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3 1. INTRODUCTION

The entry of space vehicles into planetary atmospheres presents
several new problems not encountered previously in studies of Earth
atmosphere re-entry at velocities at and below the satellite value. In
order to shorten the transit time below that corresponding to the minimum 7
energy trajectory the vehicles planned for the exploration of the near
planets will often be required to withstand entry speeds in excess of the
Earth parabolic speed. At such speeds the heat transfer problem ceases
to be only one of convection across the boundary layer. The gas external
to the boundary layer between the shock wave and the body will reach
extremely high temperatures, and various modes of radiative transitions
will become excited, resulting in the emission of ’lar'g;e amounts of radiant
energy. Thus, the radiative heat transfer will become significant, and as
the entry speed continues to increase, radiation will eventually dominate
the overall aerodynamic heating.

Fig. 1 illustrates typical planetary mission flow conditions (1). Since
early hypervelocity entry vehicles will be quite blunt, studies to date have
generally been limited to a blunt stagnation region where the most severe
heating will be encountered. Stagnation regién equilibrium gas properties
for a range of possible entry trajectories for the planet Venus are shown
in Fig. 1 with assumed atmospheric property profiles and concentrations.
It can be seen that, for this class of h‘)rperveloci‘;y entry flight, equilibrium

temperatures as high as 13, 000°K can be expected; corresponding maximum
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equilibrium radiation heating rates for a large body (order of 10 ft‘ diameter)
would reach several thousand BTU/ft%-sec.

In spite of extensive theoretical efforts to understand the phenomenon
of high temperature gas radiation, experimental investigations are necessaz/'y

to measure the actual radiance from which the radiant heat transfer to the

surface of the vehicle can be deduced. At speeds above 30, 000 ft/sec, the

stagnation region flow becomes appreciably ionized, and this suggests the
possibility of strong effects on the convective heat transfer. Existing
theoretical models used for boundary layer calculations oversimplify the
physical situation and; therefore, experimental measurements are also
necessary in this area.

The response of the thermal protection material in a combined
radiative and convective heat transfer environment is a new problem. Also,
the presence of species in the boundary layer other than those present in
an air atmosphere might be expected to affect the response of the ablating
material. Both problems are quite complex and recourse must again be
made to experimental investigations.

The purposes of this paper are to outline the laboratory techniques
used at the Space Sciences Laboratory of the General Electric Company for
the simulation of superorbital velocity planetary atmosphere entry heat
transfer environments and to illustrate the use of these techniques through
the discussion of the results of several studies in this problem area.

Reference 2 is a paper with similar objectives for suborbital Earth re-entry



problems and many of the techniques discussed here are extensions of that
earlier work.

Fig. 2 can be used to define ‘the stagnation region heat transfer
problems of interest. In general the flow field can be considered to be
composed of 1) a non-equilibrium shock front, characterized by high
translational gas temperature levels and corresponding high radiative
intensities compared to equilibrium levels at the same density and velocity,
2) an equilibrium inviscid shock layer, in wﬁich the flowing gas properties
are in quasi-thermodynamic and -chemical equilibrium, and 3) a reacting
boundary layer, in which viscosity, conduction, and the diffusion of external
and ablated gas species have important effects. .As in the past studies of
suborbital Earth re-entry problems (2) it has been appropriate to approach
the study of such a flow system through the use of two classes of experimental
facilities: the shock tube and the gas arc or plasma generator. The ability
of a shock tube to deliver large rates of energy to a test gas allows the
generation of strong shock waves and blunt body flows in which radiative
fluxes and convective heat transfer rates can be measured; however, the time
durations of such flows are too short for the study of materials response.

Cn the other hand, arc flows in which the required stagnation gas properties
can be produced do not give properly simulated flow fields; therefore, it has
been necessary to tailor the test environments to provide specified levels of
heating rate to a test surface so that their long test time characteristics

can be exploited for materials studies. This divided approach is indicated
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in the identification of heat transfer rate components in Fig. 2; that is,
c';t refers to the heating of a non-ablating cold surface such as that used
in a shock tube test, and ‘;lbody refers to that portj.on of g; that penetrates
a surface protected by the ablating material. Of course, the éBL is
accompanied by an ablated mass transfer rate as illustrated in the figure.
To apply the above approach to the hypervelocity problem area, it
has been necessary to considerably extend the performance characteristics
of both types of fécilities. An electrical heating technique has been
developed for shock tubes that allows flight velocity simulation well in excess
of 50,000 ft/sec, and the extension of arc performance to greater than the
36, 000 ft/sec simulated flight velocity level has been possible through the
modification of an existing divided flow, constricted arc design. In addition
several new instrumentation teéhniques have been developed to permit the
required measurements. Part of this paper describes these new developments

in experimental technology.



* 2. EXPERIMENTAL FACILITY FOR CONVECTIVE AND
RADIATIVE HEAT TRANSFER STUDIES

Shock tubes have been used for many years in experiments for
the generation of aerodynamic data in flows of high energy and high
stagnation pressure (3) (4) (5). The demand. for an experimental facility
in the areas of simulation of orbital and superorbital enthalpies and
pressures forced further development of their performance. It became
obvious that these requirements were beyond the capability of the
conventional combustion driven shock tubes. The arc-heated shock tube -
Fig. 3 - used in present studies was specifically developed for this purpose.
Its basic design followed closely the features of the smaller prototype tube (6)
in which several investigations were carried out and which produced the
necessary data used for the pre;iiction of performance of the present facility.

The ability of this tube to produce strong shock waves at relatively
high initial pressures is obtained from the high temperature, high pressure,
low molecular weight driver gas produced by the rapid discharge (order of
50 ..sec) of capacitor stored energy. The internal dimensions of the driver
arev 3.5 in. diameter and 4.5 ft. long. In practice, the driver is shortened

by the insertion of solid plastic cylinders to the dimensions necessary for

obtaining required energy density. An insulating cylindrical sleeve with 1/4 in.

wall thickness fits inside the driver tube. It is used to insure that the arc

discharge is contained within the drivér gas. A thin wire is used to initiate

the arc discharge. This is located on the axis so that the wall losses remain uniform



in‘the axial direction, thereby reducing non-homogenity in the properties

of the driver gas. The energy for the arc discharge is stored in capacitors,
each rated at 5 microfarads and 2C, 000 volts. Total available stored
energy is 304, 000 joules.

Helium is used as the driver gas. The diaphragm separating the
driver and the driven sections of the shock tube is made of stainless steel
with diagonal lines scribed to a controlled depth to ensure clean opening
with a negligible loss of material. The driven tube is made of stainless
steel. Its internal diameter is 6 in. and the overall length is 31.5 ft. The
stagnation flow model is located 2 ft. upstream of the end flange. As indicated
in Ref. 6 an extensive research program was necessary before a satisfactory
operation of this facility was achieved. A photograph of the test section of
the shock tube including the instrumentation, vacuum pumps, etc. is shown
in Fig. 4.

The performance of the tube in air is shown in Fig 5 where the
attainable shock velocity is plotted as a function of the initial pressure, energy
input and driver length. The experimental data indicate that shock velocity
up to 32,000 ft/sec can be obtained with 1 mm Hg driven tube initial pressure,
18 in. long driver and full energy in the capacitors. 'With a lower initial
pressure and the same driver size shock velocity up to 36,000 ft/sec can be
reached. By reducing the driver volume to approximately 17.5 in3, a shock
velocity of 43,500 ft/sec - equivalent to 59,000 ft/sec flight velocity - has
been produced. Superimposed is a curve depicting the performance of a

combustion driver facility. The limitation of the latter is self-evident.



. One of the tools required for a study of the type described in this
paper is a complete set of thermochemical equilibrium calculations for a
gas mixture to be studied (7). Using these state properties, various gas
dynamic properties associated with traveling ana stationr;xry shock fronts
can be calculated and charted as functions of shock velocity and driven tube -
initial pressures. Shown in Figs. 6a and 6b are some of the properties
‘behind the incident shock and at the stagnation point for the gas mixture
given in Fig. 1. Referring to Fig. 5 it can be seen that temperatures behind
the incident shock of up to 12, 000°K and in the stagnation region of up to
17, 000°K can be achieved in the 9% COp - 91% Nj gas mixture with the 18 in.

long driver.



3.» STAGNATION POINT CONVECTIVE HEAT TRANSFER MEASUREMENTS

The stagnation region flow about a model in the shock tube is
produced in a different manner than it is in the flight case. The test gas
is first compressed and accelerated by the incident shock wave generated
when the diaphragm dividing the driver and the driven tube is ruptured.

The flow behind the shock front, although moving with high velocity, is
only slightly supersonic due to the high temperature or high sonic velocity
in the gas proces‘sed by the advancing incident shock wave. This gas then
flows around the model which is blunt and, thus, a detached bow wave will
be established. The gas along the model axis will undergo compression
across a normal shock and flow along the stagnation streamline to the
surface of the body.

As long as the boundary layer thickness is small in comparison with
the shock layer, whose measure at the stagnation point is the detachment
distance, the boundary layer problem can be considered separately from
the inviscid flow field and, hence, independently of the Reynolds number. The
only requirements for accurate simulation are the stagnation enthalpy, the
velocity gradient at the stagnation point, and the chemical similarity of the
gas in the various flow processes. For the hemispherical body the Newtonian
approximation predicts that the velocity gradient is independent of Mach
number which has been confirmed experimentally. The correlation for the
heat transfer rate through the laminar boundary layer at the stagnation point

can therefore be written
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where C depends on the composition of the boundary layer.

Thus, the environment created in a shock tube is directly applicable to
the solution of the stagnation point convective heat transfer problem if
the stagnation pressure and enthalpy of the flight cas'e are duplicated and
the geometric size of the vehicle appropriately scaled providing the flows

at the outer edge of the boundary layer are in thermochemical equilibrium.

Experimental Procedure

A schematic diagram showing the shock tube instrumentation which
is used during all experimental runs including convective heat transfer and
total radiance studies is presented in Fig. 7. The shock speed is obtained
by observing the luminous profile of the shock wave with collimated photo-
multipliers as it passes five stations ahead of the test section at which the
model is located. The signals from each photosensor are differentiated and
displayed on a raster trace. The arrival of the shock front at each station
can be read with an accuracy of about +0.5 Josec which, for example, at
30,000 ft/sec gives shock speed with an accuracy of better than 2%. Pressure
gages located at two stations are also used as a check of shock speed obtained
from the passage of the luminous shoc¢k front.

In order to insure that the reflected expansion wave from the driver
does not interfere with the test gas flow when using the shortened length

~river, pressure history behind the incident shock is monitored. The
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pressure data are also useful for verification of equilibrium thermodynamic
state behind the incident shock wave.

In addition to the data necessary for the evaluation of shock speed
and pressure, photometric and photographic methods are employed to obtain
further information about the quality of the incident shock wave generated

-flow. The emitted light from the shock heated gas behind the incident wave
is observed with a multichannel monochromator. Also using a two-color
photometer with its entrance slit focused on the shock layer ahead of the
stagnation point of the hemispherical model it is possible to determine;

1) when the flow around the model is fully established and how steady the
test flow is, 2) when the mixing zone between the test gas and the driver gas
arrives at the model. Also an image converter camera is used to assess
the quality of flow by showing the shape of the incident shock wave and the
symmetry of the model flow.

A typical 0.5 in. nose radius model used to obtain convective heat
transfer is shown in Fig. 8a with the heat transfer gages mounted at the
stagnation point. The design dimensions of the gage were 1/16 in. wide
by 1/4 in. long as illustrated in Fig. 8b. The gage electrical circuit is
shown in Fig. 8c. Typical oscilloscope traces obtained in two different gas
mixtures are shown in Fig. 9. The data reduction (8) involves reading the
slope of the voltage signal and applying the simple expression relating the

change of voltage across the gage with time.

° VoaY
9= <V, &
where - < 2C L
S~ o -"Sgage‘ materiai



Since the bulk properties of the gage material are well known, the
coefficient K can be easily calculated and the gage response established
without an extensive calibration procedure. The temperature coefficient
of resistivity, of , is checked experimentally for the particular batch of

material used in fabrication of the gages.

Convective Heat Transfer Results

The experimental convective heat transfer data obtained with platinum
calorimeter and ;:hin film gages are presented in Fig. 10. The results are
normalized by the square root of the ratio of the nose radius to the stagnation
pressure and plotted against the enthalpy difference between the edge of the
stagnation point boundary layer and the wall. The composition in which
most of the present data were attained was 9% COz - 91% N2. A few data
were obtained in mixtures containing 25% COy - 75% N2 and 87% CO, - 13% Np.
The calorimeter gages used in the experiment were 0.002 in. thick and were
mounted at the stagnation point of a 0.5 in. nose radius hemispherical model.
An analytically determined correction factor {1) was applied to the observed
calorimeter gage signal to account for the non-linear temperéture distribution
across the thickness of the gage element. The data include several points
obtained with thin film gages whose signal was adjusted (9) for the variation
of the heating material properties due to quite a large change of its temperature
during test time.

In analyzing the data the possii)le contribution of radiative heating to

the measured heat transfer rates was considered. For test enthalpy levels
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cerresponding to flight velocities below 37, 000 ft/sec (using radiance data

of Ref. 10) the maximum radiate fiux was found to be less than 10% of the
measured heat transfer rate. However, for higher flight velocity simulation
the radiation becomes appreciably larger and may add considerably to the
measured rates. The amount of the incident radiation which the gage will
absorb depends on the surface reflectivity, which itself is a function of the
wavelength and the surface conditions. It was estimated that the gage will
absorb 50% of the incident radiant energy. Appropriate corrections were

made and the data plotted showing a range of uncertainty (25% to 75% absorption)
of the radiant heat contribution to the gage reading.

The present data are compared with theoretical solutions of the
stagnation point laminar boundary layer heat transfer in CO2 and air (11). At
enthalpies equivalent to flight velocities below 37, 000 ft/sec the data lie between
the CO, and air predictions, at higher speeds the data lie closer to the CO2
theory.

In an effort to investigate the scaling law with regard to pressure,
several runs were made at approximately the same shock velocity but at
widely different stagnation pressures varying between 3. 25 aﬁd 54. 6 atmospheres.
At stagnation zressures of 9 atm and above the scaling is adequate. However,
data obtained at the low pressure gave results which deviate from the main
trend of other data. A question arises whether the shock layer is in
equilibrium. Using the prediction of Ref. 12 for the relaxation distance
behind a normal shock, one concludes‘that with F = 0,25 mxm Hg and

Ug = 23,500 ft/sec the gas at the outer edge of the boundary layer may be out
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cf equilibrium. The effect of this ca boundary layer flow and on heat
transfer has not been treated analytically with a sufficient rigor to suggest
whether the heat transfer should be either higher or lower than for the
equilibrium shock layer case.

It has been reported that gage surface material can have an effect
on the apparent heat transfer response of calorimeter gages in a shock tube
flow at hypervelocity test conditions (1 ). In a further attempt to separate
possible surface effects from internal behavior of the gage material itself
a series of runs were made using silicone dioxide coated nickel gages and
several additional data were obtained with gold gages. The heat transfer
rates obtained with Hytemco (Ni-Fe alloy), nickel, gold, platinum and
silicone dioxide calorimeter gages are shown in Fig. 11l along with data
from thin film (platinum) gages. Data for air as well asbfor 9% CO2 - 91% N2
and 25% CO2 - 75% N are included. From this figure it is seen that the
platinum thin film results are at the general level of platinum calorimeter
heat transfer data. We have also included in Fig. 11 data published by
Compton and Chapman at flight velocity simulation levels of about
36,000 ft/sec (13) which were obtained from observation of thé time required
to initiate melting of free flying aluminum models. Measurements of other
investigators using platinum calorimeter gages in shock tube experiments
.are not shown since they agree well with the present platinum gage data.
The data obtained with gold calorimeter gages are found to be generally in
agreement with the nickel and Hytemco values. The coating of the nickel

gages with a silicone monoxide film has a tendency to reduce the measured
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apparent heat transfer rate to a level zssociaed with the platinum gages.

We have concluded th..t effects other than internal electric phenomenon,

of which we originally suspected nickel and Hytemco gages, produces the
differences in the heat transfer readings. If then we assume that surface
effects are causing the observed results, further consideration must be /
given to finite reaction rate kinetics in the boundary layer. Fay and
"Riddell (14) studied the non-equilibrium stagnation point dissociated boundary
layer and form...lated a _arameter which can be used as a measure of the
effects of finite recombination rates in the boundary layer. Applying this
parameter to the conditions of the present experiments one would conclude
that the boundary layer is in equilibrium for heat transfer purposes.
However, no electron recombination in the boundary laye‘r was considered
in reference 14. This may be quite important since the energy invested

in ionization is a large portion of the shock layer flow energy for shock
velocities in the present study. Also the electron temperature will probably
be hi_. .r than ion temperature at any given point of the boundary layer and
may approach the stagnation region gas temperature. Thus, if the boundary
layer is not in equilibrium with respect to electrons and ions,‘ the energy
delivered to its inner surface may be significantly higher than for the
equilibrium or one temperature non-equilibrium cases. Such effects in
combination with gage surface catalytic effects could explain the results

obtained with different material gages.
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4, TOTAL RADIATION STUDY

The measurement of total radiative heat transfer from a high
temperature gas volume to the enclosing envelope has always been a
difficult problem especially when the duration of the emitting sample is
of the order of microseconds. One logical choice of a measuring device
would be a resistance thermometer type gage. Such gages have been
widely used for convective heat transfer determination in shock tubes and
tunnels (15, 16). 'A thin film resistance gage (preferred due to its fast
response) in its normal form will absorb one part of the incident radiation
while the other part will be reflected. In most cases the reflectivity is a
fur stion of both the surface conditions, the wavelength of the incident
radiation, and the incident angle. In practical applications the surface
conditions of the gage cannot be closely controlled and even if suitable

calibrations of the surface characteristics could be carried out, their
variation during the test time cannot be predicted. Since the gage will be
in contact with the hot gas, convective heat transfer will be present which
is very difficult to separate from the total heating sensed by the gage.

From the theoretical studies of the wavelength ‘region which will
contribute to the total emission we find that in the experimental studies
described here a spectral region from several hundred Angstroms to
several microns must be considered. Due to the high temperatures of the
gas, the bulk of the emitted radiation will lie in the UV. An additional

effect on the gage respon'se is caused by the highly energetic photons



er:nanating from the test gas and incident on the reéistance gage. They
wili produce photoelectric emission of electrons from the gage surface
causing an apparent reduction of its resistance and introducing an error
not easily accounted for in the interpretation of the gage output signal.

Because of all these difficulties the cavity or black body type
geometric shape was chosen for the radiation gage. The present form of
this gace is shown schematically in Fig. 12a. The gage is made in the
form of a cylindrical body with a suitably located entrance slit. This form
rather than that of a hollow sphere was chosen due to ease of fabrication.
The gage does not enclose the radiating gas but the radiative energy enters
the cavity through the slit where it is absorbed by the platinum film in the
interior of the gage-as it undergoes multiple reflection indicated in Fig. 12b.
This thin film of platinum also serves as an extremely fast response
resistance thermometer. The reflectivity of such a film is less than 50%
for all radiation at wavelengths below 0.6/u, . It was calculated that not
more than 5% of the incident radiation will escape through the opening without
being absorbed if the film reflectivity remains below 70%.

Fast thermal response of the gage is dependent on the film thickness,
v hich should be made small relative to the characteristic thermal diffusion
depth of the film material. At the same time, the film must be opaque to
the incident radiation since its function is to absorb the energy. The
transmission of thin sputtered platinum film was therefore investigated.

The results indicated that a film of about 0.1 micron thickness transmits

- 16 -



less than 1% of the incident light in the wavelength range between 0.25 and
0.8 microns. Its transmission becomes even less for shorter wavelengths.

In the course of the shock tube investigations of the tota! radiative
properties of high temperature gas mixtures, two experimental configurations
of the cavity gage were employed. Inthe first configuration measurcments
were made of equilibrium radiation emitted from the gas flow behind the
incident shock wave as shown in Fig. 7. The gage was located at a distance
from the collimating slit and therefore viewed a narrow layer of the gas across
the shock tube. In reducing the data 90% transmission of the quartz
window was assumed over the whole wavelength range.

The temperatures and densities of the test gas in the region behind
the incident shock are limited by the strength of the shock which can be
generated at a given initial pressure with the shock tube driver. In order
to obtain experimental radiation data from gas at temperatures in the range
of 12,000 to 16,000°K and at a relatively high density, investigations have
often been carried out in the reflected shock region of the shock tube. This
metaod, however, holds several disadvantages which can be avoided if
the gas in the stagnation region of a hemispherical model located in the
ziow generated by the incident shock wave is used as the source of the
radiating gas.

From previous investigations of stagnation point convective heat
transfer and studies of shock tube flows it is known that the flow establishes

itself quickly after the passage of the incident shock wave and remains
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“clatively steady for 2 sufficiently long time to permit the measurement of
radiant vmission from the shock layer gas. Since the flow is steady in
laboratory coordinates the requirements on time response of the
instrumentation is less severe. This conﬁguratioﬁ is restricted to measure-
ment of aquilibrium radiative propertics only. This is so because the frec
streum model flow is already in a state of high thermo-chemical excitation -
having been processed by the passage of the incident shock wave - compared to
ih.e iree stream conditions for a vehicle in flight through an atmosphere.

A phenolic nylon hemisphericali model with a nose radius R,=1.01n.
shown in Fig. 13 was used for the model experiments. A rectangular shape
sapphise window 0.1 in. by 0.5 in. was used at the stagnation point of the
moce.. The zage itself was located away from the window with the entrance
siz. marailel to the window aperture. Thus, the gage senses only radiation
Jrorn a region of the shock layer close to the axis of the model. For the
test concition range of interest here, the stagnation region has almost uniform
temnerature and is essentially transparent. For instance, at Us = 28,000 ft/sec
and P; = 1.0 mm the temperature in the 9% COZ - 91% N, gas mixture
berind the bow shock is Ty = 13,800°K while the stagnation temperature is
T, = 13,920°K. Also, the theoretically predicted radiative flux at the same

. watts
conditions is approximately 1.2 x 10* :n:z—— which is about 5% of black body
totzl radiance at T3. Before the reading obtained from the cavity gage can

o iaterpreted in terms of radiative power emitted by the stagnation region

gas one must know the radiating volume and steradiancy of the emitters.

1
o
1



The radiating volume is defined by the ficld of view of the gage entrance
slit and the modcel window aperture and the distance between the model
suriace and the bow shock wave. This distance was measured through the
usc of two techniques. Entrance slits of two two-color photometers were
focusced on the axis of the model ahcad of the stagnation point at a distance
er.compassing the expected location of the bow shoick. The character of
;ne signal from these instruments indicated whether the predicted location
wzs correct. A more accurate measurcment was made using an image
converter camera, photographs from which are shown in Fig. 14. The
ingtants at which the three frames were obtained are indicated on fhe
monilor trace. The upper frame is taken just prior to the incident shock
wrriva:; the center frame corresponds to the test gas flow; and the bottom
Irarne shows the arrival of the mixing zone between the test gas and the
Zriver gas. The experimental data on stand-off distance agree well with
che prediction of Serbin (17).

Typical oscilloscope traces ci the stagnation point cavity gage

¢iznal cre shown in Fig. 15. The approximately parabolic signal of the
cwvity gage {upper trace) is typical of the response of a thin film

.nermormeter gage to an approximately constant heating rate. The

sceadiness and duration of the radiating shock layer, as indicated by the
stagnation region photomultiplier trace (lower trace) is also shown in Fig. 15.

e electrical signal of the gage is recuced to the corresponding heat

iransfer rate using the technique described in Ref. 18.



= .ivation Poince Total Radiation

Cavity gage measurements o: ihée total radiative intensity of the
stagznation region gas are presented in Fig. 16. Results have been obtained
for shock velocity values between 22,000 and 34,000 ft/sec. Also shown
on INie o 16 arve the theorcetical curves (L2 to L0 1o spectral region) for the
shocn tube property ranges covered by the experimental conditions. The
radiance has been normalized by the stagnation region density ratio to the

5 power which brings the theoretical curves into reasonably good

(6]]

ree.ont for the property range of interest. In general, the experimental

oints scatter near the theoretical predictions. There is a tendency for the

g

experimental results to be slightly higher than the theory at shock velocities
Socow mbout 28,000 ft/sec. Above this value ihe points generally group
scri.ewhat below the predicted level. Note the few points corresponding
dves of DV mam e, Theee 1o signifiosatly above the Tasata peedjot el
Cooe cyuadlibriam dhicory and the general levels obtained experimentally at
alger nressures. We have associated this behavior with the initiation of non-
ecailibrium effects in the shock layer. Radiation from a non-equilibrium
air saock layer has beea investigated experimentally by Page (19). Since
e e il b e o thie anedet et condrsaration wall be different
from: Lnat investigated by Page because of the high temperature and
dissociation level of the gas entering the shock layer in the shock tube, a

direct comparison with Page's results.is not necessarily valid. However,

it is noted that the magnitudes of the few low pressure points are compatible
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Scveral points from diffcrent tvst gas mixtures are also shown
in Fig. 14. While more data are requirved for the study of the importance
of gas composition, there appears to be a reasonable agreement between
these points at flight velocities above 25,000 ft/sec and the other data.

Inciden: Shock Equilibrium Total Radiation

Jsing a toral radiation cavity gage, measurements were made of
the equilibrium radiation behind the incident shock in 25% CO, - 75% N,
oxs mixiure at shock velocities up to 30,000 ft/sec. The results arec shown

T T A

o Fig. 17, Also, stagnation point radiation data obtained with the model
Cavity giges are shown in the range of the simulated flight velocity overlap.
wou sols of data are normalized by the density ratio raised to 1.55 power.

.

swesaits of calculations obtained through the use of theoretical data in Ref. (8)
are aiso shown. Note that at simulated flight velocity above 32,000 ft/sec
the taeoretical curves collapse on each other indicating that the density

voZect was correlated correctly, at lower flight speeds the theoretical curves

divergze. Therefore, to make a proper comparison of experimental data with

)

thc theoretical predictions, the stagnation point data should be compared

vwtn a theoretical curve calculated for approximately P; = 70 mm Hg since
¢y nen the density of the radiating gas will be in proper relation between
the experiment and the theory. Data irom the incident shock measurements

cen e compared directly with the appropriate theoretical curve at a

corresronding Py. It should be noted that both sets of experimental results
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‘s cgually higher than the theoreticas predictions. A further comgarison
is made with the free flight range daie of James (20), whosc interpclated
vesulis for 25% CO, - 75% N, are shown in Fig. 17. It is interesting
to note that at flight velocity of approximately 26,000 ft/sec free flight data
indicate even higher radiance than prescent shock tube measurements. In
Rei. {21) it is shown that major contributors to the total radiation at
conditions of these data are CN and CO bands. Since the theoretical
ecuilibrium composition calculations enter into the computation of the
species ‘:adiétion, any uncertainty of thermodynamic constants entering
into ihe equilibrium calculations which zffect the particle density of CO
- ON will also affect the final results of total radiation calculations. The
aisscoliiion energy of CN radical used in present calculations was taken
as D, = 7.52 ev on the basis of the rvport by Knight and Rink (22). This
val.c is considered to be true in the light of later experimental results by
Zorkowicz (23). Fairbairn (24) recently measured the f numbers for CN
vicier z.:d red band systems. He reports £ = 0.0318 for CN violet and £ = .0034
for the rzd band system. The theoretical calculations of Ref. 8 use f = 0.027
and £ = 5.020 for the violet and red systems, respectively. The new values
i1l compensate each other to some extent when used in present calculations.

_. is therefore unlixely that CN is the source of the higher radiation. The

:ow been reported from two independent experiments it must be
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«Sstiied that it represents a true level. Specirographic studies of the
cedialion are necessary to explain fully the reason for the difference betwecn

L2¢ Lhcory and experiment.
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2 the secrion on equilibrium total radiation it was mentioned that

the model configuration is not suitable for non-equilibrium radiation

.

studies. However, these measurements can be made by observing the
passage of the incident shock. Since the extent of the non-equilibrium layer
is extremely short the required high spatial resolution of the radiation sensor
precludes the use of the total radiation cavity gage. It was found that
srotomiitipliers with their high sensitivity together with an appropriate
dispersing optical system can satisiactorily be used in such a study producing
not oniy the non~-equilibrium radiation cata but also the spectral distribution
or tal cesilibrium radiance.

Zig. 18a shows the general arrangement of the shock tube, the

spec.rocaotometer and the optical system associated with the incident shock

Ziuilna studies.

——

he measurements were made through a quartz window mounted in
the sidewzll of the tube at a station iocated at a distance of LL/D = 51.5
irom the diaphragm. A light trap inthe form of a blackened clylindrical
cavity was placed directly opposite the observation window in order to
eliminzate the effects of internal shock tube reflections.

To measure spectral radiance, a Jarrell-Ash Co. /6.3 plane grating
specirograph with a dispersion of approximately 408 /mm was equipped with
six photomultipliers mounted in the ex;'xt focal plane. Because of the size of

the individual detectors, an arrangement as shown in Fig. 18a was necessary



so\that the radiation in adjacent spectral intervals could be measured
simultaneously. A fibre optics package, with each bundle entrance aperture
of 5 mum high and 5 wmm wide, giving 200 !(\) of spectral coverage or a total
of 1000 & for the five channels, was used at wavelengths above 4000 K.

/
Five 1P28 photomultipliers were located at the other end of the fibre bundles/.
For the ultraviolet region of the spectrum a quartzilens reimaged a 255 &
wide section of the spectrum from the focal plane of the spectrophotometer
directly on the photocathode of a 1P28 photomultiplier. The output from
the photomultipliers was fed into the Type L plug-in preamplifiers and the
signal was recorded as a function of time by means of Tektronix Type 535
oscilloscopes and Polaroid film cameras. In certain ranges of operation
additional amplification of the photomultiplier signal was necessary.
Tektronix Type 127 unit, with a gain of 20 was employed to amplify the signal
before it was fed into the Type L preamplifier. The time constant of the
complete electrical circuit used in the read-out was estimated to be less
than 0.075 /u_sec. Using a suitable stop and a 0.050 mm wide and 3 mm
high entrance slit, an optical resolution of 0.2 /usec was achieved.

The calibration of the complete optical system above 3200 & was
made using a standard tungsten ribbon lamp which was calibrated by the
Bureau of Standards. Its brightness temperature was given for two current
settings, 28 amps and 30 amps. A calibrated optical pyrometer was used
to obtain the tungsten ribbon brightness temperatures at other current

settings. Frequent checks were made of the brightness temperature
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corresponding to 28 and 30 amperes current against the calibration data
supplied by the NBS for this lamp. The temperature deviation was found
not to be larger than 6° which corresponds to a maximum uncertainty in
the value of absolute intensity measurements of approximately 3%. The
(v ramiperature of the ribbhan was obtuined using radiant propartiea of
tungsten tabulated in the American Institute of Physics Handbook (25). The
spectral distribution of emissivity of tungsten was taken from the data
given by DeVos (26) in calculations of lamp intensity.

The calibration of the spectrophotometer at wavelengths below
3200 £ was made with the use of a pyrometric carbon arc. The arc was
assumed to emit as a grey body at a true temperature of 3800°K with an
emissivity of 0.97 (27). A check of calibration at a wavelength at which the
ribbon filament tungsten lamp could also be used showed good agreement
between the two methods.

All measurements were made at one nominal condition of shoack
velocity Ug = 28,400 ft/sec and initial pressure P} = 0.5 mm Hg. The
corresponding equilibrium temperature and density ratio of the radiating
gas are T = 7400°K and 5’/50 =1.26 x 1072, The wavelength coverage
extended from 2500 & to 7000 £. Typical traces obtained from two adjacent
channels of the spectrophotometer are shown in Fig., 18b. The equilibrium
radiation data are plotted in Fig. 19 where they are compared with the
theoretically predicted radiance distribution. There is reasonable agreement

between the experiment and the theory in the spectral region where CN
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system (f = 0.027) is the dominant radiator except at 2150 & where the
measured intensity is higher than the calculated value. Another area of
higher radiance indicated by the experiment lies between 4300 & and 6000 X.
It is impossible to identify absolutely the source contributing to the
disagreement between the experiment and the theory without a spectrographic
investigation of the gas radiation. Both CO and C, radiate in this spectral
region and therefore both can be suspected to be the contributors.

The peak of the non-equilibrium radiation is shown in Fig. 20
as a function of wavelength. Comparison of these data and the equilibrium
radiation shown in the previous figuré indicates that the non-equilibrium
radiation exceeds the equilibrium level depending on the wavelength by a
factor varying between three and six. Strong non-equilibrium overshoots
appear in the spectral region between 3400 & and 4000 K. The N,+ (1-)
and CN violet systems radiate in this wavelength region. According to
Allen (28) the contribution of the No+ (1-) to the non-equilibrium radiation
of air is relatively low. If this is also true for the present test gas, it is
possible that the strong non-equilibrium overshoot comes mainly from
the CN violet system.

The integrated non-equilibrium radiation is shown in Fig. 21. In
order to obtain the magnitude of the total non-equilibrium radiation the
area under the dashed curve of Fig. 21 was integrated. The average

2

intensity was found to be 5.95 watts/cm®=-str- l. . Assuming that this

average value extends down to 100 & and allowing for the atomic line
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radiation (28) one calculates the total non-equilibrium ra.diation in the
spectral region between 100 £ and 10,000 £ to be 73 watts/cm?. Allen (28)
reported a total non-equilibrium radiation for air to be 40 watts/cm? at
shock velocity of 33,000 ft/sec. Extrapolating this value to 28,400 ft/sec,
using the velocity dependence given by Page (18), gives an air value of
approximately 20 watts/cmz. It can be concluded, therefore, thz the
non-equilibrium radiation in a 25% CO, and 75% N, gas mixture ¢an be

about four times higher than it is in air.
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6. MATERIALS STUDY

Besides studies which will improve our concepts of the heat transfer
environments to be encountered by proposed vehicles at their planetary
destinations, as has been mentioned earlier it is of great interest to
investigate the materials aspects of the thermal protection problem. The

urrart state of the art in this design area relies almost in its entirety in

C;

the ablation system. A considerable effort to date has resulted in large
amounts of data gathered by many organizations leading towards the
characterization of many materials in various applications. While most of
this work has been performed in air environments we would like at this time
to discuss briefly those aspects of our studies associated with determining
meaterinl performance in environments peculiar to the planetary entry vehicle.
Une primary emphasis in this program was to explore the response of the
caosen materials to convective heating. More recently a test technique has
Leen developed which permits the study of material degradation under a
combined radiative and convective load. Both the conyective heating results

and the combined heating technique will be described in ensuing sections.

Test Facility

The test facility used in this study was the tandem Gerdien arc heater
developed by McGinn (29) at the Space Sciences Laboratory and operated in
a free jet configuration. A close up of the arc heater and a schematic of this
unit is shown in Fig. 22. Referring t; that sketch, the large chambers are

the anode and cathode housings. The test fluid enters the vortex chambers
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irom which some then passes into the electrode chambers where it mixes
with the carbon eroded from the electrodes and is exhausted from the heater
along with the contaminant. The remainder of the gas which is free of
contaminant is heated in the arc column, enters the plenum from both sides
where mixing takes place and then is expanded to the throat. In the sketch
further expansion through a large area ratio nozzle is shown as would be the
casc in a high Mach number wind tunnel; however, in the present application
a subsonic test flow was employed.

To establish the stagnation properties of the test gas both spectro-
scopic and calorimetric measurements were made., This is accomplished
through the use of a special plenum unit which permits the simultaneous
observaiion of the flow at the throat with a spectrograph and the collection
of the cxiting gases in a water-cooled total calorimeter. From the spectral
measurement one can determine a static temperature (from a ratio of the
intensities of two atomic lines, 7949/7774 X, for oxygen for example) and
assuming flow equilibrium along with the knowledge of gas pressure the
stagnation enthalpy can be calculated. In the calorimelter the total
eathzalpy is obtained from the measurements of gas flow and heat extracted
in the cooling water. Measurements in various flows (Tg up to 8000°K)
using the above techniques have produced good agreement in stagnation
enthalpy values,.

In ana:yzing this dual approach one observes that the spectral

measurements at the throat tend to favor the higher temperature regions

of the flow while the calorimetric measurement will tend to produce a
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weighted average somewhat below that indicated by the former. There

will also be some losses inherent with the calorimeter experiment; however,
with care these can be held to a minimum. Calculation of total enthalpy
from emission spectroscopy measurements which respm-qd to electronic
excitation is only valid when thermodynamic and chemical equilibrium exist
in the flow. Conversely if the resulting values of enthalpy from these
temperatufe measurements corroborate those from total calorimeter data
one can conclude‘ that the flow is in equilibrium.

Besides the determination of the total enthalpy of the generated gas
it is important to establish the degree to which foreign contaminants have
been added to the flow from the arc heater components (primarily electrode
material), Spectrographic observations of air flows at the throat and in the
plenum of the tandem Gerdien arc heater configuration have indicated that
the level of the primary contaminant - carbon, in the test gas can be
controlled to the order of 100 ppm at stagnation enthalpy values (hg /RTy) up
to 700. Similar degrees of '"cleanliness' (lack of electrode material) were

established with the simulated planetary atmosphere gases.

Experimental Procedure

The objective of the program was to determine experimentally the
behavior of typical thermal protection materials that might be used for Mars
and Venus entry vehicles. The planetary atmospheres were simulated by
two mixtures in the composition, 88.6% N2, 10% CO2, 1.4% A and

74. 1% N3, 24.7% CO2, 1.2% A. In addition data were obtained in air and
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nitrogen for reference purposes.

The materials selected for study are representative of two somewhat
general classes of ablators: Phenolic Nylon - pyrolizes and chars and
Teflon - sublimes,

To permit comparison of the model tests in the different gas mixtures
it is necessary to fix certain test parameters. The stagnation pressure was
kept essenfially constant and the stagnation enthalpy relatively constant for
each series of test gases. In this way the results are comparable among
themselves and are representative of stagnation region ablation material
per formance at a specific flight velocity and flight altitude.

The majority of the tests were performed in the stagnation enthalpy
range of 12,000 to 14, 000 Btu/lb while a few tests were made at 10, 000 Btu/lb.
The maximum simulated flight velocity and altitude values were approximately
26,500 ft/sec and 270, 000 ft for the model Venusian atmosphere given in

Fig. 1.

Experimental Results

The model specimens used in the present experiments were 1/2 inch
in diameter and hemisphere-cylinders in shape. To facilitate a mass loss
determination a 3/16 inch diameter by 1 inch long section of the same material
was inserted at the model stagnation point. This technique allows the
measurement of stagnation region degradation as opposed to integrated data
over the complete model surface; in addition, side heating effects are also

minimized.
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The specimens were tested for varying times up to 6 seconds.
Longer periods were not considered necessary both because of the large
amount of material ablated and the resulting model shape change and because
a steady state ablation is established almost immediately due to the high
heating rates.

The measurement of the surface temperature of the ablating materials
in the various test gases posed a considerable problem. Since phenolic
nylon chars thus producing a carbonaceous surface one can interpret
spectrographic or pyrometric data on the basis that the surface material
acts like a grey body. For teflon however the problem is more acute being
that teflon cannot be assumed to be a grey body. After a series of spectro-
graphic measurements it was determined that pyrometry, using the existing
equipment would not be applicable due to interference radiation from the
gases themselves. From the spectrographic data however it was possible
to compute a surface temperature for phenolic nylon in air at the high enthalpy
test condition. In subsequent data analyses the measured value 3000°K_t100°K
(5400°R) was used for all gases at all conditions. The value for Teflon, 1500°R,
was chosen on the basis of previous work described in References 30 and 31.
Although slight variations in actual surface temperature of these materials
would occur in the various gases and test conditions, these differences would
not be of significance to alter appreciably the test analyses.

From the weight loss history for the various materials in the various
gases it is possible to determine material performance.' One thus obtains

the mass loss rate at the time of interest and from a knowledge of the varying
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nose geometry and its effect on the heat transfer, a rating parameter, g%,
heat of ablation can be computed. The appropriate calorimeter heat transfer

was computed from ‘

4 _ (RuY
9, Ry

while the heat of ablation was arrived at from the relation
X Q
q = =
m

where the heat transfer rate q¢ is reduced by the back radiation from the
model surface.

‘The heats of ablation for teflon and phenolic nylon in each test gas are
shown in Figs. 23a and 23b as a function of (hg - hy). The range of data is
shown by a bar in some cases where variation in values were obtained for the
different times of test at which the data were evaluated. The heats of ablation
for teflon in air show reasonable agreement with the theory of Ref. 30 and are
compatible with the low enthalpy results presented in Ref. 31. The results
suggest that ablation is more severe in air and in the N - CO2 mixtures
than N2 along; however, the maximum spread of the data poin‘ts is only about 20%.

The heat of ablation values for phenolic nylon exhibit a reasonable
trend with respect to the approximate theoretical curve shown (30) but no
consistent effect of gas composition is apparent. It is pointed out that the
heat of ablation for a charring material depends upon the distribution of the
various parts of the total heat input. Thus, the heat of ablation can vary

depending upon the char thickness and its variation with time, the virgin
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rﬁaterial boundary wall temperature, the rate of oxidation, the molecular
weight of the transpired gases and other factors that are difficult to include
accurately in a theoretical description. The theory shown is for an '"idealized"
charring ablator and is not meant to. represent an accurate theory for the test

case.

Recent Developments In Test Technique

Besides the response of ablation materials to convective heating
loads it has been stated that appreciable shock layer radiation energy can
be encountered by a vehicle upon a planetary entry or terrestrial re-entry
from outer space. To study this problem in the laboratory we can take
advantage of the high enthalpy gas in the arc column core of the tandem-
Gerdien arc heater.

The major difference betweer; such a unit and the original design by
McGinn (29) is the plenum chamber, the basic shape of which has been
changed from the large cylindrical section shown in Fig. 22 to a small tee
section, Whereas the former plenum diameter was 3 to 4 times the diameter
of the vortex chamber exit orifices, the orifice and plenum diameters in the
present unit are equal. With this arrangement, the stay time in the plenum
region and, consequently, the energy losses of the test gas are significantly
reduced. The high level of radiant heating at the model face (see Fig. 24)
comes from the high temperature arc column and from the heated gases in
the tubular plenum just upstream of the model. The radiation level is

adjusted simply by varying the length of the tubular plenum.
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The various test configurations are shown in Fig. 24. In the shroud
arrangement (Fig. 24a), while there can be a large radiative intensity
applied to a model surface, there is also an extremely high convective load
impressed. To minimize this convective heating and, therefore, not mask
the response of materials to gas radiation, by-pass channels were
incorporated in the design whereby a large portion of the hot gas is exhausted
overboard just ahead of the model. Using this approach, the hot gas flow is
available for the radiant energy transfer but the convective heating can be
controlled.

The experimental equipment is designed so that the shroud arrangement
can be located at different distances from the arc column, therefore providing
a range of both radiative and convective intensities for material testing. By
its nature of processing the flow before reaching the model such a test
configuration lends itself very well to stagnation region heating studies.

Also since the environments are severe, steady state ablation for most
materials is established quickly at the start of the test (order of 0.5 sec) and
reasonably short times, of the order of a few seconds, are adequate to
evaluate material behavior. |

The second test configuration (Fig. 24b) is a cavity arrangement with
a by-pass. This is actually the low convective heating limit of the shroud
configuration since all flow is ejected overboard and not permitted to pass
over the model. Thus, we have a predominantly radiative environment. Here
too - with provision to locate the models at varying distances from the arc

column - a significant range of test flows can be generated. Since material
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degradation proceeds at a slower rate than in the case of the shroud, models
may be exposed for considerably longer times before facility shutdown. Tests
in excess of 30 seconds have been run.

The third configuration (Fig. 24c) is the free jet. The advantage of
this set-up is that it provides a severe and predominantly convective test
environment and thus permits investigation of heat protection materials
at extreme surface temperatures - currently well into the graphite
sublimation regime, for example. Of additional importance is the freedom
to explore the behavior of materials in different shapes since there is no
requirement for nozzle contact or flow control. Again the severity of the
heating environment, resulting in almost instantaneous steady state ablation
establishes a required test time of only a few seconds.

To date this facility has been.run using only air as the test gas.
Measurements have been made of total enthalpy distribution within the test
chamber starting from the edge of the arc column and moving downstream.
Using a specially designed calorimeter that can be located within the test
chamber, all the test gas can be collected and its heat content determined.
Values so measured have agreed remarkably well with theorétical analyses
of the test flows (32). Measurements of the radiant energy transfer to the
model surface within the test chamber have also been made. Using a total
radiation cavity gage, described in the preceding section, housed within a
typical model, radiation intensities up to 500 watts/cm? have been measured
at nominal operating conditions. Further increases in this value are possible

through increased mass flows and pressure levels., Measurements of
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combined radiative and convective hceating have been obtained using heat
sink calorimeters. Surface temperature measurements for grey-body
materials have been made either spectrographically or with a two-color
pyrometer. The latter is designed ;with a set of filtered thermopiles
operating in the infrared part of the spectrum where-gas emission and
contaminant emission are low.

Although present studies have been conducted with air, these
techniques are also applicable with arc heated gases simulating other
planetary environments. It is expected that in the near future such studies

will be conducted.
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) 7. CONCLUDING REMARKS

Iixperimental techniques for the investigation of the heating problem
cuperienced by a spacecraft entering planetary atiioaphere have heen
described. It was demonstrated that electric arc driven shock tubes can be
used for the study of stagnation point convective heat transfer and high
temperature gas radiance, both the equilibrium and non-equilibrium, at
conditions corresponding to flight velocities in excess of the Earth's parabolic
speed. Results of such a study in several CO2-N, gas mixtures simulating
in composition the possible atmospheres of planets Mars and Venus have
been presented. Using these results prediction has been made of stagnation
point heating for blunt vehicles following trajectories of Fig. 1. The
history of the resultant heat flux is shown in Fig. 25.

The high m/CpA, 90° entry angle trajectory exhibits a severe
radiation heating lo.;ald with a peak rate about five times‘ that of the peak
convective heating rate for a 1 ft radius body. For the lower mass, lower
angle trajectory, the heating rates are more moderate with the convective
mechanism replacing the radiative in maximum severity. Note point A
marked on both radiative curves in Fig. 25. It can be shown from Fig. 1
and Rei. 10 that it is only after this point that strong differences in radiation
between CO2-N2 mixtures of widely varying compositions (and air) - due
to CO and CN band radiation - become apparent. Above a simulated flight
velocity of about 32, 000 ft/sec, Ref. 10 shows that the gas radiance from

these mixtures is dominated by the free-free interactions and de-ionization
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o‘f nitrogen, oxygen, and carbon ions and is essentially dependent only

on enthalpy and density levels (or flight velocity and altitude). Thus, for
initial entry velocities of the order of 40, 000 ft/sec or more, where the
radiative heating peaks above 35, 000 ft/sec, the complexity of the equilibrigm
radiation problem caused by our lack of knowledge of gas composition may be
considerably reduced. The non-equ?libriurn radiation contribution, on the
basis of the present results, is concluded to be negligible.

The stagnation point steady state ablation peziformance of two general
types of ablators were evaluated in a high purity-high enthalpy free jet arc
facility in air, nitrogen and nitrogen-carbon dioxide gas mixtures. The ratio
of radiative to convective heat transfer was small and therefore the results
do not reflect material performance in a highly radiating environment.

However, it is concluded that the steady state ablation performance
does not differ grossly between air and the simulated planetary atmospheres
at least for the ma-tei'ials and test conditions investigated.

A test technique has also been described which does permit the
evaluation of material performance in environments in which there is a
significant amount of radiation heat transfer. The diagnostic measurements
of total enthalpy and heat transfer in established air flows indicate its
applicability to future materials studies related to planetary entry vehicle .

designs.
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NOMENCLATURE

area

specific heat, coefficient

drag coefficient
diameter
voltage

altitude

radiant intensity
length

Mach number
pressure
energy in capacitors
nose radius
temperature

velocity

function
enthalpy

gage current

calorimeter gage thickness

mass
mass loss rate
heat transfer rate

heat of ablation
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Subscripts

NOMENCLATURE (Cont'd)

time

temperature coefficient of sensitivity

entry angle down from horizontal

wavelength

density

initial driven tube conditions
behind incident shock

final driver

driver

radiative

total

wall

convective

entry conditions (also equilibrium)
flight conditions

incident shock

model

reference conditions, initial
radiative

stagnation conditions (also shock)

free stream conditions
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Figure 2. Heat Transfer Characteristics of an Ablating Blunt
Body Stagnation Region Flow in Hypervelocity Flight
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Q hom = 304 KJ SIMULATED

ALTITUDE,
" | KFT
Ol H; H
0 * 6“ ' m
——»l L L T J —200
D (5)=59 250
~[THEORY | T4, °K[ R, ATM
= 6500 375
EL=—=—18500] 490
o —150
I
= 200
=
o
150—100

100
T3 20 24 28 32 3¢ 150

Uy, Uy, , K FT/SEC.

| ! | 1 | | |
20 25 30 35 40 45 50

up K FT/SEC. x 107
m

Figure 5. Electrically Driven Shock Tube. Shock Velocity Attainable at
Different Driven Tube Pressures., Data Shown for 18 and 30 in.
Long Driver
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Figure 8a,

Photograph of Convective Heat Transfer Model (2 Calorimeter Gages)




Figure 8b, Geometry of Calorimeter Gage. Epoxy Plug
Indicated by Dashed Line

O O T

Ll

DIFFERENTIAL
PREAMPLIFIER HHH

I

o

CURRENT
LIMITING
RESISTANCE S

OSCILLOSCOPE
- DISPLAY

AMMETER BATTERY

Figure 8c, Schematic Diagram of Gage Electrical Circuit



END OF TEST
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5 pLsec l

s

__Tv
INCIDENT sHock 4o | Tive
ARRIVAL

Ug = 27,900FT./SEC. P, = 0.5 mm Hg
9%C0,-91%N,

Figure 9a. Oscilloscope Trace of Calorimeter Gage Signal

END OF TEST

i v
INCIDENT SHOCK | - TIME
ARRIVAL
Us= 31 000 FT/SEC P, =0.5mm Hg

25% CO2-75%N,

Figure 9b. Oscilloscope Trace of Calorimeter Gage Signal
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RESISTANCE g
THERMOMETER ON | Bl -
INNER SURFACE % ]

AR

~1_ et
> SCHEM. GAGE CIRCUIT

Figure 12a. Sketch of Cavity Gage Concept. Model Shown

THIN PLATINUM FILM

%.

QUARTZ

Figure 12b. Geometry of the Cylindrical Section of the Cavity Gage. The
Entrance Slit is Set Off Axis, Path of a Parallel Ray in
Multiple Specular Reflection is Shown
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SHOCK ARRIVAL

Figure 14.

MODEL FLOW

--—

INSTANT OF SHOCK
FRAME | ARRIVAL

FRAME 2 TEST FLOW ESTABLISHED
FRAME 3 DRIVER GAS

FRAME | 2 3

e

S usec
CONTACT ZONE

}—»Tuvuj

Image Converter Camera Photo of Shock Layer Ahead of
2,0 in, dia., Model and Oscilloscope Traces of Camera

Monitor and Blue Channel of Stagnation Region Two-Color
Photometer




9% COz - 91% N2
Ug = 25,600 ft/sec

P; = 0.33 mm Hg

- - !

5 psec Shock Arrival End of Test Time

9% COZ - 91% N2
Ug = 29,500 {t/sec
P. = 0.33 mm Hg

AV —=

- = }

5 psec Shock Arrival End of Test Time

3% COp - 97% N,
Ug = 33,000 ft/sec

P1= 0.34 mm Hg

I '

5 psec End of Test Time
Shock Arrival

TIME —%

Figure 15. Oscilloscope Trace Showing Thin Film Cavity Gage Response During
Test Gas Flow. Upper Trace - Model Stagnation Region Cavity Gage.
Lower Trace - Sidewall Photomultiplier Sensitive in the Red Viewing

Stagnation Region Shock Layer.
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Figure 16, Stagnation Point Radiation in Simulated Venusian Atmosphere,

Experimental Results Obtained with the Cavity Gage Compared
to the Theoretical Predictions
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Figure 17,
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Us
Equilibrium Radiation Behind Incident Shock in Simulated

Venusian Atmosphere. Experimental Results Obtained With
The Cavity Gage Compared to the Theoretical Predictions
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RESPONSE

6580 - 6780 A
6380- 6580 A

I
INCIDENT SHOCK ARRIVAL —T—-T .__| TIME

Ug = 28,400 FT. / SEC. P,= 0.5 mmHg

Figure 18b. Typical Oscilloscope Traces from Two Channels
of the Spectrophotometer
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Figure 22. High Enthalpy Tandem Gerdien Arc Facility Showing
Arc Heater Equipment.
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Figure 23a, Heat of Ablation for Teflon
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GAS BY-PASS

AXIS

VIEW PORT VIEW

VIEW
(Ty) PORT PORT
SHROUD WITH BYPASS CAVITY WITH BYPASS SUB-SONIC FREE JET
. DISTANCE FROM ARC COLUMN I DISTANCE FROM ARC COLUMN . VERY HIGH CONVECTIVE HEATING
TO MODEL SURFACE VARIABLE TO MODEL SURFACE VARIABLE
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Figure 24, Typical Test Configuration - Tandem Gerdien Arc Heater
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Figure 25, Radiative and Convective Stagnation Point Heat Transfer Rates
for Atmosphere and Entry Vehicle Trajectories Shown in Fig. 1




