody radius and 8, the local slope of the storebody contour.

The resultant aerodynamic coefficients were evaluated as follows:

'}

C = { CNp dx, (6)
? 1.5

Cm=f cmp dx, - f r, tan §, CNp dx, /(2r) )]

The second integral term used in evaluating the pitching-moment coefficient corresponds

to the moment produced by the axial-force component of the surface loading on the
storebody.

L
Cy = [ oy, dxg ®)
[+]

11
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Cn = fﬁ i dx, - .fl.s In tan &j Cy, dxq /(21 ) )

The resultant pressure drag coefficient of the storebody is defined as follows:
1.5
Cap ={ Ca, dxn (10)

The numerical procedure for evaluating these integrals consisted of curve fitting three
consecutive points in the distribution with a quadratic expression and then integrating
this expression to define the magnitude of the integrant between two of the three
consecutive points in the distribution. These integrants were then summed to ultimately
define a particular coefficient.

3.0 PROCEDURE
3.1 TEST CONDITIONS

The test was conducted at Mach numbers 1.5, 1.76, 2.0, and 2.5. The free-stream
Reynolds number was nominally 4 million per foot. A summary of the test conditions
at each Mach number is given below.

Re/ft
M_ Po, psia To.F  q psia p,. Dsia x 106
1.5 13.8 100 59 3.7 3.9
1.76* 14.9 ' 6.0 2.8
2.0 16.4 59 2.1
2.5 20.9 5.4 1.2

*Probe calibrations only.

As previously noted, the test program was conducted in three phases. The first phase
consisted of calibration of the cone probes and then using these probes to define the
variation in local stream velocity and flow direction in the vicinity of the pylons on the
parent body. The probe calibrations covered a range of combined angles of attack and
yaw from -10 to 10 deg. A summary of the flow-field survey data is given below.

12



Flow-Field Survey Data

at Mach No. 1.5, 2.0, and 2.5

Pylon Attached

AEDC-TR-76-18

z, in./ Center Pylon 1/3-Station Pylon 2/3-Station Pylon
y, in. 0.5 0| 05 -3.5 4.0 4.5 -1.5 -8.0 -8.5
3.58 X X X X X X X X X
2.83 X X X X X X X X X
Pylon Removed
3.58 | - Xx | — —_ X x* -— X —
283 | — X | — - X X* -— X -

*This condition was not run at Mach number 2.0.

Flow-field surveys were also made in the absence of the parent body to define the
undisturbed flow conditions existing in the tunnel region cccupied by the models.

The second phase of the test program consisted of obtaining pressure distributions
on the storebody without fins. The third phase consisted of measuring the forces and
moments on the finless store. A summary of test phases 1I and III is given below.

Pressure and Force Test Schedule
Mach Number 1.5, 2.0, and 2.5
Pylon Attached and Removed

(a = 0 and 5 depg)
z, in. Center Pylon 1/3-Station Pylon 2/3-Station Pylon
0 P P p*
0.37 P P pP*
0.75 P P p*
0 to 45 F F F

*No pressure data were obfained with the pylon removed at Mach number 1.5

at this pylon station.

“P™ represents data obtained with the pressure model, while “F” represents data

obtained with the finless force model.

13
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The finless storebody pressure and force models were also -tested at Mach numbers
1.5, 2.0, and 2.5 at angles of attack up to 10 deg in the free-stream flow (parent body
removed). Some store force data with fins attached were also obtained at Mach number
1.5, at the center pylon, and 1/3-pylon stations.

3.2 TEST PROCEDURE

Two separate and independent systems were used to support the models during the
test. The parent model was inverted in the test section with a coordinate system as shown
in Fig. 7 and supported on an offset sting and strut attached to the tunnel pitch support
(see Fig. 1). Although the parent model had several pitch adjustments available, only the
0- and S-deg parent angles of attack were tested. The flow-field probes and the storebody
pressure and force models were supported on the CTS. The standard CTS grid program
was used for data acquisition and model attitude positioning.

The VKF-CTS is a six-degree-of-freedom model support system with electromechanical
drive units. The axial and vertical movements are obtained with linear drive units while
lateral movement is obtained by rotating the roll-pitch-yaw support arm about the vertical
support axis of the CTS and compensating the resulting yaw position with counter rotation
of a forward yaw joint. Pitch motions are obtained through a forward knuckle joint which
is oriented 90 deg from the forward yaw knuckle joint. The most forward component
of the CTS is the roll mechanism capable of rolling +180 deg. The translational and
rotational envelopes and rates of travel of the CTS drives in Tunnel A are as follows:

Nominal CTS Motion Capabilities in Tunnel A*

Maximum
Motion Travel Limits : Rate of Travel***
Axial (x) 40 in. 1 in./sec
Vertical (z) 15 in ** 1 in./sec
Lateral (y) 15 in. ** 2 in./sec
Pitch (a)cts +14.8 deg 10 deg/sec
Yaw (Y)cts $30 deg 10 deg/sec
Roll (¢)cTs +180 deg 20 degfsec

*All travel limits are set up as a function of model size, sting geometry, and model
center of rotation.

*$*Measured from tunnel centerine.

*#*Rates are continuously variable up to the rates shown above.
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The CTS was used to position the stores and probe rake relative to the parent aircraft
through a prescribed grid matrix. Each grid was selected and loaded into the VKF CDC
1604B computer and the positioning of the store model was controlled by the computer
which automatically recorded all the data inputs at each grid point location. At the start
of each grid, the store model or probe was driven to a "touch point" (electrical contact:
point between the CTS model and the parent-body pylon). The CTS model was then
moved to an initial starting position using the CTS drive system, and the resulting
displacement between the initial starting position and the "touch point" were optically
checked. In all cases, the reference check fell within the CTS positioning uncertainty.
During all tésts, the probe rake and store models were aligned parallel with the parent-body
axes.

Model flow-field photographs were obtained on several configurations at selected
model attitudes and test conditions. Numerous shadowgraphs, still photographs, and color
schlieren movies were taken to assist in evaluating the effects of flow-field shocks on
the aerodynamic loading imposed on the store model.

4.0 RESULTS
4.1 FLOW-FIELD PROBE CALIBRATION

As noted previously (Section 2.2), the flow-field probes consisted of 20-deg half-angle
cones mounted on a cylindrical shaft. Four static pressure taps were located in a plane
0.165 in. from the cone nose at intervals of 90 deg around the circumference of the
cone (see Fig. 2). The second-order approximations for relating cone surface pressure to
cone total angle of attack as formulated in the Zdenek Kopal tables (Ref. 1) provide
the following relationship for cone surface pressures.

P=D-ar ncos ¢ + af (Po + Py cos 2¢) an

The perturbation parameters n, P, and P; are assumed to be independent of the cone
angle of attack and roll position and only a function of the cone angle (#) and the local
stream Mach number (Mg) approaching the cone. Since the actual cone angles (8) cannot
be measured precisely and since the cones were blunted by the addition of a pitot pressure
tap, a probe calibration was required. The cone nose bluntness ratio was nominally 0.07
(cone nose diameter to base diameter). The interpretation of the cone probe calibration
was based on the previous relationship (Eq. (11)).

The following formulations were used to, define the cone parameters n/p and the
average cone static pressure, p, at zero angle of attack. (Note, at ar = 0, theoretically
p = p.) The pressure taps were numbered consecutively around the cone as shown in
sketches of Section 2.4. At angle of attack, the cone surface pressure at the nth tap
can be analytically defined as
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Pn =P-ar ncos(p+ ¢a) +at Py + P, cos 2 (p + o)) (12)

The sum of the four static pressure measurements would theoretically yield the
following result:

- 1\ 4
p = (Z') n§1 Pn (13)

Therefore, at angle of attack, the average of these four cone surface pressure taps provides
an estimate of the cone surface pressure at zero angle of attack. This average cone surface
pressure, p, and the pitot pressure (ps) were used to calculate the local Mach number.
A comparison of the experimental and analytically defined relationship of the average
free-stream Mach number values (from tunnel calibrations) as a tfuncton of P/po is shown
in Fig. 8. In general, the measured average cone surface pressure ratio was greater than
the predicted value by one to two percent. A curve fit of the experimental data provided
the following relationship for defining the local stream Mach number upstream of the
cone in terms of the pressure ratio P/ps.

Mach Number Coefficient, A

5 -3
Mg =J1 +(n§0 As @lpo )n) (14)
Probe No. 1 Probe Nos. 2 and 3
Ag 3.35933 2.57318
A -47.9986 -37.6524
As 293.596 241.392
Az -835.398 -709.356
Ay 1142.53 997.148
As -600.20 -536.021

In the Mach number range from about 1.4 to 3.0, there was good agreement between
the data and this semi-empirical curve fit (Fig. 8). Outside this Mach number range, the
curve fit was unreliable.

The results in Fig. 9 for M_ = 2.5 show that the Mach number calibration, that
is, the average cone surface pressure ratio, was influenced by the cone probe angle of
attack, and particularly at this Mach number. At the other free-stream Mach numbers,
not shown, the angle-of-attack effect on the average cone surface pressures, p, resulted
in a nominal variation of 0.02 in the indicated cone probe Mach number over the total
angle-of-attack range of 15 deg.
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An iteration scheme was employed to correct this angle-of-attack effect on the cone
probe indication of the local stream Mach number, Mg.

Mg = Mg (initial value)/(1 - AM) ' (15a)
AM =m * aqrl? (15b)

where
m = -1.5118 x 104 + 2.0946 x 10-5 Mg3-S (15¢c)

The correction produced by this iteration is shown by comparing Fig. 9 with Fig. 10
for M_ = 2.5 where the maximum error occurred. Although not shown, at the lower
freestream Mach numbers (M < 2.0), the angle-of-attack effect, after this correction was
made, was nominally less than 0.01 in Mach number.

~ .

The probe total pitch angle (resultant flow angle) can be related to the cone surface
pressure differentials in the following manner.

Ap1,3 = p1 - p3s = -2ar 1 cos ¢ (16a)
Ap24 = p2 - ps = 2ar n sin ¢ (16b)

In general, the effective roll position (¢) of the probe was not zero, because the probe
was calibrated by pitching the probes through an angle-of-attack range at various constant
angles of yaw (y).

¢ = tan! (-tan Y/tan a) + 90 (1-tan a/ltan al) 17

and the total angle of attack was defined as follows:

ar = tanl \]tan2a + tan2y (18)

Actually, the value of the roll angle (¢) was not required to define the linearity factor,
7, relating cone pressure differential Apy 3 or Apz 4 to ar near ar = 0.

n/p ={\I(Apl 3/P)2 + (Apy,4/D)2/(2 ar) aT 0 (1

The linear characteristics of this flow-field calibration of local flow angle as a function
of the square root of the sum of the squares of the pressure differentials, hereafter
designated as DPSQ, is shown in Fig. 11 for probe No. 1 at M_ = 1.5 and 2.5. Similar
results were obtained for the other two probes and at other Mach numbers. The linear
portion of this relationship near ar = 0 defines the value 7/p and it is evident (Fig.
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11) that the relationship is nonlinear at the higher angles of attack. The factor n/p is
presented as a function of the free-stream Mach number in Fig. 12 and in general the
experimental values fell four to six percent below the predicted values for a 20-deg sharp
nose cone.

A curve fit of the experimental values of n/p, as a function of the local stream
Mach number (in this case M_) was defined as follows:

3
2P = zo E, Mgsa/3 (20)
n=
where
Eo = -1.5944 x 103
E; = 114102 x 103
E; = -0.56243 x 103

As seen in Fig. 12, this empirical expression provides a good fit of the data and is considered
satisfactory over the Mach number range from about M_ = 1.25 to 3.5.

The nonlinearity at the higher total angles of attack of the differential pressure term
noted in Fig. 11 is again clearly shown in Fig. 13 which is a plot of the error in the
indicated probe angle of attack based on the linear factor %/p versus the actual angle
of attack of the probe. The error in the indicated angle of attack is about 1.6 deg at
a nominal total angle of attack of 12 deg at Mach number 1.5. The magnitude of this
error in the indicated probe angle diminished with increasing freestream Mach number.

An empirical correction was formulated from the experimental data to account for
this nonlinearity. The form of the correction is as follows:

Aa (DPSQ) = ¢ « IDPSQI2.5 (21)

where

c = 318.5 Mg

This correction reduced the error in the indicated cone probe angle of attack to less than
0.4 deg as is shown in Fig. 14.

A second cormrection to the indicated probe angle of attack was formulated as a
function of indicated probe roll angle. This correction was deduced by plotting AaT of
Fig. 14 as a function of the probe roll angle. This correction has the form given by Eq.
(22),
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Ba(g) = £ Cy (cos gn @
Coefficients
Cp = 0.0640565 C3 = -0.970705
C = -0.256300 Cy = 0.211107
Cy; = -0.197904 Cs = 1.45475

The resulting error in the computed cone probe angle of attack for probe No. 1 at each
calibrated free-stream Mach number is shown in Fig. 15. In most cases of combined cone
probe pitch and yaw, the indicated cone probe total angle (resultant flow angle) based
on Ap; 2 and Ap; 4 agreed to within +0.2 deg. As noted previously, a Taylor seres
error propagation analysis has indicated that the error in measuring the cone surface
pressure differential could cause an error of 0.2 deg in flow angle (see Section 2.3).

I

Finally, a correction had to be made to the cone probes calculated local pitch and
yaw angles to account for the misalignment of each cone nose axis with the probe axis
(i.e., the axis of the cylindrical shaft supporting the instrumented cone nose, which could
be aligned accurately with the tunnel axes). The cone probe tips were very small, and
it was believed that any misalignment of the probe nose -could not be accurately assessed
with conventional physical measurements. Therefore, the misalignment of the cone nose
was deduced from the probe calibration data. The calibration data obtained at all Mach
numbers was examined and an average angle (Aam or Ay, ) was selected which would
most consistently “shift the pressure differential curves (Ap; 3/p vs @ or Ap, 4/p vs ¥)
so that a zero angle occurred when the pressure differential was zero. Although the local
tunnel flow angularity is different for each Mach number and the probe misalignment
is independent of Mach number, this use of the probe calibration data obtained at all
Mach numbers provided the best estimate of the probable probe misalignment. The results
of this evaluation are summarized as follows:

Estimated Probe Misalignment

Probe
No. Aan, deg Ay, deg
1 0.63 _0.60
2 -0.20 043
3 0.38 0.09
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The procedure adopted for calculating local flow angles involved first an evaluation
of the total roll angle and angle of attack sensed by the cone probe. Two corrections
defined earlier were made to the total angle of attack as indicated in Eq. (23).

ar = (1/2)DPSQ)/(n/p) - Aa(DPSQ) - Aa(¢) (23)
where
_ ) 'A.pl .2 IAF’I ,3‘-
¢ = tan-l (_Ap1,3)+ 90 ( " s

The corrected angle of attack was used to evaluate the local downwash and sidewash
angles (ag and og, respectively) corrected for the probe misalignment in pitch and yaw.
That is

tan-! (tan ar + cos ¢) + .Aa.m) 24)

ag

og = tan'! (tan ar - sin ¢) + Ayn) (25)

At this point, the total angle of attack and roll were reevaluated in terms of the
corrected downwash and sidewash angles. These corrected total angles of attack, ar, and
roll, ¢, were then used to evaluate the local stream velocities as follows:

u/U_ = Ug/U_ cos ag (26a)

w/U_ = Ug/U_ sin ar cos ¢ (26b)
and

v/U_ = UQ/U_ sin ar sin ¢. (26¢)
where

Up/U, = Mg/M, &/Te/T.)) ‘ 27
and

Te/T, = (1 + 0.2M2)/(1 + 0.2Mg?)

4.2 FLOW-FIELD SURVEYS

Cone probe rake surveys were made in the tunnel test section, with the parent body
removed, at lateral (y) positions corresponding to each of the pylon stations on the parent
body. The surveys made along the tunnel centerline at z = 0.6 at M_ = 2.0 and 2.5
are presented in Fig. 16 and compared with results from previous tunnel calibration data
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for z = 0. The existing tunnel flow angle data were obtained with 3.1-in.-diam, 30-deg,
half-angle cone probes and the Mach numbers were computed from the ratio of probe
pitot to tunnel stilling chamber pressure. Considering that the survey probe Mach numbers
were based on the average cone surface pressure ratioed to the cone pitot pressure, the
difference in the probe sizes, and the difference in the vertical (z) location of the two
sets of data there is good agreement between the tunnel calibration data and the survey
probe data. The favorable comparison of flow-field results such as those presented in Fig.
16 provides assurance that the present cone probe calibration and data reduction procedures
were acceptable.

In general, the flow-field angularity variations from the survey probe in the pitch
plane were approximately +0.3 deg at Mach number 1.5 and decreased to about *0.2
deg at Mach numbers 2.0 and 2.5. The flow-field angularity in the yaw plane was
significantly smaller at all test Mach numbers.

A comparison of the stream properties (local Mach number and flow angularity)
obtained in this test with results from Ref. 2 which used a similar parent body is presented
in Fig. 17. The parent bodies in both tests had identical wing geometry but slightly different
center bodies. In the earlier tests (Ref. 2), the center body was longer and smaller in
diameter than the present parent body. In spite of these differences, the agreement between
the two data sets is very good. Apparently, the local flow field produced by the wing
at this outboard wing station of 6.6 in. is not greatly influenced by the relatively small
difference in the fuselage body geometry.

Examples of the type of flow-field data obtained in this study are presented in Figs.
18 through 21. Most of the results presented were obtained at a free-stream Mach number
of 1.5. In these figures, both the survey probes and the parent body were at zero angle
of attack. The abscissa (x) in these figures represents the distance downstream from the
parent-body nose and (z) represents the vertical distance of the survey probe centerline
from a horizontal (x, y) plane passing through the axis of the parent body (see Fig. 7).

The local stream properties over the parent center body and wing surfaces without
pylons at @ = O are shown in Fig. 18. Figure 18a shows that the flow in the lateral
plane along the centerline pylon location as reflected by the sidewash angle, og, was fairly
uniform and nominally 0.3 deg or less. At the 1/3- and 2/3-wing pylon station, the
flow-field distribution has the classical form reflecting the abrupt compression then
expansion over the wing to the trailing-edge shock or compression wave, where the flow
abruptly retums toward the free-stream condition. The overall length of these "N-shaped
pressure wave" signatures depends primarily on the length of the wing chord, the local
compression angle at wing leading-edge surface, and the vertical (z) displacement of the
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survey from the wing chord. Also, a comparison of Figs. 18b and c shows an overall
steeper signature (greater expansion) at the outboard 2/3- wing station than at the 1/3-wing
station.

The effects on the local flow-field properties of adding pylons to the parent body
at a = 0 are shown in Fig. 19. The 2.66-in.-long pylons produced disturbances that are
clearly seen when compared to data in Fig. 18. The addition of the pylons did not, however,
grossly affect the sidewash angle distribution. A comparison of the sidewash angle
distributions of Figs. 18 and 19 shews that on the average the distributions were nominally
within one degree of each other.

The local stream properties over the parent body with pylons at the centerline location
only, at 5-deg angle of attack, are shown in Fig. 20. It should be noted again that the
survey probes were at 5-deg angle of attack along an axis parallel to the parent-body
axes. A comparison of these results with those of Fig. 19b shows that angle of attack
affects primarily the local downwash angles.

The effects of varying free-stream Mach number on the flow field over the parent
body with pylons, at a = 0, are shown in Fig. 21. In general, these data show, as expected,
that parent-body flow-field disturbances are displaced further downstream as Mach number
increases. This is clearly seen in the wing leading-edge shock location in the surveys over
the wing but is not so evident in the centerline station survey. As a matter of interest,
therefore, the location of the disturbances from the wing leading-edge body juncture was
estimated (using the assumption of a Mach wave propagation downstream) and is shown
on the M_ plot of Fig. 21a. The location of this disturbance was also identified and
confirmed by schlieren photographs of the flow field. The location of the wing leading-edge
shock disturbances in Figs. 21b and 21c¢ indicates that the shock wave at Mach number
1.5 was most likely detached.

43 STOREBODY PRESSURE AND FORCE RESULTS

The zero angle-of-attack storebody surface pressure distributions presented in Fig.
22 were obtained with the parent body removed. The data at Mach numbers 2.0 and
2.5 are compared to the predicted distribution based on an analysis described in Ref.
3. There was about a five-percent difference between the predicted and experimental results.
The analysis of Ref, 3 could not be used to predict the pressure distribution of the Mach
number 1.5 condition because the programmed analysis is only valid for supersonic speeds,
and the local stream velocity over the storebody at the nose was subsonic.

These freestream pressure distributions were integrated circumferentially to determine
the local pressure drag coefficient distributions (i.e., Cap versus x) and these are shown
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in Fig. 23 for Mach numbers 1.5 and 2.5 along with the integrated total drag coefficient
Cap- The results from the programmed numerical integration scheme previously described
in Section 2.4 are compared in this figure with both local and total drag coefficients
obtained from a graphical technique involving the fairing of the experimental data following
theoretical distribution shewn previously in Fig. 22. As noted in the figure, the graphical
integration technique gave total pressure drag coefficients Cap which were six percent
higher. At Mach number 2.5, the theoretical pressure drag coefficient (Ref. 3) was five
percent below the programmed numerical integration value.

The influence of the parent-body flow field on the local aerodynamic loading of the
store over the center pylon station is shown in Figs. 24 and 25. These results were selected
to illustrate pylon and Mach number effects.

The results in Fig. 24 for M_ = 1.5 show the downstream movement of the local
normal-force loading patterns with increase in separation distance between the store and
parent body, and the significant increase in the normal-force loading distribution produced
by the presence of the pylon. Although the flow field should be symmetrical in the lateral
plane, a small side-force loading distribution was obtained, but this loading was not
influenced to any extent by either separation distance or the addition of the pylons.

Freestream Mach number effects on the interference loading on the storebody are
illustrated in Fig. 25. The distributions of cy versus x/f again indicate some asymmetry
in the local flow field over the center section of the parent body at Mach numbers 1.5
and 2.0. The local flow-field surveys (shown in Fig. 21) also showed that the sidewash
angles were greater at these two Mach numbers.

A comparison of the integrated pressure data and the measured forces and moments
on the isolated storebody at several angles of attack is shown in Fig. 26. Except for
the pitching-moment coefficients obtained at high angles of attack at Mach numbers 2.0
and 2.5, there was good agreement between the integrated pressure data and the static
stability data from the force model. The integrated pressure drag coefficient, Cap, fell
significantly below the forebody axial-force coefficient, Cy, from the force model. The
difference between C, and Cap could be accounted for by the addition of a friction
drag increment as noted below.

A summary of the free-stream integrated pressure data and the force/moment data
as a function of free-stream Mach number is given in Fig. 27. The predicted variations
in CN,a, (Cm,a/Cn,a) and Cop with Mach number estimated from the USAF Stability
and Control Datacom (Ref. 4), and the pressure drag coefficient as predicted by the analysis
of Ref. 3 for Mach numbers 1.76 and 2.5 are included in the figure. The stability parameters
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" are in reasonable agreement with predicted values considering the estimated measurement
uncertainties. The agreement between integrated pressure values and force model data is
very good. The pressure drag coefficient is also in good agreement with the inviscid analysis
of Ref. §__ The difference between Cpp and CA can be accounted for by a skin-friction
drag coefficient produced by assuming a laminar boundary-layer flow over the first
two-thirds of the body and a turbulent flow over the remaining length. Fully turbulent
boundary-layer flow over the entire body would produce a friction drag coefficient of
nearly 0.10 which is 43 percent greater than the difference between C5 and C,p at Mach
number 2.0,

The variation in the store static stability and axial-force coefficients as the store was
displaced from the parent body is shewn in Figs. 28, 29, and 30. The integrated pressure
static stability coefficients of the finless store are included in these figures as solid symbols
and, as will be seen, compare well with the force data. Also, for clarity, a solid line
is faired through the results obtained with the pylons on. It should be noted that during
these Az traverses only the pylon at the traverse location was attached to the parent
body. Also, the midpoint of the store remained in line with the vertical centerline of
the pylon.

The results in Fig. 28 for M_ = 1.5 and a = 0 show, in general, that the addition
of the pylon and the addition of fins to the store increased the overall variation of the
storebody normal-force and pitching-moment coefficient with displacement distance. At
the center pylon station (Fig. 28a) the small asymmetry in the flow field, noted earlier,
is evident in the lateral plane coefficients, particularly on the store with fins. The addition
of fins to the storebody more than doubled the forebody axial-force coefficient which
showed only small variation with separation distance.

At the 1/3- and 2/3-pylon wing stations (Figs. 28b and c), the store side-force and
yawing-moment coefficients were significant, particularly when the store was in close
proximity to the parent body. On the store with fins, the rolling-moment variation generally
decreased with separation distance. At the wing pylon stations, there was a marked decrease
in C, with separation distance increase. -

s

Similar results for the store and parent body at 5-deg angle of attack are shown
in Fig. 29. At the center body location, the aerodynamic coefficients of the store models
approached the characteristics of the isolated store (at 5-deg angle of attack) because at
Az = 5 in. the store had penetrated the nose shock from the parent body. At the pylon
wing stations, the store was still under the influence of the parent-body flow field at
the maximum Az position.
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Freestream Mach number effects on the aerodynamic characteristics of the finless
store during separation from the parent body are illustrated in Fig. 30. An increase in
freestream Mach number generally tended to decrease the overall variation in the
aerodynamic coefficients with displacement distance.

5.0 SUMMARY OF RESULTS

An investigation was conducted to obtain experimental data to aid in the development
of a generalized theoretical method for predicting separation characteristics of stores from
high-speed aircraft. The tests were made at Mach numbers 1.5, 2.0, and 2.5 at parent
and store model angles of attack of zero and 5 deg, and at a nominal Reynolds number
of 4 million per foot. Results of the test are summarized as follows:

1. The 20-deg cone probe Mach number calibration results agree to within
two percent with sharp cone theory.

2. The final residual errors in the flow-field angularity measurements are within
0.2 deg at all free-stream Mach numbers from 1.5 to 2.5.

3. The cone static probe calibration results are in reasonable agreement with
previous Tunnel A calibration data.

4. The store pressure distribution results show good agreement with inviscid
theory.

5. In general, the normal-force and pitching-moment coefficients resulting from

the integrated pressure data on the storebody agreed with results from the
force and moment balance data.

6. Differences between the integrated pressure drag coefficient, Cap, and the
drag coefficient Co from the force tests can be accounted for by a
skinfriction drag increment based on turbulent boundary-layer flow over
the aft one-third of the store.
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Variation of the storebody static stability coefficients with

vertical displacement from the parent body with and without
the pylon at a = 0, M_ = 1.5, Re/ft = 4 x 108.
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Figure 29. Variation of the storebody static stability coefficients with
vertical displacement from the parent body with and without

the pylon at a = 5 deg, M_= 1.5, Re/ft = 4 x 108.
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NOMENCLATURE
Coefficients in Eq. (14) for Mg = f(p/pe)
Forebody axial-force coefficient, Cat - Cap
Base drag coefficient, (p_ - pv)/(a.S)
Integrated pressure drag coefficient
Total (uncorrected) axial-force coefficient, axial force/q _S)

Rolling-moment  coefficient about the storebody axis, rolling
moment/(q_Sd)

Pitching-moment coefficient referenced to the midpoint of the storebody,
pitching moment/(q_Sd)

Slope of the pitching-moment coefficient curve at @ = 0, dCm/da
Normal-force coefficient, normal force/(q_S) |
Slope of the pitching-moment coefficient curve at @ = 0, dCy/da
Coefficients in Eq. (22) for Az = f(¢)
Side-force coefficient, side force/(g_S)

Yawing-moment coefficient referenced to the midpoint of the storebody,
yawing moment/(q_Sd)

Local axial-force coefficient per unit length, in."!
Local pitching-moment coefficient per unit lengtlh, in.-
Local normal-force coefficient per unit length, in."!
Local side-force coefficient per unit length, in.’

Local yawing-moment coefficient per unit length, in."1

Store base diameter, reference length, 0.75 in.

Parameter, V(Ap1, 3/5)° + (Ap2, 4/p)’
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En Coefficient in Eq. (20) for n/p = f(Mg)

K Function, K = 2/(yaM21,2)

L Storebody length, 6.375 in.

M Mach number

p Pressure, psia

P Average cone surface static pressure, psia

Po Pitot pressure, psia

Py, Py Second-order perturbation parameters in Eq. (11) for sharp cone surface

pressure predictions

q, Free-stream dynamic pressure, psia

Re/ft Reynolds number per ft

rb Storebody base radius, 0.375 in.

Tn Local storebody radius at "n" model station, in.

S Storebody base area, reference area, 0.4418 in.2

SLEN Finless storebody

SLEF Finned storebody

To Total (or stilling chamber) temperature, °R

T Static temperature, ‘R

U Resultant velocity component, ft/sec

u, v, w Velocity components in the x, y, z coordinate directions, respectively, ft/sec
X, V, 2 Coordinate system referenced to the parent-body nose, in.
Xq Storebody axial station referenced to the nose, in.

a Angle of attack, deg
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ar Total angle of attack, deg

aQ Local downwash angle, deg

Ap; 3 Pressure differential between taps 1 and 3 of the cone probe, Ap1 3 =
P1 - p3, psia

Apa 4 Pressure differential between taps 2 and 4 of the cone probe, Ap; 4 =
P2 - ps, psia

Ax, Ay, Az Displacement of the moment reference point of the storebody from the
. surface of the pylon, in.

Aap, AYm  Estimated misalignment in pitch and yaw respectively of cone probes, deg
TR
Aa(DPSQ) Flow-field angle correction due to nonlinearity, deg

Aa(p) Flow-field angle correction based on total roll angle sensed by cone probes,
© deg

on Local slope of storebody contour, deg

n Linearity factor for flow-field angle evaluations, i.e.,

;—- = (1/2)d(DPSQ)/dat per deg

Y Specific heat ratio

oQ Local sidewash- angle, deg

[} Roll angle, deg

$n Roll position of the nth pressure tap on cone probes, deg
0 Cone probe half angle, § = 20 deg

¥ Yaw angle, deg

SUBSCRIPTS

' ll,ocal stream property

n nth pressure tap

o Stilling chamber or total stream property
- Free-stream property
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