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ABSTRACT

A model launcher has been developed for use in the continuous flow
wind tunnels, Tunnels A, B, and C {(Mach numbers from 1.3 through 10)
of VKF. Support-free model drag, damping, and pitching-moment rate
data may be obtained throughout the Mach number range. Model base
pressure data, using onboard telemetry, may be obtained at Mach num-
bers up through 8. Repeated model launchings may be made without
interrupting the tunnel flow. A description of the model launcher and
testing procedures are presented with representative drag, damping,
pitching-moment rate, and base pressure data obtained on 10-deg, half-
angle cone models in free flight.
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SECTION |
INTRODUCTION

A developmental program has been conducted at the von Karman
Gas Dynamics Facility (VKF), AEDC, to provide free-flight model
testing capabilities in the VKF continuous flow tunnels. The ohjectives
of this program were to provide an additional means of testing models
in the VKF wind tunnels and to obtain damping, drag, pitching-moment
rate, base pressure, and base heating data from models in free flight.

Data have been obtained from models in free flight at many wind
tunnel facilities. Allen of NACA proposed to gun-launch models at high
speeds upstream through the test section of a supersonic wind tunnel
and obtain hypersonic flow about the test model. This proposal resulted
in the development of the Ames supersonic free-flight wind tunnel as
reported by Seiff in Ref. 1. More recently, free-flight data have been
obtained in shock tunnels {Refs. 2 and 3} and in "hot-shot''-type tunnels
(Ref. 4) using models initially supported by threads which were blown
free during the tunnel starting process. Kinslow and Potter (Ref. 5)
employed a technique which allowed the model to fall into the tunnel flow
and obtained drag data from the model's time history.

Dayman (Ref. 6) showed that models could be successfully suspended
by wires in conventional tunnels and released after the tunnel flow was
established. Dayman went further (Ref. 7) to launch models by means of
a pneumatically operated launcher which propels the test model upstream
into the test section until the model drag overcomes its upstream momen-
tum and the model moves downstream. If the model drag and upstream
velocity are properly balanced, the time for model viewing is essentially
double that for a wire released model. This feature has practical
importance when gathering data by photographic means in order to study
model motion-time histories.

A pneumatically operated model launcher was developed under the
VKF program for use in the 40-in., supersonic tunnel {Gas Dynamic Wind
Tunnel, Supersonic (A)) and the 50-in. hypersonic tunnels {Gas Dynamic
Wind Tunnels, Hypersonic (B) and {C)). The combined operating Mach
numher range of these continuous flow tunnels is from 1,5 through 10,
The launcher provides a means of obtaining model drag and stability data
in Tunnels A, B, and C and telemetered base pressure data in Tunnel A.

During the course of the development, a model drop technique was
developed for use in Tunnels B and C to obtain model base pressure and
base heating measurements by means of telemetry at Mach 6, 8, and 10.
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This technique, which allows repeated testing of one model without
interrupting the tunnel flow, is described in detail in Ref. 8.

SECTION 1I
APPARATUS

2.1 WIND TUNNELS

Tunnels A, B, and C are continuous, closed-circuit, variable
density wind tunnels. Tunnel A (Fig. ta) has a flexible-plate-type
nozzle which is automatically driven to produce Mach numbers from
1.5 to 6. The tunnel has a 40- by 40-in. test section and operates at
maximum stagnation pressures ranging from about 29 tc 200 psia at
M, = 1.5 to B, respectively, and at stagnation temperatures up to
30G°F (M, = 6). Minimum operating pressures are about cne-tenth
of the maximum.

Tunnels B (Fig. 1b) and C (Fig. 1c¢) have contoured axisymmetric
nozzles and 50-in. test sections. Tunnel B operates at Mach 8 at
stagnation pressures ranging from 100 to 800 psia and at stagnation
temperatures up to 900°F and at Mach 6 at stagnation pressures rang-
ing from 20 to 300 psia at stagnation temperatures of 390°F. Tunnel C
operates at Mach 10 with stagnation pressures ranging from 200 tc
2000 psia and at stagnation temperatures up to 1450°F,

2.2 LAUNCHER SYSTEMS

‘The pneumatically operated model launcher and its associated
suppert systems were designed primarily to obtain repeatability in
model launch velocity and toc have the capability of consecutive model
launchings with continuous tunnel operation. The launcher is mounted
on a support which can be injected into the tunnel flow. This injection/
retraction sequence begins and ends in an enclosure which can be iso-
lated from the tunnel flow to either reload models or service the launcher.
Two separate launcher supports were developed, one for use in Tunnel A
and the other for use in Tunnels B and C.

2.2.1 Model Launcher

The pneumatically operated launcher, shown in Fig. 2, is composed
of a water-cooled stainless steel case, an aluminum piston, a stainless
steel piston guide, and a pressure reservoir. The pPressure reservoir,
attached to the launcher case, has a volume which is several orders of
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magnitude greater than the volume of the piston; therefore, changes in
volume caused by movement of the piston are negligible.

In Fig. 3, the launcher charging and firing processes are
diagrammed. The piston is placed firmly against the O-ring, and the
enclosed volume behind the piston is vented to vacuum conditions
(Fig. 3a), which results in a force on the piston directed ta the right,
thus fixing its position. The pressure within the reservoir and launcher
body ig then raised from atmospheric to the desired launch pressure
(Fig. 3h). To fire the launcher, the reservoir tank is vented into the
O-ring enclosed volume (Fig. 3c¢). This equalizes the pressure every-
where within the launcher, causing a constant force on the piston which
results in a launch (Fig. 3d).

2.2.2 Model Launcher Adapter

Model adapters, bolted to the forward portion of the piston (Fig. 2),
are easily interchangeable. The adapters used in this investigation are
shown in Fig. 4.

The pressure model adapter (Fig. 4a) is channeled to connect the
model's pressure poert to the reference pressure tube (Fig. 2). Pres-
sure models are supported by the cylindrical portion of this adapter and
by dowels which are anchored in the launcher body and extend through
the adapter into the model. The cylindrical portion of the adapter also
provides a surface for sealing the model reference pressure cavity.

Channels in the drag and moment model adapters (Figs. 4b and c)
provide a means of reducing the medel internal pressure which aids in
holding the model on the adapter. The adapters are conical frustrums
whose outer surfaces mate with the inner maodel wall.

In order to obtain pitching motion after launch, the moment model
adapter was built with its centerline inclined at a 10-deg angle. The
drag model adapter was built for zero angle-of-attack releases; there-
fore, its axis of symmetry and that of the piston were coincident.

2.2.3 Lauvncher Support Systems

The Tunnel A launcher support system, shown in Fig. 5, is an
injection/ retraction mechanism which is attached to a windew opening
on the cutside wall of the tunnel. It consists of an actuator, a sliding
valve, and a model housing. As shown in Fig. 5, the actuator is a
piston-cylinder device with the interior of the actuator shaft serving as
the launcher pressure reservoir. With the launcher retracted and the
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sliding valve closed, the model housing is isolated from the tunnel flow.
Pressure within this housing can be set at either atmospheric or tunnel
static pressure. The access hatch, located on the housing, can be re-

moved to reload models {Fig. 6). Figure 7 shows the system installed

on Tunnel A. In the boitom right-hand corner of this figure is the con-
trol panel from which the system is operated.

Operation of the actuator is demonstrated in Fig. 8 as viewed from
within Tunnel A. In Fig. 8a, the sliding valve is open with the launcher
still contained in the model housing. Figure 8b shows the actuator fully
extended with the launcher in the flow ready to fire.

Shown in Fig. 9 is the water-cooled launcher support system used
in Tunnels B and C. The launcher support is attached direcily to the
Tunnel B and C injection/retraction systems which are used to inject
the launcher from, and retract it into, a tank located directly below the
tunnel test section (Figs. 1b and c). The tank can be vented to atmos-
pheric pressure and opened to reload models without interrupting the
tunnel flow. Figure 10 shows the launcher system in Tunnel C in its
retracted and injected positions.

2.2.4 Model Catchers

Model catchers are used with both launcher systems, The catchers
are simple boxes framed with stainless steel and covered with wire
cloth. The cloth grid was small enough to prevent models from escaping
the catcher, yet large enough to prevent complete blockage of the flow.

The primary use of the Tunnel A model catcher (Fig. 11) is to re-
cover telemetry packages. A nylon net, placed inside the model catcher,
is used to cushion the impact of medels containing telemetry packages.
These recovered packages, in most cases, could be reused after minor
repair,

The Tunnel B and € model catcher (Figs. 10a and 12} is used pri-
marily to protect downstream tunnel components, Ne gun-launched
free-flight telemetry shots are made in these tunnels because a free-
flight drop technique, as described in Ref. 8, is available, Figure 13
gives the relationships between the positions of the launcher, the model
catchers, and the upstream limits of the viewing area for the systems.

2.3 MODELS

The models used in this investigation were sharp, 10-deg, half-
angle cones designed and built at VKF. Free-flight testing requires
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models specifically tailored to perform certain desired motions in order
to maximize data quality. For this reason three separate model de-
signs were used to obtain medel drag, moment, and base pressure data.
As a result of the small structural loads occurring from low launch and
flight accelerations (10 to 100 g), models could be constructed simply
and with great latitude in weight and center-of-gravity variations.

Materials used to form the aerodynamic contour of the models were
different for the supersonic and hypersonic tests. Magnesium and
Grade A Lava® were used for the hypersonic tests, and Lexan® {a poly-
carbonate plastic) was used for the supersonic tests. The Lava models
were used primarily to check the placement of the model catcher. They
disintegrated upon impact and reduced the possibility of damage to down-
siream tunnel components,

2.3.1 Drag Models

Drag model design is governed by the equation of horizontal transla-
tory motion

where it is assumed that v = V.. From this equation it is evident that for
a fixed model size the model mass is the only model parameter that can
be varied. The accuracy of drag measurements is maximized at a given
tunnel condition by obtaining the largest model acceleration (ax ) com-
patible with high speed photographic capabilities.

The drag model designs used in the supersonic and hypersonic in-
vestigations are given in Fig. 14. Both model types were formed of a
thin-walled, open afterbody and a solid nose section. The desired mass
and stability margin were obtained by varying the nose section length.
Using this method, stability margins ranging from 0. 02 to 0.22 bedy
lengths could be obtained with model weights ranging from 0. 062 to
0.12 1b,

2.3.2 Moement Models

When designing models to measure the damping-moment and pitching-
moment slope, it is desirable to minimize the logarithmic decrement and to
maximize both the number of cycles of motion and the time of flight for a
given flight distance. Using simplified forms of the equations of motion
(assume ¢ = @ and thatV = V_) yields the following relations:

AV Cmg + Cm“)l(lm (Ad )U

v
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From these relations it is seen that for a given size model, these
cbjectives are achieved by maximizing the mass and minimizing the
moment of inertia. Model size should also be considered; however, it
is usually governed by other requirements.

...
!

Moment model design for these investigations is given in Fig. 13.
The m/l parameter of these models was maximized by using a light
material to form a thin-walled aerodynamic contour and by using a
heavy material concentrated at the center of gravity. The model core
was threaded so that the model center of gravity could be easily posi-
tioned at the desired location.

2.3.3 Bose Pressure Madels

The base pressure models used in this investigation (Fig. 16) were
constructed similar to the supersonic drag models with the addition
of a base plate on which the telemetry package is mounted. The length
of the metal model nose was limited by the physical dimensions of the
telemetry package. This restriction on nose length, combined with the
large weight of the telemetry package acting behind the desired model
center of gravity, limited the maximum static margin to about 0. 08 body
lengths,

2.4 TELEMETRY INSTRUMENTATION

2.4.1 Receiving and Recording Equipmeat

A high frequency, FM receiver, tunable from 55 to 260 mc and
having a nominal discriminator bandwidth of +600 kc, was used through-
out these tests, The discriminator was modified to provide a d-c output
voltage which was proportional to frequency deviation produced by a
differential pressure application and was recorded on an oscillograph.
Another receiver output, which was a function of the strength of the re-
ceived RF signal, was also recorded. This gave a continuous record of
telemeter signal strength throughout a data run, so that any erroneous
data resulting from low signal sirength might be recognized. Stub
antennas, approximately one-quarter wavelength long and located on the



AEDC-TR-66-112

tunnel windows, provided satisfactory signal pickup. Two antennas
were used, one near the model injection system and one near the free-
flight zone. These antennas were paralleled directly into the receiver
and no pre-amplification was required.

2.4.2 Telemeters
2.4.2.1 Circuitry

The telemeters used in these tests were Clapp-type oscillators
(Ref. 9) operating in the 160- to 180 mc freguency range. Variable
capacitance-type pressure transducers provided direct frequency modu-
lation as a function of differential pressure across the transducer
(Fig. 17). This Clapp configuration was chosen because the Colpitts-
type telemeters previously used (Refs. 8 and 10) required shielding to
prevent extraneous frequency shifts caused by proximity effects,
whereas the Clapp type did not. Current drain was nominally 1 ma
from the 5. 4-v source.

Telemeter sensitivities to differential pressures applied to the
transducers were adjusted to nominally 60 ke/0. 01 psid by the addition
of a 10-pf padder capacitor across the transducer (Fig. 17). This
sensitivity setting provided a differential pressure range coverage of
nominally +0. 05 psid. The maximum sensitivity available from this
telemeter (no padder capacitor) is nominally 60 kc/0. 003 psid.

2.4.2.2 Transducers

A sketch of the variable-capacitance differential pressure trans-
ducer is shown in Fig. 18. Quiescent capacitance of this transducer
is nominally 10 pf. A capacitance change of nominally 0.6 pf results
from the application of 0.1 psid. The transducer diaphragm is pre-
stressed over the support diameter of the case and affixed by a series
of overlapping spot welds to form a pressure-tight seal. Response time
of this transducer to a pressure step of 0.1 psia applied to the pressure
port is less than 2 msec. A pressure-lag system incorporated in the
reference pressure side of the transducer maintains reference pres-
sure at an essentially constant value during the free-flight period. The -
application of a 0. 1-psia step to the reference pressure port results in
a reference pressure change at the diaphragm of 1 percent cr less in
200 msec. During the free-flight tests, the pressure measurement and
reference ports of the transducer were both connected to the same model
base pressure orifice,
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2,4,2.3 Construction Techniques

Telemeter packages, cast in lightweight (specific gravity = 0. 85)
epoxy resin for shock and thermal isolation, were secured to the model
base plate. Additional thermal isolation was provided by an air space
between telemeter package and model wall. Pressure routing systems
were required in the telemeter package to connect both transducer
ports to0 a common base pressure orifice, as described previously.
However, independent access to the transducer ports was required for
static calibrations. The method used to allow static calibrations is
outlined in Fig. 19, which shows the pressure routing systems con-
tained within the telemeter. Calibrations were performed before the
base plate was permanently secured. The plastic and steel tubing in-
serted into the pressure passage formed a satisfactory pressure seal
for isolation between transducer ports during calibration. It was
assumed that relatively large diameter pressure routing channels did
not contribute to the pressure lag of the system. This was based on a
measured lag (fransducer only) of about 10 msec through 4 in. of
0.032-1ID tubing with 2 0. 1-psia pressure step applied.

Figure 20 shows telemeter packages during various stages of con-
struction. The molded epoxy resin cylinder containing the pressure
routing systems was modified to accept the transducer. After sealing
the transducer in place, the circuitry was constructed on top of the
transducer, after which the final molding was performed.

SECTION 1Nl
PROCEDURE

2.1 PRELIMINARY TESTS
3.1.1 Launcher Calibration

The launcher was calibrated prior to the tunnel tests to determine
the relationship between reservoir pressure and launch velocity for
given masses. Only the lower third of the launcher's capability was
calibrated, since this range more than adequately covered all of the
necessary test conditions.

The calibration procedure consisted of launching spheres of a known
mass through two parallel light beams located a known distance apart.
A digital counter, used in conjunction with two photocells, recorded the
elapsed time between interruptions of the light beams. The results of the
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calibrations are shown in Fig. 21. Over the range of variables cali-
brated, the launcher proved to be repeatable to within about 1 ft/sec.

3.1.2 Model Parameter Measurements

Prior to the tunnel tests, all model parameters necessary for data
reduction and for determining launch conditions were measured. The
longitudinal center-of-gravity positicn and lateral mass moment of
inertia were determined only for the moment models.

All model dimensions were determined to within 0.001 in. The
model mass was determined to 0. 0001 gm using a precision analytical
balance. Measurements of model center-of-gravity position and moment
of inertia were made using a beam-balance device and a torsional
pendulum device, respectively. By using these systems, the center of
gravity of a precisely constructed model can be determined to within
£0. 002 in., and the moment of inertia can be determined to within
10, 20 percent.

3.1.3 Telemeter Calibrations

The entire pressure telemeter package was placed in a bell jar and
maintained at some arbitrary reference pressure near 1 psia during
static calibrations. Spot checks at reference pressures hetween 0. 002
and 4 psia were made to verify that no calibration sensitivity changes
arose from changes in ambient pressure level. Differential pressures
applied to the telemeters were verified with a precisicon micromanometer
having a nominal resolution of +0, 000067 psid.

The pressure telemeters used in these tests reqguired calibration with
both increasing and decreasing pressure differentials. A sweep pres-
sure technique was devised to perform these calibraticns. A sketch of
this calibration system is shown in Fig. 22. The desired reference pres-
sure was established in both bell jars, with no differential pressure he-
tween jars. The pressure in the bell jar common to the transducer
reference port {lag system) was then increased until telemeter frequency
deviation (and resulting galvanometer deflection) was approximately
{minus) full scale. After the transducer's lag system had equalized, the
bleed valve to the nonreference bell jar (common to the transducer’s
pressure port) was opened. As a result, the differential pressure
applied to the telemeter would sweep from {(minus) full scale, through
zero, to (plus) full scale, resulting in a complete, continuous calibration
plot. Two wafer gages {Ref. 11), whose calibrations were established
using the micromanometer, allowed the differential pressure applied to
the telemeter at any instant to be determined. A sample sweep calibra-
tion trace for one of these telemeters is shown in Fig. 23. Sweep and
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point-by-point calibration techniques were found to yield identical
results; however, calibration times were reduced by as much as
75 percent using the sweep method.

Pre-test telemeter calibration repeatabilities within 2 percent of
reading were typical. Post-test calibration checks generally were not
performed because the battery pack was usually broken off at a weak
point in the package structure (see I'ig. 20). However, the installation
of new batteries showed calibrations generally to be within 5 percent of
pre-test values.

3.2 TUNNEL TESTING
3.2.1 Dreg and Moment Measurements

Model drag, damping, and pitching-moment rate measurements
are obtained by analyzing the model motion-time histories. These
histories are obtained by photographic means. Models which are
launched at zero angle of attack may be photographed using a multiex-
posure technique which produces several model exposures on a single
8- by 10-in. photegraphic plate. The prime advantage of this technique
is that one photograph may be used to obtain the model's trajectory.
One disadvantage in using the technique is that nonparallel light produces
parallax; however, the amount to be expected may be easily measured.
Prior to each tunnel run, several photographic plates are exposed to a
series of white grid lines on a black background which are leccated on the
tunnel centerline. These pre-exposed plates are then used to photograph
the model's flight (Fig. 24).

Models which are launched at an initial angle of attack to obtain
damping data may be photographed using this technique; however, con-
siderable overlapping cf the model images oceurs, and the resolution in
measuring angle of attack is greatly decreased. An example of this is
shown in Fig. 24h. All data on oscillating models were obtained by using
a high speed {4000-frames/sec) 16-mm motion-picture camera.

3.2.1.1 Drag Data Reduction

The translational equation of motion developed in Appendix I for a
model decelerating in free flight is given as

Forms of this equation from which the drag coefficient may be extracted
using information obtained in the free-flight tests are given with respect

10
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to the tunnel fixed coordinate system ard media fixed coordinate system,
respectively, as

C = ‘____2ITI_ ay

Dg PNAV; Xr
and F

C o =2m _Jd_ s (1 n XT)

De P OXL ]:n oa
where

Xp = Vot + Xt
and

Vi = Vo + Vi,

Drag data were reducea using both of the above relations, and the agree-
ment was excellent.

The X versus t curve (Fig. 25} obtained from the photographs was
differentiated to obtain X and Vy as a function of time. These relation-
T

ships were substituted into the preceding equations to obtain the drag
coefficient as a function of timne or distance. FEffective angles of attack
were obtained for these drag coefficients by the relation

3=3 o -az%‘fz

4 Inlay ra,|
3.2.1.2 Pitching-Moment Data Reduction
Neglecting the effects of gravity and assuming Cn, = €y, = 0, the
equation of planar free-flight angular motion is given in Appendix I as
a”+ D a”+D,a=0
The dimensionless damping-in-pitch derivative coefficients and
pitching-moment slope coefficient were obtained from each model

flight using the amplitude-distance history (Fig. 26) and the following
relations.

1

— X
a = age 2 Feos (QXp + v)

where 0 - VD,
D, = ~20 In B/2r Cy,

2 1-2D,m
Cing = Cmy = 2(%) [_pjk - 2Cp + Cwa]

11
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Cma = -_2md %292
P, AN

Damping-moment coefficients were evaluated using Cy, values obtained
from conical flow theory.

To check results obtained by this method, data were also reduced
using time as the independent variable by assuming that V = v_, This
constant velocity assumption was valid for these tests since Vr was
about 1 percent of V.

The previous relationships may then be written as

a = ape cos {WE + ¥)

where

;

O
1l

-2« {n R/2# CYB

o\ —2C,m
Cmg + Cug = 2(%) [P—;—A— Cp + (:Nﬂ]

[-~I. -]

—2md o T,

o ) -
Pou Vi A

The mean amplitude of oscillation for the data interval (AXp = 27 Cyp/Q
or At = 2rCy,/w) over which these coefficients were obtained was
evaluated by the following:

1
z? 2 2
n_= iy
am =

2 n I an /g

3.2.2 Base Pressure Measurements

The procedure used for obtaining the model base pressure data was
to install the model on the launcher and regulate the transducer reference
pressure until the desired level was reached. Normally, this reference
pressure was set at a value corresponding to the expected model base
pressure, thus minimizing the Ap change. Once the reference pressure
had stabilized, the Ap =06 condition for the telemeter-transducer was
established. The model was then injected into the tunnel, and after the
receiver tuning was checked, the launch was initiated.

The output of the telemeter was recorded on an oscillograph, and the
model reference pressure was recorded with tunnel transducer instru-
mentation. A high speed camera was used in conjunction with the tunnel

12
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schlieren system to record the model attitude during the time of the
base pressure data acquisition, The measured Ap, when added
algebraically to the model reference pressure, yields the model base
pressure.

During the tests in Tunnel A, the model was attached to the
launcher in a manner which provided an O-ring seal from the reference
pressure line to the base of the model. In addition, the model was held
in place by two dowel pins as described in Section 2, 2.2. During the
release of the model at the end of the piston stroke, the O-ring was
forced to slide free of the model adapter, thus inducing the possibility
of the model separating at an angle of attack other than zerc. Some of
the runs showed the model to be oscillating at small angles of attack
(a< 2 deg). Base pressure data from the same runs indicated the model
base pressure tc be oscillating alsc.

Tests performed on the pressure telemeters used for data acquisi-
‘ion indicated that acceleration effects may be ignored in the data pre-
sented herein. Tests conducted both with the transducer at atmospheric
pressure and at 0.1 torr showed that no significant difference in
acceleration effects occurred as a function of absolute pressure. The
results indicated that accelerations perpendicular to the dizphragm pro-
duce an output corresponding to a pressure reading of nominally
0. 0002 psid/g, whereas accelerations parallel to the diaphragm contrib-
ute an output corresponding to about 0. 00004 psid/g. Transducer
diaphragms were oriented in the models parallel to the launch accelera-
tion vector. TFor this corientation, acceleration effects correspond to a
maximum readout error of about 0, 00025 psid for the maximum axial
deceleration during free flight or a maximum of about 0. 0003 psid for a
t6-deg model oscillation at 12 ¢ps.

Telemeter operating frequency and output sensitivity (kc/psid) are
both functions of temperature. Operating frequency varies with tem-
perature at a rate of about 25 ke/°F {0. 0015 percent/°F of absolute
frequency or about 4 percent/°F of data bandwidth), whereas sensitivity
changes are about 0.2 percent/°F (Ref. 10). A series of models was
exposed to the tunnel flow prior to launching for several minutes, and
no telemeter center frequency drifts were observed, Errors from this
source were considered negligible during the normal launch cycle.

SECTION IV
RESULTS AND DISCUSSION

The models used in the present tests to obtain free-flight drag,
damping, pitching-moment rate, and base pressure data were all sharp,

13
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10-deg, half-angle cones having a base diameter of 2 in. These data
were obtained in both Tunnels A and C; however, no base pressure
tests were attempted in Tunnel C using the model launcher, since
these data may be obtained in the manner described in Ref. 8.

4.1 MODEL DRAG MEASUREMENTS

Drag data obtained during the tests in Tunnels A and C are shown
in Fig. 27 as the effective drag coefficient (Cpy) versus the mean
square angle of attack (8°). These data show the expected trend of in-
creasing drag with model angle of attack. The Mach 4 data show a
more rapid rise with angle of attack than is expected; however, these
data were obtained at a Reynolds number where model base drag is
changing with angle of attack.

Zero angle-of-attack drag data are shown in Fig. 28 as a function
of Mach number and are compared with data cbtained from Ref. 12.
As may be seen, the data agree well with the inviscid pressure drag
plus base drag at M_ = 4; however at M, = 10 the agreement is not good
since a viscous drag is present. Figure 29 shows free-flight drag data
obtained at M,, = 10 as a function of Reynolds number. The inviscid
pressure drag is about 65 percent of the total drag, and the base drag is
about 7 percent of the total. The remaining portion of the total drag is
attributable to viscous effects.

Figure 30 shows the viscous drag coefficient (ACp) as a function of
the hypersonic viscous parameter (v.) (proposed by Whitfield and
Griffith in Ref. 13). The present data and previous Tunnel C results
(Ref. 14) and data from Ref. 15 are compared with predictions of viscous
drag based on conical shock theory (Ref. 16} as outlined in Ref. 14. The
agreement of the present data with theory and the referenced data is good.

4.2 MODEL MOMENT MEASUREMENTS

Model damping and pitching-moment rate data are shown in Fig. 31
for Mach 4 and 10 as the effective damping-in-pitch derivatives and the
effective pitching-moment curve slope versus the mean angle of attack,
The Mach 4 damping data (Fig. 3la) are compared with data obtained by
Uselton in Ref. 17 with a sting-mounted model and show good agreement,
Both sets of experimental data are in good agreement with Brong's flow
field theory (Ref. 18) but are somewhat higher than Tobak's potential
flow theory (Ref. 19). The Mach 4 pitching-moment data obtained during
the tests increase with angle of attack. This increase is unexplained at

14
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this time. The lower amplitude data agree well with conical flow theory
and with Uselton's results.

The Mach 10 data (Fig. 31b) show excellent agreement with data
from Ref. 20, obtained with a sting-mounted model, and with both flow
field theory (damping data) and conical flow theory (pitching-moment
data},

4.3 MODEL BASE PRESSURE MEASUREMENTS

Model base pressure data were obtained using telemetry from
models in free flight in Tunnel A at Mach 4. Sketches from typical
runs representing the variation of an increment of model base pres-
sure {Ap} with time are shown in Fig. 32. Shown is a sketch of model
base Ap having only a slight oscillation and one which shows a rather
large Ap oscillation. The data were obtained at Re, = 2 x 106 and are
compared in Fig. 33 with data from a sting-supported model tested in
Tunnel A. All of the free-flight data obtained at this Reynolds number
have Ap oscillation amplitudes which range between those shown in
Fig, 32. The data points shown in Fig. 33 represent the maximum
Pp/P- Obtained during the run and correspend to == 0, and the bar ex-
tending below the points represents the range of the pressure varlatlon
caused by angles other than zero.

The model oscillation amplitudes were less than 2 deg, and the
frequency was twice that of the Ap oscillation. This is to be expected,
since the base pressure variation with angle of atteck {small angles)
would peak at zero angle of attack and would be 2 minimum at the
greatest angle of attack, The results in Fig. 33 show that the free-
flight data obtained at a Reynolds number (Re;, = 2 x 106) correspond to
the case where the near wake is trangitional. When transition is located
in the near wake at « = 0, it will move toward the base on the leeward
side as the model is pitched, This will cause the model base pres-
gsure to decrease. Figure 34 shows the variation of Py /P with angle of
attack for a sting-supported, 10-deg, half-angle cone at ‘.1 = 4, These
data were obtained at a Reynolds number (Re, = 2.62 x 106 ) where
transition is very near but downstream of the model base at « = 0.

SECTION ¥
CONCLUDING REMARKS

A means of obtaining free-flight data in the VKF continuous flow
tunnels has been developed. Model drag, damping, and pitching-
moment rate data may be measured at Mach numbers ranging from
1.5 through 10. Model base pressure data may be measured at Mach

15
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numbers ranging from 1.5 through 8. Repeated model launching may
be made without interrupting tunnel cperation. Data obtained during
the system evaluation show good repeatability in the measurements
and good agreement with theoretical predictions.
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a. MNonoscillating Model

b. Oscillating Model

Fig. 24 Multi-Exposure Photographs
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APPENDIX |
DERIVATIONS OF THE EQUATIONS OF MOTION

COORDINATE SYSTEMS

The equations of motion are developed using the axes systems
shown in Fig. (I-1}). Model position and orientation are determined
relative to a media fixed coordinate system (Xg, Yr, Zr) in a manner
analogous to that of a ballistic range. The Xy, Y1, Z7 are the tunnel
coordinates (inertial reference) and are fixed in space at t = 0. The
Xn» Yir Zm system has its origin fixed at the model center of mass
and, like the mediza fixed system, rerains parallel to the tunnel fixed
system. The body axes (X, Y, 7Z) are fixed in the model with their
origin at the center of mass. The angular orientation of this system
relative to the Xup, Ym, Zn system and inertial space is given hy the
Buler angles , 0, snd 6. The origins of ali four systems cccupy the
same point in space at t = 0.

Shown in Fig. (I-1) are the coordinate systems att > 0. The
horizontal distance Xy from the model center of gravity to the
Xr, YF, Zr system is defined as follows:

Xp = Vot + X7

Taking derivatives with respect to iime yields expressions for
velocity and acceleration referenced to the moving gas media

Vip = Ve + Vxg

a8y = 8Xq

Note that the horizontal acceleration is equal in value for both the
inertial and media fixed systems.

EQUATIONS OF MOTION

As is customary in the treatment of the motion of a rigid body, the
equations of motion will be developed relative to the body fixed axes.
The equations of motion derived from basic vector considerations are:

¥ _SF
dt
4F _ 3y
dr
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These equations are taken with respect to space fixed axes; there-
fore, it is necessary to transform them to account for the rotation of
the body axes. This is done by using the well-known transformation for
the rate of change of any vector from fixed to rotating axes as follows:

4% &G x M= 3F
dt

dH +£}xﬁ=EM
dt

The above equations may be written in the following scalar forms:

m{ + gw - rv) = (EF)y

m{v + ru - pw) = {ZF)y
m (% + pv ~ uq) = (SF)g {1-1)
Iyp + (I, - Iylrq - Lo, (0 + qp) + Ixy 0p = @ + Iyz (¢* ~ q9 = (EM)y
Iyd + (y ~ 1) pr = Igy G = m) + Iyz (pg— £) + Iz (pi= *) = (EM)y
[zt + Uy ~ Ixyap =~ Iyz (@ + pr} + [xz(gr — P + Ixy (¢* - p?) = (EM}g

Roll, pitch, and yaw rates in the general case may be obtajned from
Fig. (I-1) as follows:

(;;ﬁl,‘;sin &
écos B+ lj; cos @ sin ¢ (I-2)

-
]

o
fl

&cosﬂcos:;sﬂésinqs

...
1]

To begin the development of the equations of motion for a model
oscillating in planar motion, it will be assumed that;

1. Model motion is confined to the XtZt plane
v=p=r=y=¢=0),

2. Only first order linear aerodynamics exists,
3. The motion is described by ¢, ¢, and ¢, and

4. Model motion is limited to small angular excursions
{a, & << 1),
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Assumption 1 reduces Egs. (I-1) and (I-2) to

m{t + qw} = {ZF)x (1-3}
m{w — ug}) = {ZF)z (I-4)
Iyg = My (I-5)

q=0 (1-6)

The aerodynamic forces and moments can be written using assump-
tions 2 and 3 as follows:

*2
‘.'ACA

v:A d .d!
—-FZ=FN=P°¢2 Cho+CNaﬂ+C‘J (2-—17—)+CN& (H;E‘-I—,—)i

d 2d
Pre O3 5’ “*C“‘q(g'f)+ C"‘&(%)%

Using Eqs. (I-3) through (I-6), assumption 4 {(# and « < 1) and the
above relations along with Fig. I-2, we can write

ViA

Uz o—-p o Ca (1-7)
W ‘C C C

- ug = _p_ 2m -j Ng + bNg @ + Ung 2‘ +E (I-8)

m r2 )
6 =p,_ \'gi"ld %Cmo + Cmg a + Cmq(g—‘dv,) - Cm& (;—dv)% {I-9)

In addition an equation involving drag may be written as:
Vs ~-p Y Cp (I-10)
o0 2]“

The small angle assumption may be used to show the following:

U=y {1-11)
w = aV (I-12)
and a= Vv (I-13)
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As shown by Eq. (I-13), Egs. (I-7) and (I~10) are interchangeable
For this development, it is preferred that Egq. (I-10) be used since
drag is obtained directly from the free-flight tests. The equations of
motion for a vehicle oscillating in free-flight planar motion are then
Eqs. (I-8, -9, and -10}.

Equation of Oscillatory Angular Motion

Differentiating Eq. {I-12) with respect to time yields

w=aV + aV

Substituting this relation along with Eqs. (I-8, -10, and -11) intc
Eq. (I-8) we obtain

, ) . va
(1 ~ P ;il CNq)ﬁ = (1 +.ﬂm£;]d—CN&)“ - Pmlg%(cﬂ‘ CNa)“ T Pwﬁcl“o - eV

Since p.Ad/dm =107, we may reduce this expression to

6 =i p AL (Co - Cng)a - o, AY Cy, - &V (1-14)

Taking a derivative with respect to time and substituting Eq. {I-10),
we obtain

6 =4 - Peo A_:(CD - CNa)a +(p°° %):(CD - CNC‘)CDQ

AV A
- al - = C
(pm 2m) Cy,Cp — o, o DB

Substituting the abeve equation and Eq. (I-14) into Eq. (I-9) gives
the. differential equation for planar oscillatory motion of a body in free
flight

@ +C,a+ Co =C; + C, (1-15)

2
C, - —p, % [31) - Cyp + £ (i—) (C'mq + Cm&)}
12 2
= o 23 (2 o o 22 CofCo - )

Ad 4V
Poo r (—G) Can, (Cn - CNQ)]

where
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Neglecting products of #,A/2m, C, and C, reduce to

F 2
C, = —p ﬂ(_d,) Cm,

e omd \ &

C, - AVE (a4 VW
T P 2md (a_) Cm”

Equation {I-15) has variable coefficients attributable to the presence

of v and cannot be solved easily. These variable coefficients are

eliminated by changing the independent variable from time to distance

according to the transformations

i de dXp gyl L gV
3KF dg
T G VIR Va4 .
a = 3 + — 'V~ P, CD 2]
9XF \di/ gx, 4 2

where it is assumed that Vg~ V.

Substituting these transformations into Eq. {I-15) we get

¢+ D,a”+ Dya =D, + D,

- A . 1 7dy ;
D, TP E[ECD CNa + 3 (;) (Cmq - Cma>:l

where

=
12
li
™
S
JJ.
e
|:L.
e
-
[ep]
=
=)

=

il

]

)

r2 |
3“‘“
—
I‘-Q"'-
———
CJ|n.
~.
]
3

|

i

]
L2
|~

(I-16)
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Assuming that D, remains approximately constant, a solutien to
Eq. (I-16) for €, < 0is given as

z
. [c /2 — (g c] —(D,/2) X .
a - — ° . " (d) o BE g, e cos (QXF + ) (I-17)
mg Cma \

where

o - VD,

is the angular distance frequency in radians/ft.

The first and second terms in Eq. {I-17) are the trim angle of
attack and gravity induced angle of attack, respectively. In most cases
of interest, the second term is negligible, and if we consider only
models which have Cy, = Cy, = 0. then Eq. (I-16) reduces to

a”+D1a'+ Da =0
and Eq. (I-17) becomes

=D, /2 XF (I-IS)
a = a@gt cos (Xp + 9)

Using an exponentially damped oscillation (Fig. 1-3) as predicted
by the above equation, we can obtain expressions for the damping-in-
pitch coefficients and the pitching-moment slope coefficient as follows:

Dl - 20in R/2x CYR
where

s
|

= anfao and CYH = QAXF/QH’

2| -2mD
[fa
Cmg + Cmg = 2(d_) [prl -2Cp + CNa]
o — 2md oV qp
Cma Poctt d)

EQUATIONS OF TRANSLATIONAL MOTION

Drag Deceleration

The differential equation defining the deceleration of a model in
free flight was given previously as Eq. (I-10). TUsing the small angle

*A similar result is obtained in Ref. 21.
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assumption and acceleration relative to the tunnel fixed coordinate
system, we obtain the drag coefficient from this equation as follows:

2m
2
pmV]{FA

8y

Cph =

An alternate form of Eq. (I-10) referenced to the media fixed coor-
dinate system is obtained by transforming the independent variable from
time to distance according to the transformation

‘,ai(dxl:-) = ., VA
"*axFT Poo g™ D

By assuming that V = VXF the drag coefficient is given as

CD = —2m d (in. VXF)
PoA  OXp C

where C is an arbitrary constant velocity. Let C - Vv and recalling that

VKF =V_+ VX then
- L
Cp = 2m 5_ k|1 + Xr
PLA dXp V'Q‘°

EFFECTIVE AND MEAN OSCILLATION AMPLITUDE

Free-flight data are extracted from the damped oscillatory amplitude-
distance history over certain distance intervals (AXF) as shown in
Fig. (I-3). These data, therefore, represent effective values for the
range of angle of attack encountered in this interval. For purposes of data
correlation and presentation it is desirable to define both the effective
angle of attack and the mean envelope amplitude for the data interval.

The elfective angle of attack is defined to be the root-mean-square
angle for the oscillation as follows:

Xp ?‘é
8 = xi.fa%lxpg

Fop

The limits 0 to Xr were chosen to represent the data interval in order to
simplify the final form of & {see Ref. 12). These limits do not restrict
the use of this relation since distance is relative.
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A general form of the effective angle of attack (8) for an exponen-
tially damped planar oscillation is obtained by substituting Eq. (I-18)
into the above relation and integrating as follows:

2 f"F -D,XF S
a

= e cos® (QXp + yv}dX
Xr o, r + ¥ Xy

o
i

-D xF- xF\‘yz
&= ,_’- cos® (QXp + y) -2 sin 209XF + 'J-’)l_—z-
a D, g
9

4[(01/2}’ + ﬂ*]x
This result is greatly simplified by assuming that |2l >> [D,|, which
is an accurate assumption for the cases of interest. The above result,
therefore, becomes

-D,XF f,;

5§ o=@ e
2D, X

From Fig. (I-3), we can sece that for the interval ){p to XF {0 to Xy)
the damping factor is given as

D, =-21t lanfas| /XF

Substituting this relation into the previous one yields the desired general
form for & over a given distance interval AXp

5 _ )~ alk (1-19)
41n |an/ao|

The mean amplitude of the same distance interval is given as

e - L:i;a_}’;

2 In Ian/aol

o8
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