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ABSTRACT

A small counterflow test unit which consists of a shock tunnel and
a hypervelocity launcher is being evaluated at the VKF, AEDC. The
results of the shock tunnel calibration, the performance of the model
launcher system, counterflow operating experiences, and some pre-
liminary measurements of shock-cap radiation are reported. The
shock tunnel calibration data for a room-temperature, helium driver
gas are shown to confirm theoreticel calculations and indicate clean
uniform flow during a 4- to 5-msec run time, Aluminum spheres of
0. 95-cm diam (0. 375 in.)} were launched with a 2-stage, light-gas gun
at velocities between 4.0 and 5.5 km/sec (13, 000 and 18, 000 fps),
During counterflow runs, relative velocities up to 7.5 km/sec
(25, 000 fps) were attained. Measurements of total radiation from the
shock-caps of the small spheres are in reasonable agreement with
theories and previous measurements from free-flight and shock-tube
facilities.
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N, Radiance per unit length, watt/cm3-steradian

N, Spectral radiance of the standard lamp, watt/cm2-
steradian-micron :

P Pressure, atm or cm Hg

R Model nose radius, m

RQ) Relative spectral sensitivity of photomultiplier

tube (RO, =1)

T Temperature, °K

Model velocity relative to the airstream, km/sec or fps

v Model shock-cap volume, cm3

Vi Effective radiating volume of shock-cap (see Eq. (7)), cm3
8 Bow-shock wave standoff distance, m

A Wavelength, micron

Q Solid angle subtended by photomultiplier tube, steradian
P Density, amagat

SUBSCRIPTS

c Conditions during calibration

T Conditions during a run

1 Conditions in the shock tunnel driven tube

2 Fquilibrium air conditions behind normal shock wave

A Indicates derivative with respect to wavelength

o Freestream conditions

vil
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SECTION |
INTRODUCTION

A pilot counterflow test unit is in use at the von Kdrman Gas
Dynamics Facility (VKF)*. This unit consists of a gun which launches
bodies upstream into the test section of a shock tunnel, thereby pro-
ducing a high relative speed of the free-flight body. The intention is
to establish the feasibility of producing and measuring conditions in an
environment which can simulate a substantial portion of the trajectories
of re-entry vehicles traveling at velocities up to 11 km/{sec (35, 000 fps).

The attractiveness of a counterflow facility may be illustrated by
comparing the test regime with chemical kinetic regimes and typical
re-entry trajectories. The regimes and trajectories of Fig. 1 have
been transferred to Fig, 2 for comparison in terms of the simplified
binary collision scaling law (Ref. 1), v = constant and p,L = constant,

The solid-line test regime boundary in Figs. 1 and 2 illustrates
the present 7.5 km/sec (25, 000 fps) velocity limit and the p,L range
for a 1-cm-diam model. The dashed-line boundary indicates the in-
crease in performance to about 11 km/sec which may be expected after
further development. The boundaries of the approximate chemical
kinetic regimes follow Ref. 2. The three typical re-entry vehicle
trajectories were scaled to the coordinates of Fig. 2 with the character-
istic lengths (L) shown at the bottom of each trajectory assumed.

A requirement for simulation facilities for both the equilibrium and
nonequilibrium regimes may be seen by comparing the chemical kinetic
regimes and the trajectories shown in ¥ig. 2. The ability of the tunnel
to produce flow in equilibrium and flow with varying degrees of non-
equilibrium may be noted by comparing the tunnel test regime with the
chemical kinetic regimes. However, a comparison of the tunnel operat-
ing regime with the trajectories points out the need for even higher tun-
nel velocities and densities.

A shock tube facility is well suited for studies of model stagnation
region flow in the important equilibrium chemistry regime. However,
the characteristically low freestream Mach number limits the shock
tube for studies of flow regions away from the stagnation region. Also,
dissociated freestream gas may result when the model flow is intended
to be at low density and high temperature, i, e., in nonequilibrium.

*Aerophysics Branch, von Karman Gas Dynamics Facility (VKF),
Arnold Engineering Development Center,
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The counterflow facility, then, should prove particularly helpful in studies
of the flow field removed from the stagnation region, in the equilibrium
chemistry regime, and for studies of the effects attributable to the onset
and progression of the nonequilibrium state of the flow-field gas.

The shock tunnel portion of Test Unit I was calibrated initially, A
range of shock tube conditions was used in conjunction with various
nozzle throat diameters to vary the shock tunnel flow. During these
tests a pitot pressure rake and a hemisphere-cylinder heat transfer
model were used to monitor the quality of the tunnel flow. These tests
are summarized in the section on Results by presenting the data obtained
for tailored interface operation with the largest nozzle throat. This is
the test condition that was used during the counterflow portion of the
radiation measurement tests reported herein.

The model launcher system was installed later. It has been operated
both alone and in conjunction with the shock tunnel to produce counterflow
velocities up to 7.5 km/sec.

A study of radiation from the equilibrium shock-cap of blunt bodies
was chosen as the initial experimental program for several reasons:
(1) theoretical estimates of the radiation were available for shock layers
in thermochemical equilibrium; (2) experimental measurements were
available from counterflow, aeroballistics range, and shock tube facilities;
(3) radiation detection instrumentation had been a subject of study in the
VKF for several years; and {4} the results of such a program would,
apparently, have important applications in the design of the heat shield
systems required for high entry-velocity probes and weapons systems.

Measurements of radiant intensity from the shock-cap are reduced
to radiance per unit thickness in order to compare the measurements
with theoretical predictions. Some present theories are shown in Fig. 3
in terms of radiance per unit thickness versus enthalpy at constant densi-
ties, The theories are presented in this manner because the total flow
enthalpy will be used in a later figure as a parameter in the comparison
of measurements from free-flight and shock tube facilities. A Mollier
diagram of the air properties (Ref. 3} was used to convert from density
and temperature to density and enthalpy.

The predictions of the two contending theories - Kivel and Bailey
{Ref. 4) and Nardone et al. (Ref. 5) - together with the most recent
calculations, those of Gilmore (Ref. 6), are shown in Fig, 3. Gilmore
corrected and added to the previous calculations of Meyerott and
Sokoloff (Ref. 7) for gas temperatures up to 8000 °K.
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An extensive experimental study of both equilibrium and nonequilib-
rium blunt-body, shock-cap radiation has been conducted in the counter-
flow facilities at the NASA Ames Research Center, California. This
work at velocities up to 12 km/sec (40, 000 fps) was recently summa-
rized in Ref. 8. In a recent publication, Ref. 3, Nerem has reported
the results of his shock tube measurements of equilibrium blunt-body
radiation at simulated velocities up to 15 km/sec (50,000 fps). In
addition, experiments have been reported at velocities up to 6 km/sec
(20, 000 fps) from the aeroballistics ranges of General Motors Defense
Research Laboratories (Refs, 10 and 11) and the Canadian Armament
Research and Development Establishment (Ref. 12),

SECTION It
APPARATUS

2.1 SHOCK TUNNEL

Photographs showing two views of the tunnel are presented in Fig. 4.
The time-distance relationship for the combined operation of the shock
tunnel and launcher system is shown in Fig, 5, A shock tube using
helium at room temperature as the driver gas is used to compress and
shock-heat the air in the driven tube, This air is then expanded through
a conical nozzle to produce a test gas velocity of about 2 km/sec
(7000 fps). The model launcher is located at such a distance from the
test section that it may be fired after the shock tube activation by a
delayed signal from the first shock-velocity detector.

The shock tunnel driver section is capable of containing room tem-
perature helium at pressures up to 1000 atm. A double diaphragm
arrangement, separating the driver and driven sections, provides good
run-to-run repeatability of the test gas stagnation conditions. The
driver and driven gas pressures may be set precisely before bleeding
the gas from between the diaphragms to initiate the run. Clean, dry
air is used to charge the driven tube up to pressures to about 100 atm.

2.2 MODEL LAUNCHER

A description of the small, 2-stage, light-gas launcher system
and its performance with a 0. 75-cm (0. 3-in. )-bore, 1.5-m (5 ft)-long
launch tube was given in Ref. 13. A sketch of the launcher as it is
presently used, with a 1,27-cm (0. 5-in, )-bore, 3.0-m (10-ft)-long
launch tube, is shown in Fig. 6. The launcher consists of a powder
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chamber, pump tube, high pressure section, and launch tube. The
pump tube is initially charged to 20 atm with helium, This charge gas
is separated from the powder chamber by a polyethelene piston, and
the model forms the seal at the other end of the pump tube, Powder
charges are used to drive the piston, compressing the second-stage
gas and accelerating the model down the launch tube, -

The aluminum sphere model and polycarbonate sabot are shown
in Fig. 7. The flange at the rear of the sabot acts as a diaphragm
between the pump-tube charge gas and the launch tube. A two-stage
sabot stripper, mounted on the end of the launch tube, is used to stop
the sabot, The stripper uses four steel interference pins to provide
initial separation of the model and sabot and a lead bulkhead to stop
the sabot.

2.3 INSTRUMENTATION

The shock tunnel instrumentation system includes several thin-
film, shock-velocity detectors, a piezo-electric stagnation pressure
transducer, thermocouple~type heat transfer transducers, and
variable-reluctance, ''wafer' type, pitot pressure transducers, Model
detector systems are located at three stations, as indicated in Fig, 5.
Fach detector system consists of a photomultiplier tube which triggers
a shadowgraph and an electronic counter.

The radiation measurement units are shown in Fig. 8. Each
radiometer consists of a S-5 spectral response, 1P-28 photomulti-
plier tube, which is made directional by two narrow slits. The field of
view, Fig. 8b, was selected to be large enough to view the entire shock-
cap, but small enough to differentiate between radiation from the shock-
cap and the wake, Typical traces from two identical radiometers used
on the tunnel during all tests are shown in Fig. 8c. The relatively flat
portion of the traces represents the period during which the entire
shock-cap was within the field of view.

This particular photomultiplier tube was chosen from those com-
mercially available because it senses a large spectral portion of the
shock-cap radiation, The spectral response of the tube, along with a
typical prediction of the spectral radiance of air, is shown in Fig. 9.

The radiometer system must be capable of very high frequency
response for the 2- to 3-microsecond total exposure time. Tests of
the readout circuitry associated with the photomultiplier tube showed
a system rise time of about 20 nanoseconds to a square wave input.
The 100-megacycle sinusoidal response quoted by the manufacturer
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for the photomultiplier tube itself was assumed to be adequate for these
experiments.

SECTION 1l
’ PROCEDURE

3.1 TEST CONDITIONS

During the counterflow tests which are described here, the shock
tunnel was operated in the tailored-interface mode with room tempera-
ture helium and air as the driver and driven gases, respectively. The
charge conditions and the resulting flow properties are summarized in
Table I. 'The highest available driver charge pressure (750 atm) and
the largest nozzle throat calibrated at the time {1.27-cm diam) were
used in the present tests. During the launcher-only tests the tunnel
pressure was set at 0.02 or 0.1 atm (see Table I}, which corresponds
to free-stream densities of 0.0182 or 0,091 amg, respectively.

Several possible sources of flow contamination which could con-
tribute errors in the radiation measurements were considered. The
models and sabots were washed beforehand in distilled water, petroleum
ether, and absolute ethanol after the example of Sadowski et al.,

Ref. 12. The inside of the tunnel was washed frequently to minimize

any effect of dust particles in the range air. Before each launcher-only
run, the tunnel was purged with clean, dry air. Periodic samples showed
that the water vapor content was 200 to 300 ppm and that there was no
leakage of helium from the launcher. Dust sampling, which consisted of
pumping about 200 gm (0.5 lb) of tunnel air through a millipore filter,
showed traces which could not be weighed on standard balances (less

than 0. 1 milligram of dust).

Mixing of the shock tube driver and driven gases could contribute
helium as a contaminant in the shock tunnel flow. Calculations of inter-
face acceleration were made, with mass flow through the nozzle throat
and Mirels' boundary layer theory, Ref. 14, considered. These calcula-
tions indicated arrival of the helium 25 msec after start of the run, The
radiation data-taking period, at 2 to 4 msec, was thus very conservative
in this regard.

3.2 DATA REDUCTION

The gas properties were computed for each counterflow run using a
real, equilibrium air program and a 7074 computer. The program
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included measured values of incident shock Mach number, tunnel stag-
nation pressure, pitot pressure, and model velocity., Properties in
the tunnel stagnation region, freestream, and model stagnation region
were computed with an equilibrium, isentropic expansion through the
nozzle assumed. The real air properties of Ref. 3 and the shock
crossing equations of Ref, 15 were used in the computer program.

The radiometer system was calibrated relative to a tungsten
filament lamp which had been calibrated by the National Bureau of
Standards. The response of the radiometer to the standard lamp is
given by:

e, = KL Jo J, yRWAA dQ dr =~ KA 0, f, Ny RO} dA, volt (1}

where
A effective area of the standard lamp filament, cem2

e measured radiometer output, volt

K calibration constant, volt/watt

N, spectral radiance of the standard lamp, watt/ cm?2-

steradian-micron

R(\) relative spectral response of the photomultiplier tube

(R(A)max = 1)
wavelength, micron

0 solid angle subtended by the photomultiplier tube with
apex at the standard lamp filament, steradian

Values of the integral in Eq. (1) were determined for various cur-~
rent settings of the standard lamp, A plot of ¢ versus the integral
showed a linear relationship up to the saturation point of the photo-
multiplier tube. The value of K was determined from the slope of the
linear portion of the curve. Operation in the tunnel was limited o levels
corresponding to the linear portion of the curve by the use of calibrated,
neutral density filters.

When the radiometer views the model shock-cap the response is:

dJ aJ
e = K, Jo fy —2- R AV 40 dr = KO RN S, —2- dV dx, ol (2)

where e; measured radiometer output, volt

dJ)\

7v— spectral radiant intensity per unit volume, watt/ cm3 -

steradian-micron
V  volume of gas in the model shock-cap, cm3

solid angle subtended by the photomultiplier tube with
apex at the model, steradian



AEDC-TR«65.132

It is evident in Eq, (2) that the desired quantity, the radiant intensity

d .
J;\ fv —;—‘7;— dVd\, is modified by the photomultiplier tube response, R{A)-
However, the observed radiant intensity, J,,,. may be calculated from:

1

J r
obs f R(l\)f '\ dVda = o iK- , watt/steradian (3)

In order to account for the tube response the quantity F was defined:

dJ
o K fp fy— ROY AV 4@ d
= dTy (4)
hal—y 4Vifdr

F is the fraction of the emitted intensity responded to by the photomulti-
plier tube. Thus, the radiant intensity of the shock-cap, J, is:

] = Jabs

v » watt/steradian (9)

For computation, the equation for F was simplified by assuming that
the spectral distribution of the radiation from the gas at the model
stagnation point (conditions p, and T,) is representative of the distribu-
tion of the radiation from the entire shock-cap. Thus:

5 (310 payaa
AE"’*L)) (6)

rl\’2

F=

(Tdi']-) is the radiant intensity per unit volume of the shock-cap gas behind
a2

the normal portion of the bow-shock wave, i.e., at the conditions p,

and T,, watt/cm3-steradian. Values of F were computed from Eq. (6)

for the range of temperature and density encountered during the present
tests using the tube manufacturer's values of R(d) and theoretical values

of {dJ,/dV), and (dJ/dV), which were tabulated by Gilmore in Ref. 6.

The measurements were further reduced to radiant intensity per
unit volume at the stagnation point conditions so that they could be com-
pared with the theoretical values shown in Fig, 3. Calculated values of
the equivalent uniform volume of air behind a normal shock wave were
used, following Page and Arnold (Ref, 8). The effective volume, Vv,
can be defined mathematically by:

diy ; d
V., - hilafy -~z dvanax —g-{,—dv o -
e J ’
Mo (‘ﬁ' , 4 (—W)2

where 4L is the radiant intensity per unit volume for the incremental
volumes of gas in the model shock-cap, watt/ecm3 - steradian.,

Again, as indicated in Eq. (7), the calculation procedure was
simplified by assuming that the spectral distribution of radiation from
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the stagnation point gas is representative of the spectral distribution
over the entire gshock-cap., The integral in Eq. (7) has been numerically
evaluated for three of the present test conditions using values of dJ/dv
from Gilmore. The following values of V_ were obtained:

u, , km/sec P BME Veﬂ. em’'
4.0 0.091 0.0079
5.0 0.081 0.0070
5.0 0.0182 0.0066

The numerical evaluation was similar to the method of Page and Arnold,
except that actual bow-shock wave shapes from shadowgraph pictures
were used in the present evaluation, Shock wave standoff distances
were computed from the correlation given in Ref., 15:

£ - 0.75 pu/p, (8)
Because the method for computing V_; obviously is approximate, recal-
culation of V_, for every operating condition was not believed warranted;
and an average of the computed volumes, 0,0072 cm3, was used in the
reduction of all the data (see Table II).

The radiant intensity per unit volume, dj/dV, and radiance per unit
length, dN/df , are synonymous and they are used alternately by the authors
of Refs, 4 through 12. The intensity term, dJ/dv, fits very well in the
equations normally given to explain the data interpretation process (see
Eqs. (2) through (7)); however, the radiance term, dN/d}, is probably a
better term to relate the shock-cap radiation measurements to the normal
radiometry concept of radiance of the surface of a black or grey body.
Consequently, the quantity, N, , defined as the radiance per unit length of
radiating gas, and computed from the relationship,

N; = VJ , watt/em' ~ steradien (9)

eff

will be used in subsequent descriptions of the radiation data. Note
that,

N:, = (—g—-’} i = %)’ , watt/em' ~ steradian (10)

3.3 PRECISION OF MEASUREMENTS

The table on the following page gives estimates of the precision
of the basic tunnel measurements.



AEDCeTR«55-132

Precision,
Measurement Percent
Driven Tube Charge Press., p, +5
Shock Velocity +5
Stagnation Press. 15
Pitot Press. 15
Heat Transfer Rate 10
Model Velocity, u 12
Range Press., P« +2

These estimates are based upon the repeatability of the instrumentation
systems from calibration to calibration, variations in individual meas-
urements during a given run, and discrepancies between dual measure-
ments during a given run,

Calibrations of the radiometers relative to two standard lamps
agreed within £10 percent. During 80 percent of the runs, the readings
of two identical radiometers agreed within +10%; however, differences
of a factor of two have been observed. In addition, relatively large
variations in radiometer sensitivity, £+20%, have been noted during
periodic calibrations. These two discrepancies are known to exist but
their causes have not been identified. Because of this lack of under-
standing of some basic measurement problems and considering the
assumptions which are made in interpreting the measurements, the
present radiation data must be considered somewhat preliminary.

SECTION IV
DISCUSSION OF RESULTS

The shock tunnel portion of Test Unit I has been calibrated over a
range of conditions. Various combinations of driver and driven tube
pressures were tested in combination with several nozzle throats. Dur-
ing these tests, a pitot pressure rake and a hemisphere-cylinder heat
transfer model were used to determine the quality of the test section
flow,

The data presented in Fig. 10 are typical of the calibration results.
These data were obtained for the test condition used during the counter-
flow portion of the radiation measurement program discussed, The
upper part of Fig, 10 shows that: (1) the pitot pressure profile was
uniform within #10%, over +15 cm from the tunnel centerline and (2) the
pitot pressure level was repeatable from run to run within +10%.
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Measured and theoretical heat transfer rates at the stagnation point
of a hemisphere are compared in Fig. 10b. The theoretical rates are
based upon the Fay and Riddell theory (Ref. 17) using a total flow
enthalpy determined from measured values of driven tube charge pres-
sure and initial shock speed. The heat transfer rates agree within the
precision of the measurement, £10%, implying agreement between
actual and calculated total flow enthalpy.

The performance of the launcher system is iliustrated by the model
velocities listed in Table II. Launcher powder charges between 85 and
160 gm (0.19 to 0, 35 1b) resulted in model velocities between 4.0 and
5.5 km/sec. The launch velocity for a given powder charge was repeat-
able within +0. 3 km/sec.

A very important characteristic of the launcher system for counter-
flow operation is the repeatability of the time interval between the
launcher fire signal and the model arrival in the test section. This is
illustrated in Fig. 11 for a series of medium-velocity runs {130-gm
launcher powder change), where a delay of 2,5 msec was used between
the shock tunnel diaphragm rupture and the launcher fire signal. The
model bow shock wave can be seen to affect the pitot-pressure trace
during passage {(Fig. 11la), and the model impacting in the tunnel throat
area produced a spike on the total pressure trace (Fig. 11b). Model
positioning in the test section was repeatable within 0.5 msec. The
delay period was varied from 0{(85-gm powder) to 4 msec (160-gm
powder)} to position the model in the test section during the middle por-
tion of the shock tunnel run.

The radiation data which have been obtained are presented in
Fig. 12 along with equilibrium air data from the Ames counterflow tun-
nel (Ref. 8) and the shock tube facility at the Ohio State University
(Ref. 9). Also shown are the predictions of Kivel and Bailey {Ref. 4)
and Nardone et al, (Ref. 5), but they are oriented in a slightly different
manner than in Fig, 3. The curves are for either constant free-stream
pressure, p,. or for constant initial shock tube pressure, p,, as
indicated in the figure. The two sets of constant p, curves are repre-
sentative of the manner in which the present data were obtained, while
the shock tube data may be compared to the sets of constant p, curves.

It was recognized that different sources of air properties and use
of different shock~crossing charts could contribute significant differ-
ences between various sets of data. Therefore, the parameter h, was
chosen to make the measurements as independent of properties and
theoretical shock crossings as possible. One set of shock-crossing
charts, those of Laird and Heron, Ref. 18, was used for all the data,

10
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The two most recent sets of shock-crossing charts, those of Laird and
Heron and those of Lewis and Burgess, Ref. 15, were compared and
found generally to agree within the reading accuracy., However, differ-
ences as large as 15% were noted in density ratio at low shock Mach
numbers and high pressures. The charts of Laird were chosen because
they include higher shock velocities.

The enthalpy, h,, was determined for the free-flight data by taking
one-half the square of the flight velocity. The shock-cap enthalpy was
determined for the shock tube data from the shock velocity and e, »
using the charts of Laird. Thus, h, is one of the better known flow
parameters of either facility. The shock-cap densities associated with
the data were obtained from the charts of Laird using either flight
velocity and p_, , or shock velocity and P, -

The conclusions of both Page and Nerem concerning their data
relative to the theories are supported by Fig. 12. Page's data are in
general agreement with the theories, but the scatter is too large to
identify the better of the predictions. This may be seen by comparing
his points at p, = 1,03, 1.0, 0,98 and 0, 89 amg with the p, =0.1 atm
(s, = 1.0 amg)} curves and his points at p, = 0.13, 0.11, 0,082, and
0.19 amg with the p, = 0.1 cm Hg (p, = 0. 12 amg) curves, etc. Nerem's
data lie slightly below Kivel's curves and tend to support Nardone's
predictions, falling below either curve at the highest enthalpies.

The significant point is that the apparent disagreement noted by
Nerem between the free-flight tunnel and the shock tube data is not
evident in this figure. Within the experimental scatter, the measure-
ments at Ames and the Ohio State University are in agreement.

The present data contribute little to the above discussion since they
are below the velocity regime of greatest interest. However, they do
provide an extension of the experimental data in the low velocity regime,
The present launcher-only data at the high density, p, ~ 1.0 amg, are
in reasonable agreement with the theories. The lower density data,

p, = 0.25 amg, obtained during launcher-only and counterflow modes

of operation agree with each other in the range of overlap, at 5.5 km/sec.
The mean of the low density data, however, is a factor of about two above
the closest theory. This increased radiation is attributed to a significant
contribution from the nonequilibrium portion of the gas in the shock-cap.
This is supported by the results of Page and Arnold. They present a
graph of the effect of density upon shock-cap radiation at a constant
velocity of 8.4 km/sec. Their data are also a factor of two to three
above theory at the same freestream cond1t1ons used during the present
lower density experiments.

11
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Efforts in the near future will be applied toward a shock tunnel
calibration at a condition which will provide high density flow for counter-
flow operation. Measurements with more spectral resolution would con-
tribute to the better determination of the influence of airstream contam-
ination upon radiation measurements. Relatively fine spectral resolution
may allow determination of the -radiating species and thereby point out
possible weaknesses in the theoretical calculations,

SECTION V
SUMMARY OF RESULTS

Results of the shock tunnel calibrations at Mach 10, 8 and reservoir
conditions of 1900°K and 550 atm have been presented. These results
show that the pitot pressure distribution is uniform within +15 em of the
tunnel centerline. In addition, the total flow enthalpy inferred from
hemisphere, stagnation-point, heat transfer measurements agrees with
the total enthalpy calculated from measurements of shock tube conditions.

The launcher system is capable of subjecting 0, 85-cm-diam alumi-
num sphere models to velocities -between 4,0 and 5.5 km/sec. The
velocity was repeatable within #0. 3 km/sec. During counterflow runs,
relative velocities up to 7.5 km/sec were obtained, The model could be
positioned in the tunnel test section within a satisfactory time tolerance
of +0. 5 msec.

Measurements of total shock-cap radiation at velocities from 4.0
to 5.5 km/sec and a shock-cap density of 1 amg were in reasonable
agreement with theoretical predictions. Radiation data obtained during
both launcher-only and counterflow operations, at velocities between
4.5 and 7.5 km/sec and a shock-cap density of 0. 25 amg, agree in the
region of overlapping velocity. The lower density data, however, are
a factor of two above theory for equilibrium flow, indicating a significant
contribution of radiation from the nonequilibrium portion of the shock
layer.

The radiation measurements were compared to data from the
NASA-Ames counterflow tunnel and the Ohio State University shock
tube at equal total flow enthalpies; and the most current, theoretical
shock-crossing charts were used, The present high density data and
the data from the other two facilities agree within the scatter of the
measurements.

12
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b. Model Launcher
Fig. 4 Concluded
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TABLE |
SUMMARY OF SHOCK TUNNEL PERFORMANCE DATA

Dlg;:;éfum 'JEEE;_‘ g'f:“be Shock | Total Tota_l Total Flow Free-stream | Free-stream |[I'ree —s-trn-.arn Free-stream Free-stream

Presa., | Press, | Mich | Tress | Dewiy | Tame | Munm | RomgdeNo, | Prese | Dewlo | Taen | Vouw

atm pys atm " ’ -t =! -

750 5.90 3,85 570 75.5 1850 10,7 0. 0940 0.00726 0, 0220 BY 2,03

750 5,95 3_B8 550 72.5 1800 10.G 0,0920 0, 00750 o 0, 0220 - 92 2.04

50 5.85 3.8 545 ) ?0.0- 195;)_ 10:9 '0.01'90 0. 00615 0.0185 _91 2,08 ]

Ta0 h. 90 3 B4 585 73.0 1850 10.-'; 0,0855 T(](]'ﬂiﬁ _{1.0225 11:] 2,02
_?;O R 5-.97 4_; 560 68, ll- 2030 10.7 0. 0740 0. 00G70 0. 0185— T 99_ 2. 14-__

730 5. 95 3.84 545 72.5 1850 10,8 0. 0905 0, 00sEY 0.0210 12!] 2.02

Tab T o, B3 3.84 943 1 72,5 ) 1850 10,8 Q. 0680 0.00845 0.0205 87 —2. 03 ]

750 2, 85 3,00 565 73.5 1500 10. 8 0, 0840 0, (;062(]_— OEE H8 2,06

Tl b.QT 3_.8—1 544 7_3.0 1850 ) 10.8 0,0885 0. 0DRGD 0,0205 86 - 2,02

780 o, B3 3.91 560 2.5 1800 10.8 0. 0865 0, Dl;b:ﬂﬂ_—“ ) 0. 0201-1- ) 91 2.06

750 6.05 3.98 560 70.6 1950 10.9 0.0790 0.D0625 0,0185 92 2,08

750 5,85 3.84 E _;1.._5 18L0 10.7 (l.-ﬂI'JSE 0.00715H 0,0220 a9 2,02

750 6.05 4,00 560 70,0 1950 108 00,0785 0. UUH.'i-h‘— ().O_lll.'; - -9'3 2. 10

770 5. 95 3.87 570 75. 5 1860 10.8 0.0915 0.00GA5 0.0215 BB_ _-_-2--0-4 ]

750 6,05 Eﬂ 285 76. 5_- -_u-mu _—10. 7 0.0945 0. 00-745 0.0225 2l 2,05

730 3,95 3.84 535 72,0 1850 10,9 0, 0900 0. 00615 0,0185 86 2.03

760 5,85 3.87 560 73.6 1850 10.8 0.0895 0.00675 0.0210 _88—_—- _; 4 T
_?50 T h.8—5 J—'.'IJ 550 -'J;-’J Illt;n ) 10.8 B l'l_ GBK 0, 00675 0. 0220 84 1,99

750 6,05 3.80 525 71.0-. 1800 11,0 0,0845 0. 00570 ) 0,0185 - Ry 2,01

Note: (km/sec) (3. 28 x 103) = {ps,

{cm=1}y (2, 54} - in, -}
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SUMMARY OF LAUNCHER PERFORMANCE AND RADIATION DATA

TABLE 11

Launcher

Powder Relalive Frop-stremmn or | Helative Relative hhock-Cap | Shock Cap Shlur.'k-C.np Lolss: 1 Vofr, | i
O A B el I Lo B e g e R T R P
gm - ' ) ) .
160 7.38 0,00725 38.0 0,340 0,31% 82l 27 2 0,54 0,68 |0.79 90,0072 119
160 7. 18 0.0;)750 3.4 0.325 0.310 Bilag 25.8 0.55 0.--88 0,79 110
130 8,77 0. 00815 35.4 0. 255 0. 250 650 -22.9 0.14 (0,87 10,21 29
130 8.70 0,00735 35.4 0.315 0, 305\“ 7650 22.4 0.15 (0,66 [0.23 32
130 8, 64 D, 00570 33.3 ;) 230 0,250 1550 22.2 ) 0.21 (4, 647 0.31_ 43
130 6,61 0. OB GAD 35.1 U, 295 0. 2485 7650 .9 0.17 (0,66 (0,2¢ 0.0072 36
120 6,59 0. 00R4 35 4 0. 285 g.2Mn 7550 21.B ) 0.41 |[0,85 [0.62 L1 ]
130 6,58 0. 00620 35.0 0.270 - G, 260 TSDU- 2.7 0.18 |0.66 [0.27 38
120 5. 54 0. 00650 5.0 0. 290 G, 275 7500 zl.8 0.18 |0.686 |0.27 38
120 6. 54 0, 00680 34,3 0.275 G, 270 o0 21,8 0.24 |0,68 |0.36 } 50
130 g, 40 o), DOG2E 33.3 0. 240 0. 244 7350 20,5 0.087 {1,685 |0, 13 0.0072 18
120 618 0.00715 32,9 0,230 0. 286 7250 i49.3 0.087 | D.0% |0, L3 18
130 6,03 0. DOB1S 31.2 0,225 0. 't!.'.ih' ) 7050 18.4 0.074 {0,563 0,12 117
110 5,72 0. 0068 30.4 0.255 0. 200 7000 6.4 0.057 | 0.83 |9.000 l:l
100 5 .67 0. 00745 2-9. 1 0,260 a, 270 G150 16.2 0.086 | 0.62 | @, l.5_ 21 T
100 5. 54 0. 006135 9.4 0.235 0,235 HE00D 15,4 0.037|0.61 | 0.061 | 0,0072 6.5
110 5. 46 0. 006873 28,9 0.240 0,245 6550 15.0 0.042 |0, 61 | 0.069 9.8
85 5. 21 0,.00673 28,5 0.165 0. 250 8350 - 14.0 0,030 | 0, 60 | 0.050 6.9
100 §.27 0, 60570 28.8 0. 125 0.215 6300 13.9 0,014 | 0,53 | 0,024 - 3.3
160 5. 46 0. 020 13.8 0.0695 0.210 6500 15.0 0.063|0.61|0.10 4
160 5.11 0. 020 15.4 0.0680 0. 205 6350 14,3 0.033| 0,60 | 0.055 | 0.0072 7.8
1G6a 5.32 15.3 G.0875 0, 205 6350 14.2 0,020 0. 61 o.n.';.'i 4,6
- - —
160 4,28 153.3 0.0875 0, 205 8300 14.0 0,026 0.61 | 0_04F G, 4
180 5,29 16.3 0,0675 0. 2('.'-5- 6300 14.0 0.025| 0,60} 0,042 5.8 T
160 52 15,1 0.0B65 ’ Q. 205 6250 13.7 0.028 ; Go| 0 047 6. b
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TABLE 1l (Concluded)

L;::‘;:T Relative Free-stream or | Helutive Nelative shock-Cup | Shock-Cap Shork-Cap Jabé- ] Verr, ®
Charge. Velocity, Range Presa, Mach | Reynolds No. Densily, Tump: Fathalpy, watt/ st 3 wm.'é.fst emd wstt!:mﬂ-ut
prmd u,, kmfrce Po. atm No. x 108, gim=1 | Py, amp T3, "K ha, hmnZfaee?
160 3,18 0.02 14,9 —. [HI T 0. 200 H200 13.4 0:02% 0.58 'o.0up p. 007‘2 6.8
F 5. 04 14,5 0.0640 Tmu -_EUEU ) 1?7— ) 0.0i6 0,58 | 0.028 T 3.9
II 4.88 14,3 0. 0630 a, 100 _l'.mm 1;:3_ - 0,013 0,58 | 0.022 at
- l-';)_- -4.?! T 13.1 0.0573 0.190 5400 IU._:i— Tﬂilb.‘ d, ;9_-0. ooat B 1.4
130 4.;- T — 12,0 0.037a Q. 130 5400 .1 ] -D._Ol'.l-.iH 0, 55_] 0ihg —0. ag T
150 5,33 0. 10 15,3 u, J40 0. 970 6850 14.2 0. 21 0, bi | 0. %6 :U. DURP 20
180 5,28 15._3_ 0. 340 0.870 3300 14,0 0.21 {0, hb | 040 5[1—‘_—‘
160 3.18 I4._9_ ll_a 0.9-55 5600 13.4 H 0.664 [0.bO 0. N - V—_l:) T
16 5.15 14,8 ll.:!;) T.Hﬁﬁ G330 13.3 0.066 (0.58:0 11 1::- T
160 $. 14 14. 8 —u:s; T.!l:‘)l] - _l:;; 13.2 0.14 (0. 59 |0.%2 44 ]
160 3.09 0, 10 14.7 Q. 325 0, B4 11101 13.0 0.071 |0.59 | 0. 12 0. 0072 17
16_0 .S_U-ll 14.6 U_325 0,840 | _b500 i 12,8 0.008 {0.59 | 0.10 21 ]
E -5._05 4.8 0.32% 0. EMII_- i _u.-.nu 12,8 0,12 0.50 | 0.20 24 )
i 160 m - 14.5 0. 320 a, {ihon l:; —aus 0.3% OTM 18 ]
160 i ﬁ. B T 14. 4 0.320 0, Y3 G4 - ;5— Tﬂn-’l 0.58 | 0.18 1B T
160 4. &3 m 10 13.8 0,310 0,835 DALY 1.7 0,062 '0.58 | 0. 12 0.0072 i6
B 160 4,44 7 B l;a_ 0.285 0. B05 SH00 9.85 0.014 0._5&__0. 033 T T 1.8 -
130 4. 30 N 12-.4_ (_1.275 o, 800 5250 B.25 1 -m}rih 11.5? 0.011 -}_ T 1.5_—
Tll 4. 30 12,4 1,275 ) DjQIZIO 5250 B.2h 0,0071p0hL 54 | 0012 1, % T
F 4, 24 T 12,2 0.270 ) OTHH:) 7_5200 B. 98 0.0064[0. 58 | 0.011 . h
130 1,20 7, 10 12,1 0. 2% 0. 380 YL 4.2 f D, 0075|0.58 | 0.013 (0. 0072 1.8
130 4.18 12,1 m 0. 890 5100 4. 7% 0, HOSH 0; 0, 0087 1.4
130 4,12 -l.l.!! ) I}, 263 _0-.-08.5 1830 8.40 0. DhaY U.-ETﬁﬂ‘.ﬂﬂQﬂ-—- —l.-‘l
130 4, 0B T 11,8 0. %60 0. HHa- -_-'19[;0 8.33 0.0049!0.;! 0 0083 1.2

Note {hmfsec) (1,28 x 103) - fps, (um-1) (2,593 = .- 1, tkm¥/scc?) (10,75 x 106) - N2/g0c
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