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ABSTRACT

The von Kdrmin Gas Dynamics Facility (VKF) 1000-ft Hy-
pervelocity Range facility at the Arnold Engineering Develop-
ment Center is described, and its current operating capabili-
ties are presented, A brief sampling of test results ob-
tained during early operation of the range is presented as
well. Among these are: (1) results of sphere drag measure-
ments over the Reynolds number range 3 = Reg = 106; (2) re-
sults of the measurements of flow transition locations and
wake velocities behind spheres, as obtained through the use
of a 35-GHz Doppler radar system; (3) results of measurements
of electron densities in the wakes of spheres, as obtained
using r-f cavity and microwave techniques; (4) results of
the measurement of radiation from the shock caps of spheres;
and (5) results of the effect of unit Reynolds number on the
location of flow transition in the wakes of cones, as meas-
ured using a high sensitivity schlieren system. In each case,
the data results presented are correlated with measurements
made at other establishments or with data based on available
theory. The correlations are shown to be generally reason-
able. An appendix describes the VKF 100-~-ft Hypervelocity
Range K, which served as a pilot facility during the develop-
mei:t of the 1000-ft range and which continues in service.
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SECTION |
INTRODUCTION

The Aerophysics Branch of the von Kirmin Gas Dynamics
Facility (VKF) operates an array of aerophysical laboratory
testing facilities which includes two hypervelocity impact
ranges, a low-density wind tunnel, and two evacuable hyper-
velocity ranges having test chamber iengths of 100 and 1000 ft.
The p imary purpose of this report is to describe the capabil-
ities of the VKF 1000-ft Hypervelocity Range G and to present
a sampling of test results obiained during its early opera-
tion. However, brief mention of the other test units is in
order.

The VKF Tunnel L is a continuous-type, arc-heated, low-
density wind tunnel which offers a unique capability for gas
dynamic studies at simulated altitudes between 50 and 60 miles,
Axisymmetric nozzles are used having throat diameters of 0.1
to 1.2 in, and exits of 2.0 to 8.2 in. (Three, contoured noz-
zles are available, and their use results in the absence of
flow gradients in the test section.) The tunnel operates at
Mach numbers between 4 and 16 and at Reynolds numbers between
300 and 3500 per in.

The Hypervelocity Impact Ranges S-) and S-2 are used pri-
marily in evaluations of the structural and radiation observ-
able effects which occur as a result of collisions between
projectiles aud simulated spacecraft or warhead structures.
They are outfitted with two-stage, light-gas guns of 0,5-in,
bore which are capable of launching 0.7-gm projectiles at
velocities as great as 32,000 ft/sec.

The 100-ft Hypervelocity Range K served initially as a
pilot faciiity for the later 1000-ft range and now engages
in other test work. A complete description of the 100-ft
range appears as the Appendix to this report.

SECTION i
1000-FT HYPERVELOCITY RANGE DESCRIPTION

The VKF 1000-ft Hypervelocity Range G, a free-flight
test unit, appears in Fig. 1. The range is equipped with a
test model launcher of 2.5-in. bore diameter. This launcher,
shown in Fig. 2, is a two-stage, powder-hydrogen gun approxi-
mately 100 ft long. The range is a 1000-ft-long, 10-ft-ciam,
black steel tube which is wholly contained within an under-
ground service tunnel 20 ft wide and 14 ft high. A blast
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chamber which absorbs the expanding muzzle gases makes up the
initial 85 ft of the range, and it is i: this chamber that
the test model is separated from the sabot which adapts it to
the bore of the launcher. A guillotine valve, having a clos-
ing time of approximately 10 msec, separates the blast chamber
from the remainder of the range. Major dimensions of both
the range and the launcher appear in Table I, where numbers
and locations of stations at which the more routine measure-
ments are made are also found. A three-stage system of me-
chanical vacuum pumps provides the air pressure desired with-
in the range, Pressure can be adjusted to any value between
atmospheric and 20-u Hg. The pumpdown time required to pro-
duce a range pressure level of 15-mm Hg is approximately one
hour; to the 20-p Hg level, it is approximately 2-3/4 hr.
Range temperature is regulated at a level of 759F, *1OF. The
range can be operated at a test rate of one to two shots per
8-hr day, depending upon the complexity of the test program,

SECTION Ill
LAUNCHER PERFORMANCE

Table II indicates typical limits of performance for the
2,5~in,-diam launcher wh'ich were current in September 1966,
Other model configurations than those indicated can be launched.
Launcher } erformance is the subject of a continuing evaluation
and development program in the VKF, Reference 1 describes
work directed toward optimizing the performance of two-stage,
light-gas launchers and presents typical results. Reference
2 reports methods of microwave reflectometry applied in the
empirical evaluation of launcher performance.

It must be recognized that over a large portion of the
velocity-pressure capability of the range, and for many model
shapes, ablation of many model materials can be expected to
commence during flight. Figure 3 presents the results of
computations which indicate the nature and extent of the abla-
tion problem for a number of typical cases.

SECTION 1V
RANGE INSTRUMZNTATION

A diagram showing data flow and readout equipment for
the more routine measurements in the 1000-ft Hypervelocity
Range G appears as Fig. 4,
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4.1 PRESSURE

Pressures are monitored continuously at three gaging
stations along the length of the range, Precision, variable-
capacitiance transducers with remote potentiometer readout
are used. Measurement errors using this system, over the
span from satmospheric pressure to l-mm Hg, do not exceed
1 percent of reading; 2~-percent error limits are judged to
apply from l-mm to 40-u Hg, based on comparisons with separate
means of measurement which serve as secondary standards at
pressures above l-mm Hg. Ionization and McLeod gages are
used at pressures below 40~y Hg. The measurement system ref-
erence vacuum is maintained at less than 0.01-p Hg and is
monitored with an ionization gage.

4.2 TEMPERATURES

Range temperatures are monitored continuously at three
gaging stations, Copper-constantan thermocouples are used
in making the temperature measurements, and a multipoint,
strip-chart servo-potentiometer provides their readout. Over-
all error limits are *1,0°F. Dew-point temperatures over the
span -509F to +100°F are also measured at three stations.
Transducers which take advantage of the unique hygroscopic-
conductivity properties of lithium chloride are used. Readout
is remote, and errors in the dew-point measurements do not
exceed *1,.5°F limits,

4.3 SHADOWGRAPHS

Forty-three, dual-axis, spark shadowgraphs (Ref. 3), as
shown in Fig. 5, are situated at 20-ft intervals along the
range. Optical axes at each shadowgraph station are mutually
orthogonal with the range centerline. Viewfield diameter of
each shadowgraph is 30 in., measured at the range centerline.
Exposure duraticon provided by the spark light sources is
0.12 pusec. Large Fresnel lenses (Fig. 6) serve as intensify-
ing screens for the shadowgraphs. The Fresnel lenses bear
scribed fiducial grids, and the shadowgraphs are designed
primarily to proruace data describing time-resolved projectile
positions and attitudes rather chan flow information, A
typical shadowgram appears as Fig, 7. A digitized film
reader is used to carry out numerical interpretations i the
shadowgrams, and these are used to provide position-attitude
time histories which are fitted to a computer program from
which aerodynamic coefficients evolve, Timing information,
which makes this possible, is accumulated in a multi-channel
digital event chronograph. This instrument accumulates time-
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resolved annunciations of projectile arrival at any 59 meas-
urement stations, stores the information during projectile
flight, and presents it in tabulated form, immediately fol-
lowing the shot, with each time entry numerically identified
with the event it describes. Event timing resolution is
+0.1 psec using this system. X-ray shadowgraphs of 0.l-pusec
exposure duration record early projectile positions and atti>_
tudes in the blast chamber, where bright muzzle flash pre-
cludes the use or ordinary visible light systems. These
X-ray systems also enable structural examinations of models
in the blast chamber and in later flight. A typical X-ray
shadowgram appears as Fig. 8; serrated sabot segments are
seen separating firom the projectile.

4.4 SCHLIEREN PHOTOGRAPHY

A high-sensitivity, single-pass, schlieren photographic
system is positioned 88.5 ft from the range entrance to pro-
vide photographic recording of flow information. The schlie-
ren system has a viewfield diameter of 30 in. and is operable
in either single-frame or multi-frame wodes. In the latter,
as many as 20 frames are obtained. Exposure duration is 0.1
usec. Examples of schlieren photograprhy using this system
appear as Figs. %a, b, and c.

’

4.5 MICROWAVE AND R-F CAVITY MEASUREMENTS

In work relating to wake diagnostics, additional iustru-
mentation systems are used. These appear in Fig, 10, A
resonant r-f cavity is situated near the range entrance and
is used in making measurements of effective electron line
density, The ranges of effective electron densities over
which the r-f cavity, and a following array of microwave
diagnostic equipment, provide measurements are listed in
Table III. Two, dual-channel, focused, phase-quadrature,
microwave interferometers are operated at each of two fre-
quencies (35 and 70 GHz). Microwave transmission and reflec-
tion properties of wakes are measured using five broadside
probing systems operating over a full four octaves of fre-
quency. The axial locations within projectile wakes at which
effective cutoff electron densities are realized (see Table
II11) can be determined using these systems. An oblique Dop-
pler radar system operating at a frequency of 35 GHz is also
provided and is cquipped with auxiliary parasite and trans-
mitted-signal sensing antennas. The Doppler radar signal
serves as a measure of the velocity of reflective media within
projectile wakes. The parasite antenna enables observation
of the specular character of wakes illum’ .ated by the beam of
microwave energy, while the transmitteu-signal antenna provides
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additional information cn wake transparency. The viewfield
dimensions of the microwave systems, as measured along the
range centerline between the -10-db points, are listed in
Table III. The microwave systems operate with signal-to-
noise ratios of, typically, 30 db.

4.6 RADIOMETRIC AND SPECTROGRAPHIC MEASUREMENTS

Flow field studies in the range are also supported by a
battery of photomultiplier radiometers (Ref. 4) and spectro-
graphic equipment shown in Fig, 10, Spectral characteristics
of the radiometers available are outlined in Table IV, and
the radiometers themselves are interchangeable among the lo-
cations indicated in Fig. 10. Radiometer viewfields, as
measured along the range centerline, are adjustable over broad
limits to a minimum of one millimeter. In response to step~
function forcing, the radiometers and their readout oscillo-
scopes operate with rise times of 14 nanoseconds (10 to 90
percent of total excursion) and accurately reproduce nominal
square wave input signals having durations of 0.5 usec to 2
msec, The radiometers have absolute intensity calibrations
traceable to the National Bureau of Standards.

The complement of spectrographs with which the range is
outfitted is described in Table V. As with the radiometers,
viewfields of the spectrographs can be confined to a dimen-
sion as small as one millimeter along the range centerline,
In general, only time-integrated spectra are photographically
recorded. However, one of the 3/4-m grating spectrographs
is equipped with a group of six photomultipliers to enable
time-resolved readout of radiant energy intensities at selec-
ted wavelengths. Of these six photomultipliers, two accom-
modate 5-% bandwidths. The remaining four are positioned to
accommodate bandwidths of 100 on either side of each of
these two 5-% bands. Use of the photcmultipliers does not
interfere with the normal functioning of the spectrograph in
recording spectra on film.

4.7 HIGH-SPEED PHOTOGRAPHY

As indicated in Fig. 10, an image converter camera is
available for use in photographing the lumincus flow fields
enshrouding projectiles during their flights through the
range. Viewfield dimensions provided by this camera at the
range centerline are 4 in. (along the flight axis) by 3 in.
The camera will produce from one to three frames and is op-
erable with exposure durations of 50, 100, and 200 nsec per
frame. The inter-frame interval is adjustable in steps to
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values of 0.5, 1.0, 2.0, 5.0, and 10 psec. In addition, sev-
eral high-speed cine cameras, operating at maximum frame

rates of about 7000 per second, are provided and can be used
at any of a large number of range sta.ions. (One is indicated
in Fig. 10.) These cameras can be used to record flight of
the projectile over a large portion of its trajectory.

4.8 RECORDING EQUIPMENT

A 36-channel oscillograph and a group of oscilloscopes
(frequency response: d-c to 50 MHz) serve the range, as does
a l4-channel magnetic tape system (frequency response: d-c
to 4? KHz, *1 db/f-m mode; 300 Hz to 500 KHz, *3 db/direct
mode) .

SECTION V
TYPICAL TEST RESULTS

The test results described here are representative of
some obtained during very early aeroballistic range work per-
formed in tre 1000-ft Hypervelocity Range of the von Kdrmdn
Gas Dynamics Facility and in its 100-ft pilot facility which
is described in the Appendix. These results should not be
construed to represent ultimate test capabilities.

5.1 SPHERE DRAG MEASUREMENTS

Drag coefficients of spheres have been measured in VKF
range work with an accuracy of *1.5 percent for Reg > 104 and
over the velocity range from 3,000 to 21,000 ft/sec. (Reg
= Reynolds number based on flow conditions just behind shock,
and sphere diameter.) Techniques for constructing and for
launching models made of very low density materials (approach-
ing one pound per cubic ft) have been developed and have en-
abled further measurement of sphere drag coefficients with an
accuracy of *4 percent for 3 = Reg = 10° and over the velocity
range from 3,000 to 12,000 ft/sec, Complete results of this
work have been reported by Bailey in Ref., 5, where it is shown
that this wide range of test conditions has made it possible
to study the initial departure of sphere drag coefficient from
the high Reynolds number continuum level and also to make
measurements at free-stream Knudsen numbers approaching unity.
The results, as presented in Ref., 5, are summarized in Fig. 11
where it is evident that at the low Reynolds numbers, they are
consistent with results obtained in other low-density, h“yper-
sonic test facilities (Refs. 6, 7, and 8). Values of drag
coefficient predicted by the theoretical work of Davis and
Flugge-Lotz (Ref. 9) also appear in Fig. 11.

’
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5.2 WAKE VELOCITY MEASUREMENTS

A 35-GHz oblique Doppler radar system, as shown in Fig,
10, has been used to measure the velocities of reflecting
media contained within the wakes of hypervelocity spheres.
Spheres of a variety of materials having wide ranges of densi-
ties and melting temperatures have been used in this work.
Doppler radar velocity measurements in sphere wakes were ob-
tained only in those cases wherein ablation of the model
occurred. Figures 12a and b show typical Doppler radar re-
turn signals from, respectively, a nonablating model, and an
ablating model and its wake., Doppler radar wake velocity
measurements made for the ablating cases are in good agree-
ment with one another and correlate well with data gathered
using nearly identical instrumentation at the General Motors
Defense Research Laboratories (Ref. 10). The VKF test results
and data correlations are described in detail in Ref., 11 and
appear summarized in Fig, 13, where wake velocity measure-
ments made by other techniques and also at other establish-
ments (Refs. 12 and 13), as well as theoretical data (Ref. 14)
are plotted for comparison. Since no Doppler radar reflec-
tions have beer observed from the wakes of nonablating models
in the VKF, the results of this work suggest that the products
of ablation serve as the reflecting media and that they do
not radically alter the structure of the fluid dynamic wake.

)

5.3 TRANSITION FROM LAMINAR TO TURBULENT FLOW iN SPHERE WAKES

The 35-GHz Doppler radar system has also enabled measure-
ments of the point at which inner wake transition occurs in
sphere wakes, Data typical of these measuremernts appear in
Fig. 14, where transition :~asurements from another source
(Ref, 15), made using a similar system, are shown for compari-
son, Also indicated is a band representing inner wake tran-~
sition measurements made using schlieren photograpuy during
a large number of test shots in the VKF (Ref. 11). Qualita-
tive agreement among data from the three sources is evident.

5.4 WAKE ELECTRON DENSITY MEASUREMENTS

A group of data points plotted in Fig 15 represents
measurements of electron density made in the VKF in the wakes
of nonablating, 0.5-in.-diam solid copper spheres. The ma-
jority of the VKF electron density measurement~ - in
Fig. 15 were made using the resonant r-f cavity shown in
Fig. 10 and whose characteristics are outlined in Table III.
As was indicated in Section 4.5, the resonant cavity provides
a measure of effective electron line density. In preparing
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Fig. 15, measurements of electron line density made using the
cavity were converted to values of true electron density by
assuming the electron wake diameter to be the same as that of
the visible wake, as given in Ref. 1i. 1In Fig. 15, the VKF
cavity measurement results for sphere velocities of about
18,000 ft/sec are seen to compare favorably with results ob-
tained by the MIT Lincoln Laboratory (Ref. 16) where a simi-
lar resonant cavity was used for measurements at nearly equal
velocities.

Also shown in Fig. 15 are limited data, obtained in this
same range of velocities, using the 4.25-GHz broadside micro-
wave probes which were discussed in Section 4.5. These re-
sults fall near measurements made by the General Motors De-
fense Research Laboratories (Ref. 17), again at velocities
near 18,000 ft/sec. The latter data (Ref. 17) were obtained
using focused microwave interferometers.

Additional data obtained at higher sphere velocities
(near 21,000 ft/sec) also appear in Fig. 15. The VKF measure-
ments at these velocities were obtained using broadside probes
and can be compared with the General Motors Defense Research
Laboratories focused microwave interferometer measurements,
drawn from Ref. 17. Correlation between the data obtained at
the two establishments at these higher velocities, and using
the differing methods of measurement, appears to be quite
good.

5.5 SHOCK CAP RADIATION MEASUREMENTS

The photomultiplier radiometers shown in Figs. 10a and b
and described in Table IV have been used to measure the radi-
ant energy from the shock caps of spherical models. During
the evaluations of these radiometers (Ref. 4), the forms of
forcing functions representing shock cap radiance were analyt-
ically derived for radiometer slit widths corresponding to
various viewfield dimensions, measured along the flight path,
(These calculated forcing functions were based on the radiarce
per unit length in the shock cap of a 3/8-in,-diam sphere,
traveling at 16,000 ft/sec, through air at a pressure of 76-
mm Hg.) In Fig. 16, the calculated forcing functions are
plotted together with corresponding, normalized radiometer
data recorded during three test shots. (In constructing
Fig. 16, the maximum value of the radiarnce forcing function
calculated for the 6.4-mm slit was adjusted to equal the peak
value of the corresponding measured radiant intensity data;
all other forcing functions were adjusted in the same ratio
as was the one for the 6.4-mm slit.) The close agreement
between the form of the computed curves and the recorded en-
pirical data lends credence to the analytical method used in




AEDC-TR-66-197

deriving the forcing functions and also provides assurance
that the response of the photomultiplier radiometers and
their readout equipment is adequate to the making of measure-
ments under these circumstances of testing.

Measurements of absolute shock cap radiant intensity for
a number of shots are shown in Fig. 17. Here, the total
shock cap radiance values, as measured by a single, broadband
radiometer (S-5 spectral response -- Table IV), are¢ shown as
are the integrated values resulting from measurements made
by ten narrow-band radiometers. A plot representing the
theory of Gilmore (Ref. 18) also appears.

5.6 UNIT REYNOLDS NUMBER EFFECT ON TRANSITION IN WAKES OF CONES

Experiments have been conducted in VKF range work to
study the effects of ambient pressure, model size, cone semi-
angle, and velocity upon the distance to transition in the
wakes of slender, sharp cones. Schlieren photography, of
which Fig. 9a is representative, was used in the making of the
transition measurements. The work has been reported by Bailey
in Ref. 19, and results are summarized in Fig. 18 where it is
seen that for cones of both 5- and 10-deg semi-angle, transi-
tion Reynolds number decreases with decreasing unit Reynolds
number, As Fig. 18 also demonstrates, aeroballistic range
data obtained elsewhere (Ref. 20) for 12,5-deg semi-angle
cones and wind tunnel data representing transition on the
surface of 10-deg semi-angle cones (Ref. 21) behave similarly.
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APPENDIX
VKF 100-FT HYPERVELOCITY RANGE K

RANGE DESCRIPTION

The VKF 100-ft Hypervelocity Range K, a free-flight test
unit, appears in Fig, I-1. Test model launchers having bore
diameters of 0.5, 0.625, 1.0, and 2.5 in. serve the range.

All are powder-hydrogen launchers, and the three smaller units
operate in two-stage configuration, while the largest is a
single-stage gun. The test range is a 100-ft-long, 6-ft-diam,
black steel tube which is wholly contained in a service build-
ing above grade. A 14-ft-long, 6~ft-diam blast chamber,

which absorbs the expanding muzzle gases, joins the launcher
to the range, and it is in this chamber that the test model

is separated from the sabot which adapts it to the bore of

the launcher. Major range and launcher dimensions appear in
Table I-1, where numbers and locaticns of measurement stations
also are found. A three-stage vacuum pumping system provides
the air pressure desired within the range. Pressure can be
adjusted to any value between atmospheric and 1.0-u Hg.

RANGE INSTRUMENTATION

A diagram showing data flow and readout equipment for
the 100-ft Hypervelocity Range K appears as Fig. I-2.

Pressure

Range pressure is monitored continuously using a pre-
cision, variable-capacitance transducer with potentiometer
1eadout. Measurement errors using tuis system, over the span
from atmospheric pressure to l-mm Iig, do not exceed 1 percent
of reading; 2-percent error limits are judged to apply from
l1-mm to 40-u Hg, based on comparisons with separate means of
measurement which serve as secondary standards at pressures
abcve 1-mm Hg, Ionization and McLeod gages are used at pres-
sures below 40-1L Hg. The measurement system reference vacuum
is maintained at less than 0.0l1-u Hg and is monitored with an
ionization gage.

Temperuture

Range temperatures are monitored continuously at six
gaging stations, - Copper-constantan thermocouples are used
in making ituC itemperature measurements, and a multipoint,
strip-chart servopotentiometer provides their readout. Over-
all error limits are *1.0°0T,

12
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Shadowgraphs

Six, dual-axis, spark shadowgraphs are situated at 15-ft
intervals along the range. Optical axes at each shadowgraph
station are mutually orthogonal with the range centerline.
Viewfield diameter of each shadowgraph is 12 in., measured
at the range centerline, Exposure duration provided by the
spark light source is 0,12 usec. Fresnel lenses serve as in-
tensifying screens for the shadowgraphs, which are designed
primarily to produce data describing projectile positions
and attitudes rather than flow information. Time durations
which separate the shadowgraph exposures are measured either
by 10-MHz chronographs or by a multi-channel, digital event
chronograph, In either case, event timing resolution is
+0.1 pusec. X-ray shadowgraphs of 0.l-usec exposure duration
record early projectile positions and attitudes in the blast
chamber, where bright muzzle flash precludes the use of ordi-
nary visible light systems. These X-ray systems also enable
structural examinations of models in the blast chamber in
later flight.

Schlieren Photography

A high-sensitivity, single-pass schlieren photographic
system is positioned 15 ft from the range entrance to provide
photographic recording of flow information, The schlieren
system has a viewfield diameter of 12 in, and is operable in
either single-frame or multi-frame modes. In the latter, as
many as 20 frames are obtained, Exposure duration is 0.1 usec.

Microwave and Radiometric Measurements

In work relating to flow field diagnostics, several ad-
ditional instrumentation systems are used, Focused microwave
systems, operating at frequencies of 10, 17, 35, and 70 GHz,
function either as phase-shift or attenuation bridges. Time-
resolving photomultiplier radiometers, with or without narrow
band filters, measure radiation observables over the range of
wavelengths from 2,000 to 10,000 3. These radiometers have
absolute calibrations traceable to the National Bureau of
Standards.

Recording Equipment

A 50-channel oscillograph and a group of oscilloscopes
(frequency response: d-c to 50 MHz) serve the range, as does
a l4-channel magnetic tape system (frequency response: d-c to
40 KHz, *1 db/f-m mode; 300 Hz to 500 KHz, *3 db/direct mode) .

13
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Fig. 1 VKF 1000-# Hypervelocity Range G
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Nose Radius, Muzzle Velocity,

Material in. ft/sec
® Re & W Nose 0.030 23, 600
Re & W Nose 0.030 12, 450
(© Re & W Nose 0.060 22,500
(D) Cu Nose 0.030 12, 450
(®)Ta & W Nose 0.015 11, 000
1000
©N )
500 ®\ <
- @3\ @\\ \
?é 200 AN NN A\
'; \ \ \
Z 100 < AN
a \ \
&
,;C}’ >0 \‘\ \
20

5 10 20 50 100 200 500 1000
Range Pressure, mm Hg

NOTE: Results computed for 6- and 6-1/2-deg semi-angle cone models
of typical design. Blast Chamber pressure of 60-mm Hg used

throughout.  Distances plotted represent travel beyond the biast
tank, in the range proper.

Fig. 3 Distance Traveled before Nose Reached Melting Temperature
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i Fig. 8 X-Ray Shadowgram — VKF 1000-ft Hypervelocity Range G
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Model: 0.4-in. Base Diameter, N
6~deg Semi~Angle Cone '
21,540 11/sec
35.4-mm Hg
Fig. 9a Single-Frame Schlieren Photograph - VKF 1000-f# Hypervelocity Range G
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DIRECT SWEEP
Vertical: 200 mv/cm
Horizontal: 100 psec/cm

DELAYED SWEEP
Vertical: 100 mv/cm
Horizontal: 10 psec/cm

Model ngms Retu,rwn

0.125-in.~-diam Tungsten Carbide Sphere
V,: 19,400 ft/sec

Pe: 200-mm Hg

a. Nonablating Model

DIRECT SWEEP
Vertical: 200 mv/cm
Horizontal: 100 psec/cm

DELAYED SWEEP
Vertical: 100 mv/cm
Horizontal: 10 psec/cm

g 0.125-in.-diam Steel Sphere
’ Vo: 17,700 ft/sec
P,: 200-mm Hg
b. Ablating Model
Fig. 12 35-GHz Oblique Doppler Radar Signals
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Oblique Focused Doppler Radar

Symbol  Vy, kft/sec m?na}y{g Material  Diameter, in.  Source
] 15.6-21.0 35  Aluminum 0.25-0.437
* 17.4-18.5 200  Steel 0.125
L 20.5 50  Nylon 0.125 Ref. 11 (VKF)
. 17.0 734  Tungsten 0.125
Carbide
—=~- 17.6-19.6 50-100 Copper 0.2~0.6 Ref. 10
Schlieren
a 10.0-11.0 100  Aluminum 0,437 Ref. 11 (VKF)
——— 1.6 =760  Aluminum 0.50 Ref. 12
0 ———  Theory Ref. 14
10 B Luminosity - Drum Camera Technique
| —-— 13.5-140 40%60 Lexan Ref. 13
>; i
Z
8 _
S
S
]
; =
102 |
B A
-
2%1073 ! W S| ! . 1 [
100 10! 102 103

Wake Length, x/d

Fig. 13 Wake Velocity behind a Sphere
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Transition Measurements with a
35-Kmc Oblique Doppler Radar

b
<A

[ Symbol Source Mg Material

| -—— Ref. 15 ~17.5  Copper-Plated Plastic
° VKF 16~19  Aluminum

- ¥ VKF 9-19 Nylon Breakthrough
~—Viscous Inner
B = Wake
‘_ i\%\m
Xtr—= Inviscid Wake
10% Transition
B Distance

Transition Reynolds Number, (V/v)m x"IMm

2

VKF Schlieren Measurements of
Inner Wake Transition (Ref. 11)

. I

] L1 11 ] N S | [

10° 106 107
Body Reynolds Number, (Vlv)m d

(VS ]
>
—
2

2

Fig. 14 Comparison of Schlieren and Microwave Measurements of Inner Wake Transition Distance
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Relative Radiant Intensity, JiJp.y

1.0

0.9

0.8

0.7

0.6

NOTE: Solid curves are calculated forcings, based on
Vp = 16, 000 ft/sec and py, = 76 mm Hg, for all
slit widths. Max. vaiue of radiance forcing
shown for 6. 4-mm siit was adjusted to equal
peak valte of radiometer data; other forcing
functions adjusted in ecual ratio.

5 :
. \ Symbol Velocity, ft/sec

No Flag 16,350
One Flag 16,530
Two Flags 17,530

6. 4-mm Slit-¢

0 0.5 1.0 1.5 2.0 2.5 3.0
Time, WSecC

Fig. 16 Comparison of Calculated Farciag and Measured Response of Narrow-Slit Radiometer




AEDC-TR-66-197

—
o

[A%}
I

Gilmore Theory (Ref. 18)
for po = 1.0 amagat

Note:

Open symbols are broadband
radiometer measurements.

Solid symbols are integration
of narrow-band measurements.

4 Indicates both measure-
ments made on same shot

0.88 < py < 1.34 amagat

, wicm?-steradian-amagat!-

1.5

—
o

Absolute Radiance, Ng/po

1 ] l | ] ] lJ

13 14 15 16 17 18 19 20 21 22
Projectile Velocity, kft/sec

Fig. 17 Measurements of Total Radiance of Equilibrium Shock Cap of Sphere




1aquinpN spjoukay Apog Yiim UOHPLIDA JoqunN spjoukay uoiisuoi] 8] ‘B14

p(A/A) “JaquinN sploukay Apog

01 o01 Q1 01 QT XY
_‘1_4~JJ | LI _a-_— 1L 1] LN ﬂ_a_ﬁq 1) 1 1 _\—ﬂ_- -lvc.ﬂxv
saseq p1OS UM 9%o —
s|apoWw ajeaipu} sjoquiAs piios o o ’ 5
0%80Q 101 Z
o © o S
m.om ¥ ° =
3 8vv =3
. oy
s °7 ] z
4& Ve 1 m
ﬁ \v} v U ”
- <<
060 Y B “mvo =Pl 3
¢ < ® x
o° o (DN =3
O.Avo 0 .m 8 N W V@ O._” ._”N 18y < i OOH X N aJw
auun § puIm) 01 ¢ ¢l ~11 q \vj
m_sm hrlinl GO~€0 §02~078 g DIV ) o ]
5 HNS 3uoy SLT~0T 2SI~97 0T 60 PY | &
T uo uolysuea} €0 901 ~9°6 o1 o
m 6le0 ~G/81°0 G'g~¢ | 0¢ 1Py o
w. ‘Ul ‘J9)awelq PSP “bep ‘ajbuy 824noS joqwAS
< aseg ‘Ald0jaA  -1Was auo) S

g A e )




AEDC-TR-66-197

f2es £ --- SJUWIBINSBAW IUTOd - M3(] =
‘22¢ S - SjuaWaanseay aanjeaadwa]
f22s g --- SIUBWAINSEIW 2INSSaIg
Slq®ltes® sIayjlo fg1¢ pue ‘C¢ET *8S ‘97 ¢ Ig X 21 Aey-x
96T I 0¢ uaxaryos
STEAJdIUT 1J-0Z TRUTWOU Je SUOTIR)S (reuodoyjao ‘stxe-tenp)
4q pamoTI0} 33 $0T1 ® T "ON uonelg £ 0€ syde13mopeyg pasnoojay
(31) a1zznpy unn suotje)s ( ‘ur) surtasiusny SwajsAg
WOo1j 2du®lSI(] [RUTWION :UOTIIBRDO Jo opN afuey je uojejUSWNI}SUT
MITA jO prarg paepueig
S°LT6 0°021 Jadoadq aduey
¢ ¢g 0°81T1 Jaquey) iserqg
afuey
(wnwrtutw reutwou) 4 13 S'z aqny, yosunery
S 0% o'e agny, dwing
0% Z°%1 Jaquen) Japmog
{17) yaBuarg ,A.'Ev I3lewWeyq apisuj Jayounery

LN3IWJIND3 ANV SNOISNIWIAQ JONVY ALIDOTIAYIdAH L4-0001 ANA
I 379vL




"s9ss2130ad yIom juswdoreaap ayj se 9s®aIDUT paydune] A[qei[ad aq
ued suorjeandryuod arpyoalfoad usaid yorym e sa13ro0794 Nead fweadord juowdorsasp Surnuljuoo e Jjo
103fqns ayl st sdouewaojiad iaydunery 9961 I9quualdag Ul PaISIXD 919Y UMOYS SITWIT] 9OUBWIOJID sk

I3youney ay3 jo aIoq ayl o3 31 sydepe yorym joqes ayj snid [apowr ay) jo 9S0Y} aJ® 9Jd3Yy UmMoys sy3i1a pmx

000 ‘21 86% G '8zl wnurwniy welp aseq ‘ul-g ' duo) arfue-1Wag G
000 %1 98¢ 9°18 wnutwnyy  Wetp aseq ‘ul-gJ T suo) a18ue-TwWag 00T
STe1aN
008 ‘12 6% 1 % ayrsodwo) weip aseq ‘ul-g-Q duo) ardue-1wag 01
STejaN
00T ‘22 8G1 2's a11sodwo) we1p a9seq ‘Ul-} ‘Q suop s18ue-1wag 9
000 ‘22 0ST 0°91 wnutwniy werip aseq ‘ul-Q -] duop ardue-Twag 1
000 ‘€2 0¥t S'6 Jaddo ) wep "ur-g-Q sxaydg
duor ‘ur-g 7
000 ‘€2 o€l - onselrd Aq wetp ‘ut-g-z  I9pulldD Je[noa1n-yITy
(038 /33) (wd) (wd)
#%KITO0TOA RUEIZYN Jystom TerIajey az1g uotjeangiyuo)
Jead unn-uj 19POIN TePOIN

STIQON TVYDIdAL ‘ALITIGVdYD ONIHONNYT
11 378vl

AEDC-TR-66-197

[
<




AEDC-TR-66-197

‘y3duay y

43

jed wo-1 ® 1940 ‘JjOIno

3onpoad 03 paambaa jey; JTey-suo jo L31suap uoa}dars ue o3 puodsaiioo g1ty aaddn ‘8sp ¢ j0 3qys
aseyd dLI}aWOI8]a9UT Ppaanseaw € 0} puodsaaaod £315Uap uoajoata 3TqRINSE3W JO SITWI] I3MO T

‘euuajue ayj jo ydust reoo; 9A1I09339 3yj Sut-aire £Lq
PSTIBA 8q UBD YIpm Wedg 'pasn vuuajue Suat-uxoy Jemonyaed ayj uodn juspuadap ST YIpIm weagx

mBuarT
CT X 2 0TI X % JUBWIS INSBIN [RIXY = * IT=-77]
I 8 X pu® 90UBIIUF WeEIpP- *UL-g 0S¥ 0
‘uonjendod uoadalyg Tel0L isuotsuawilg L3taen)
3lqeanseay jo aSuey
0'9 0-°c¢g
10T X 1°9 0'9 0°0L
g0 X 61 09 0°'s¢g
z10T X 9°¢ 0°L 041
1101 X 1°6 0°8 9°8
1101 X €°2 0°0T1 43 4
Nﬂoﬁxm.nlllzoﬁxm g10T X G6°1 oL'0 0-°¢g
mﬁoﬁxmt:oﬂxm gr0T* 1°9 SE€ 0 0°'0L
(gwr2/3) (w2 /9) ("un) (zZHD)
*xU31Fua yeg wo-qg '] Louanbaa g Fuire (siurod qp-qT1) Aouanbaag

103 £31suaQ uoIPIg -1adQ je L1susg *dUtlI9jus) adury e Burjeaadp
Jo a8uey arqeansesyy 33oinn uoa3doelg YIpIM weag reotdL

SOILSIYILIVIVHD WILSAS LNINIYNSYIW ALIAYD 4-¥ ANV JAVMO¥DIW
Hi 379Vl

£y1ae) J-Y jueuosay

Jdepey aarddoqg anbriqo

saqoag uoiivarjay
-uoISSTWS Ued ], apIspeoag

SJI3joWwoIa3I3)U]
fanjeapend-aseyq

WosAg




AEDC-TR-66-197

"UOTIBTOOSSY S9TI)SNpUJ SOTUOIIDS[H Yl £q SpIepue)s se paidope sorist
-1330eIRYd dsuodsal Teajoads ajeoiput suorjeudisap TedoTIawnu -eydy

0096-0019 0008 I-S
0009-006¢ 00S% 0T1-S
0016-0022 00ve G-S
SLINN ANV (avoyud
0961 0896 1-S
GCTT 09LL I-S
g8¢ o%19 N1-5
S10T1 082S v 5
0S¥ oEed S-S
0SS SL9¢E G-S
oze o10¢ ¢-S
06z S¥LeZ G-S
012 68%2 S-S
082 S¥ce 5-S

SLINQ ONVH MOYYVN

(g) (g)
uorssTwsued J, yiduatarem x9suodsay
%0S Ie yprmpueyg I23uB) JI91TTq Jardumuwoloyq

I3371d TBUTWON TeuTWwoN

SONLSIYILIVEVHD TVYLIIHS ¥I1IW0IAVY d31TdILINWOLOHI
Al 3749V1

44




~
M ‘w1l uo eaj3dads
2 futpaooaas ur ydeaSoajoads ayy JO 3uTUOTIOUN] TBWIOU 9y} YITM SI3ZI33UT J0U Sa0p saatrdiynwoloyd ay3y jo asn
- ‘Spu®Bq ¥ -G OM3 953y} JO SpTIs JI9YITd UO Yy 00 JO SYIPIMPUR(Q 918POWWODO. 1noj Suturewad ayj pue ‘Syipimpueq
g V-G 9jepowiwiodne om} ‘sa wﬂa::::wouosa asay) JO ‘syjduaisaem PIIOITaS Je sanIsualul A81us JuBIpPEI JO
P usmvmmu paajosag-awr] arqeus 03 saaridrinwnioyd x1s jo dnoz3 e yitm paddinba s1 sjuswnaisutr asayj JO BUQu::
‘suorinedaad [e10ads jo asTodaaxa £q payseoadde aq ued umoys S1TW1T 19peOIq
3y} ‘I8A3MOH 'Y 00S9-06LE 28uea ayj o3 £1111qeded yjfusiesem 2onpad A[LIBWOISND (smoputm afuea ‘-3 -3)
suorieIapisuoy [eoT30eIg saalesway) sydeadoajdads ayj jO S3TWT] JEOIPUT UMOYS speaxdspueq 1eajdadgx
1°0 8 00L 000°01-000°2 9°8/1 I durjean w-g
?«o 000¢ @) S.w 000¢S @ |
g ¥4 0€LZ 00S9-06GLE ¥1/3 1 wstag w-% /¢ '
2 0z 00G2 000 ‘0T7-0002 g o/ *%Q Sunyean w-§/¢ ‘
(futjean
uoISSTWISuUeI])
06 001 0sL2 0069-06GLE G'2/3 4 213811
ww (
() | (mayy) (¥) (¥)
uorniosay (19p1Q 15a14) (I3PI10 318314) (19pIQ 18a14) oryey Amuend ad{y,
uotsaadsiq sansodxy aad s&riqeden aanjiady
auelqd wrd juswaaoul yiduarosesy yiduaiasem Te10L
Tecocadroay Jeaut]
SOULSIYILOVEVHD HAYY90d1D3dS .

A 37189V1




UNCLASSIFIED

Security Classification

DOCUMENT CONTROL DATA - R&D

(Security classification ol title, body of abstract and indexing annotution must be entered when the overall report i3 classitied)
1. ORIGINATING ACTIVITY (Corporate author) 28 REPORT S8 CURITY C LASSIFICATION
Arnold Engineering Development Center UNCLASSIFIED
ARO, Inc., Operating Contractor 75 oRouPR
Arnold Air Force Station, Tennessee N/A

3. REPORT TITLE, ,

THE VON KARMAN GAS DYNAMICS FACILITY 1000-FT HYPERVELOCITY RANGE -
DESCRIPTION, CAPABILITIES, AND EARLY TEST RESULTS

4. DESCRIPTIVE NOTES (Type ol report and inclusive dates)

N/A

5. AUTHOR(S) (Last name, first name, initial}

Compiled by Clemens, P. L., ARO, Inc.

6. REPORT DATE 78 TOTAL NO. OF PAGES 75 NO. OF REFS
November 1966 52 21
8a. CONTRACT CR GRANT NO. 948 ORIGINATOR'S PEPORT NUMBER(S)
AF40(600)-1200
b. PROJECT NO. AEDC-TR—66—197
c. 95 OTHER REPORT NO(S) (Any other numbers thet may be sssigned
this report)
N/A
a4

10. AVA ILABILITY/LIMITATION NOTICES This document 1is subject to special export
controls and each transmittal to foreign governments or foreign
nationals may be made only with prior approval of Arnold Engi-
neering Development Center (AETS) Arnold AF Station, Tennessee.

11 SUPPLEMENTARY NOTES } 12. SPONSORING MILITARY ACTIVITY
| Arnold Engineering Development
Available from DDC  Center, Air Force Systems Command,

l Arnold Air Force Station, Tennessee

13 assTract The von Kdrmdn Gas Dynamics Facility (VKF) 1000-ft Hyperve-
locity Range facility at the Arnold Engineering Development Center is
described, and its current operating capabilities are presented. A
brief sampling of test results obtained during early operation of the
range is presented as well., Among these are: (1) results of sphere
drag measurements over the Reynolds number range 3 Reg 109; (2) re-
sults of the measurements of flow transition locaticns and wake velocH
ities behind spheres, as obtained through the use of a 35-GHz Doppler
radar system; (3) results of measurements of electron densities in
the wakes of spheres, as obtained using r-{ cavity and microwave
techniques; (4) results of the measurement of radiation from the
shock caps of spheres; and (5) results of the effect of unit Reynolds
number on the location of flow transition in the wakes of cones, as
measured using a high sensitivity schlieren system. In each case, the
data results presented are correlated with measurements made at other
establishments or with data based on available theory. The correla-
tions are shown to be generally reasonable. An appendix describes the
VKF 100-ft Hypervelocity Range K, which served as a pilot facility
during the development of the 1000-ft range and which continues in
service,

DD .7+, 1473 "UNCLASSIFIED

Security Classification




UNCLASSIFIED

Security Classification

KEY WORDS

LINK A LINK B LINK C

ROLE wT ROLE wT ROLE WT

hypervelocity ranges
operation

test results

aerodynamic test facilities
sphere drag measurements
electron density measurements
radiation measurement

Reynolds number effects

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issuing
the report.

2a. REPORT SECURITY CLASSIFICATION: Enter the over
all security classification of the report. Indicate whether
‘“Restricted Data'’ is included Marking is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200, 10 and Armed Forces Industrial Manual, Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 as author-
ized.

3. REPORT TITLE: Enter the complete report title in all
capital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifica-
tion, show title classification in all capitals in parenthesis
immediately foilowing the title.

4. DFSCRIPTIVE NOTES: If appropriate, enter the type of
report, e.g., interim, progress, summary, annual, or final.
Give the inclusive dates when a specific reporting period is
covered.

S. AUTHOK(S): Enter the name(s) of author(s) as shown on
or in the report. Enter last name, first name, middle initial.
If military, show rank 2nd branch of service. The name of
the principal anthor is an absclute minimum requirement.

6. REPORT DATZ: Enter the date of the report as day,
month, year, or month, year. If more than one date appears
on the report, use cate of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
should follow normal pagination procedwes, i.e., enter the
number of pages containing information

7b. NUMBER OF REFERENCES: Enter the total number of
references cited in the report.,

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter
the applicatle number of the contract or grant under which
the report was written.

8b, 8, & 8d. PROJECT NUMBER: Ente: the appropriate
military department identification, such as project number,
subproject number, system numbers, task number, etc.

9a. ORIGINATOR'S REPORT NUMBER(S). Enter the offi-
cial report number by which the document will be identified
and contrclied by the originating activity, This number must
be unique to this report.

9. OTHER REPORT NUMHER(S): If the report hus been
assigned any other report numbers (either by the originator
or by the sponsor), also enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-

itations on further dissemination of the report, other than those

imposed by security classification, using standard statements
such as:

(1) ‘‘Qualified requesters may obtain copies of this
report from DDC,”’

(2) ‘‘Foreign announcement and dissemination of this
report by DDC is not authorized.”’

(3) ““U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

(4) *“‘U. S. military agencies may obtain copies of this
report directly from DDC. Other qualified users
shall request through

(5) “*All distribution of this report is controlled. Qual-
ified DDC users shall request through

"
.

If the report has been furnished to the Office of Technical
Services, Department of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known.

11, SUPPLEMENTARY NOTES: Use for additirnal explana-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project offize or laboratory spon:oring (pay-
ing for) the research and development. Include address.

13. ABSTRACT: Enter an abstract giving a "yrief ard factual
summary of the decument indicative of the report, even though
it .nay also appear elsewhere in the hody of the technical re-
port. Ii additional space is required. & continuation sheet shall
be attached.

It is highly desirable that the abstract of classified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the miiitary security classification of the in-
formation in the paragraph, represented as (TS). (S). (C), or (U).

There is no limitation on the length of the abstrac:. How-
ever, the suggested length is from 150 to 223 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as
index entries for cataloging the report. Key words must be
selected so that no security classification is required. Identi-
fiers, such as equipment model designation. trade name, military
project code name, geographic location, may be used as key
words but w-il be fuilowed by an indication of technical con-
text. The assignment of links, rules, and weights is optional.

UNCLASSIFIED

Security Classification




