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1. INTRODUCTION

1.1 Statement of Problem

A vehicle entering a planetary atmosphere will be subject to
severe aerothermodynamic conditions similar to those cncountered
during re-entry into the Earth's atmosphere. A great deal has been
learned about Earth re-entry during the past decade so that much of
the background knowledge required for the investigation of the near
planet entry problem now exists. However, certain characteristics of
planetary entry are new. The general purpose of this study was to
explore these characteristics.

The current interest is in the flight into the atmosphere of
Venus by a zero lift ballistic vehicle experiencing a relatively "soft”
entry trajectory; that is, the vehicle will decelerate to subsonic
velocities atfairly high altitudes and traversc a large portion of the
atmosphere ot terminal velocities (with or without the a1d ot additional
retardation systems).  Such a flight path would be attractive tfor the
conduction of atmospheric property experiments - with transmission
ol data dircctly to the Farth or relayed to the Farth throuch o poreont
vehicle in the planct's near space. and for soft landings to allow the
conduction of surfacce experiments.  The primary concern, howoever,
is not with the terminal function of such a vehiele but rather with the
carly entry phase in which the sarface heat transtfer establishes
perhaps the most mportant design requirement - the weicht ot the

o=



heat protection system. For example, if the heat protection syston. -
probably o lavge percentage of the mass of the vehicle - is overdesigned,
unnccessary and perhaps impractical restrictions will be placed on the
size of the payload.  Within the context of soft entry, which su

oot
guests

i high drag or blunt vehicle shape, the study of a hemispherical
stagnation region is reasonable. although future studies should
investigate flows away from the stagnation region as well as throe-
dimensional tlows.

Two interesting characteristics of flight into the atmosphoeres
ot the near planets from the point o view of surface heat transter are
the initial entry velocity and the composition of the atmospherce. The
escape velocities for Mars and Venus are approximately 1o, 400 1t/ scc¢
and 34, 200 ft/sec 0 respectively. A vehicele approaching cither
dircetly from space (no planetary orbit phase) will enter the atmmospherce
At least at its cscape voeldodity; however, for various mission considera-
tions - tire of flight, rolative position of the planets at entry, sizgnol
transiission capabihity, Cto. - it will probably be desirable to enter
the Martion St osphere in the 20,000 to 25,000 ft/scc ranve ang the
Cythorean atrosphere in the 355,000 1) 495,000 ft/isec range.

In ternys of our Farth reference. this is well into the saper-

orbital or hyperselocity vegime (the Earth orbital velocity bemne abhotd

T

2L, 000 ft/sce), 4 ficld in which aerothermodynamic research st oo

have been initicted only in the past lew years., A key aspect of this



flight regime is the generally increased importance of radiative heat
transfer to the surface from the gas in the heated shock layer
surrounding the body compared to its importance in suborbital flight.
Perhaps the clearest distinction between flight in the atmosphere of the
Earth and flight in the atmospheres of Mars and Venus is the uncertainty
of the composition of the near planets' atmospheres. It might be
expected that this could lead to a large uncertainty in the surface heat
transfer, particularly that due to radiation. In this study it was assumed
that the atmospheres of interest are composed largely of a mixture of
molecular nitrogen and carbon dioxide with trace amounts of water
vapor and other contaminants.

Fig. 1 is an illustration of the problems studied. The stagnation
region heat transfer is composed of boundary layer, or convective
heating and radiative heating from the shock layer gases. The radiative
heat transfer may be broken into two parts - equilibrium and non-
cquilibrium radiation from the parts of the shock wave and shock layer
in which the gas has not had time to distribute its kinetic encrygy mong
the various degrees of treedom. At high altitude wherce the density is
low the non-cquilibrium radiation will dominate the radiative heat
transfer. At lower altitudes howcever the equilibrium radiation will
be the major source of radiant flux.

1.2 Scope of Investigations

The present study was restricted to the investigations of



radiative and convective heat transtfer The problem of how heat
protoection systemn respotids 1o entry environn.ent was not considered
here,

Measurements were mnade 1inoo blunt nvodel stoonation resion
of convective heat transter and gas radionce asing an oloctricail, oriven
shock tube for gencration of the required thermaodynamic conditions.

These measurciments are conpared with appropriate theoretical

predictions.  Also cquilibriwm and non-cquilibriwm radiation from the

incident shock 1s measurced using both the total roadiation coovaty goage o

a multichanncl spectrophotometer. The velocity stmalation extendoed up
45,000 ft/sec which encioses the envelope of possible cntry s elocitios
presently contemplated, This 1s shown in Fig. 2 which also ilinstrates

the maignitude ot the entry problem for the assamed model atimosphere

and vehicle given trajectories (1) A loree portion of the current study

was conducted throsoh stinualation of this atmosphere. Stoonatt o poind
radiation date were however also obtained in 37, (TO: - AT, oo

257 CO, - 797 Noopes mitstures. The spectroniotric study was contimnedd
to the 237 Lo- TN was mdstare cachus ey,



2. EXPERIMENTAL FACILITY

Shock tubes have been used for many years in experiments
for the generation of aerodynamic data in flows of high energy and high
stagnation pressurc (4) (5) (6). The demand for an experimental facility
in the areas of simulation of orbital and superorbital enthalpies and
pressures forced further development of its performance. It became
obvious that these requirements were beyond the capability of the
conventional combustion driven shock tubes. The arc-hcated shock tube
used for the present experiments was specifically developed for this
purpose. Its basic design followed closely the features of the smaller
prototype tube (2) in which several investigations were ca rried and which
produced the nccessary data used for the prediction of performance of
the present facility.

2.1 Design Features

The electrically driven shock tube used in this present study
is illustrated in Fig. 2. 1. The ability of this tube to provide 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 of capacitor stored energy axially
through a tube of helium,  The driver section is shown in Fig. 2.2. The
internal dimensions of the driver are 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 cvlindrical sleeve with 1/4 in. wall thickness

fits inside the driver tube. It is used to provide electrical insulation
along the arc path, that is. to insure that the arc discharge is contained
within the driver gas and that the energv is uniformed distributed axially
along the driver. A thin wire is used to initiate the arc discharpge. This
is located on the axis so that the wall losses remain uniforin in the axial
direction reducing thereby non-homogenity in the properties of the driver
gas,

The clectrical circuit for the driver heating system is shown
in Fig. 2. 3%a. The enervy for the arc discharge is stored in capacitors,
cach rated at 5 mnicrofarads and 20,000 volts. Total available stored
energy was 304,000 joules,

Fig. 2.3b shows a typical current wave forimm, It indicates that
the circuit 1s critically damped and that the encrgy is completely
dissipated in about U microscconds, and betore the diaphrasm opens
which ocenrs about 150 microseconds later.

Helium is used as the gas heated in the driver. The diaphragm
separating the driver and the driven section of the shock tube 1s miade of
stainless steel. It is scribed to a controlled depth (gencrally 207 - 407,
of the thickness) along two diametrical cross lines. The required
conditions of a given test run dictate the proper selection of the
diaphragm. The diaphragm is found to open cleanly with a negligible

loss of material. The driven tube is made of stainless steel. Its
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internal diameter is 6 in. and the overall length is 31.5 ft. The model
stagnation point is located 2 ft. upstream of the end flange at L/D 59,
As indicated in Ref. 2, an extensive research program was necessary
before a satisfactory operation of this facility was achieved.

A photograph of the complete test facility including the instrumen-
tation, vacuum pumps, etc., is shown in Fig. 2.4. For safety reasons
the driver and the capacitive power supply are located in a room
separate from the driven tube,

2.2 Performance

The performance of the tube in air is shown in Fig. 2.5 where
the attainable shock velocity is plotted as a function of initial pressure
and energy input and driver length. The experimental data indicate that
shock velocity up to 32, 000 ft/sec can be obtained with | mun Hg driven
tube initial pressure,18 in. long driver and full energy in the capacitors.
With a lower initial pressure, shock velocity up to 36,000 ft/scc can be
rcached.  Superimposed is a4 curve depicting the performance of o
cotnbustion driver facility.,  The limitation of the latter is scelt-cvident.

Outside the (‘;1;)(’11)'11'1(\’ of the shock tube to produce high
stagnation enthalpy flows another important parameter 1s the test time
which is defined as the time difference between the arrivals of the
incident shock wive and the driven gas - driver gas contact zone.  In
Fig. 2.6 the test times produced in this facility are shown as a function

of shock velocity and the initial driven tube pressures. [t indicates that
ample test time was available during the present study.
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5. SHO&K TUBE FLOW PARAMETERS

One of the tools required for a study of this type is a4 complete
sct ot thermiochemical cquilibrium calculation for gas mixture to be
studied. Such calculation has been previously reported (7) for the
9% COp - 907 N2 - 17 A and 25% - 74% N2 - 1% A gas mixtures.
However, since the present study called for enthalpy simulation equivalent
to flight velocity in excess of 40, 000 ft/scc these calculations were
extended up to temperatures of 17, 000°K. Also a complete set of
cquilibrium thermodynamic properties for 3% CO, - 97% N, gas was
generated. A Mollier chart tor the 9% COs - 91% N, is shown in
Fig. 3. 1. Using these state propertics, various gas dynamic propertics
associated with traveling and stationary shock fronts were calculated
and charted as functions of shock velocity and the driven tube initial
pressures,

For tonvenience of subsequent computations the tabulated
values of the cquilibrium thermodynamic properties were plotted in a

. . . . hM RT - ,
form giving non-dimensional enthalpy ~ 2 where o S8 T cal/g

To Mo
as a function of pressure pin atmospheres. Included in these plots are
lines of constant temperature T in °K and constant density ratio f/yc
) -3 3 . . ,
where fg 1293 w10 Tgrem . In Figs. 3.2, 3.4 and 3.0 the keys to

the thermodynamic charts are shown., The equilibrium thermodynamic

propertics of the three gas mixtures considered here appear as follows:



MRS
e LN
;N
iy

9% CO; - 90% N> - 1% A Fig. 3.5
25% COz - 74% Nz - 1% A Fig. 3.7

The solution of the Rankine-Hugouniot shock relations was performed
employing semi-graphical methods. All calculations were made for
four initial driven tube pressures of P} = 0.1, 1, 5 and 25 mm of Hg.
The initial driven tube temperature, T], was taken to be 294°K. The

range of shock velocities, U, between 10,000 ft/sec and 40, 000 ft/sec

s’
was covered.

3.1 Incident Shock

The state of the gas on both sides of a normal shock is related
by three basic equations corresponding to the physical principles of the

conservation of mass, momentum and energy. These are:
- $i
Uy =Wy (| ?7.)
2

¥
f. Us (‘- ?

.—d
IS
N,

|

where h = enthalpy
p = pressure
u = velocity
£ - density

and subscripts | and 2 refer to regions ahead and behind the incident

shock respectively. The simultaneous solution of these equations



together with the heip of the epulibrinm state charts produces resalts
which are plotted in Ficures 3.8, 5 11, 3,14, 5. 17 and 3.20 for the
397, CO, mixture, Ficures 5,21, 35.24, 3,27, 3.29 and 3. 32 for the

9% CO, mixture and in Figures 303550 5030, 30390 3542 and 3. 45 for

the 257, CO, mixtare,

3.2 Stationary Normal Shock (Laboratory Couordinates)

After the passing of the incident shock the model finds itself
in 4 supersonic quasi-steady flow with the properties of region 2 ahead
of the model bow shock wiave,  The flow close to the axis of svimmetry
is decelerated to subsonic velocity.,  The state of the gas along the
stagniation streamline on both sides of the bow shock is governed by

the same three conservation laws.

. + ¢
- /
P’b PJ. =5 4. \ | = = \/
§3
[ 2 6.\
A LY (_)
3 2 U x
A As L 3
where subscript 3 refers to the revion behind the bow shock, The

calculation produced the results which are prescnted in Figures 509,
3.12, 3.15 and 3. 18 for the 37, CO, gas mixture, Figures 3,220 3,25
and 3.35 for the 9% CO, misture and in Filgures 5. 54, 3370 5 40 and

L]
3.43 for the 257 CO, miixture.
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3.3 Stagnation Region

The flow along the stagnation streamline in region 3 is
decclerated to a stop at the body. The stagnation conditions are found
as follows: The enthalpy is given directly by hg = h3 + 1/2 U32. The
stagnation pressure is computed approximately by assuming incom-
pressible flow Pg = P3 + 1/2 53 U32. Both the stagnation temperature
and the corresponding density are read off directly from the thermo-
dynamic state charts and plotted in Figures 3.10, 3.13. 3.16 and 3. 19
for 3% CO, mixture, in Figures 3.23, 3. 26, 3.28 and 3. 31 for the 9%
CO, gas and in Figures 3. 35, 3.38, 3.41 and 3. 44 for the 25% CO,
gas mixture,.

3.4 Gas Composition Behind Incident Shock

Using the equilibrium temperature and density obtained in
Section 3.1, the composition of the gas was calculated for the initial
shock tube pressure of 1 mm as a function of shock velocity. The
results for 9% CO, and 25% CO, gas mixtures are shown in Figures
3.46 and 3. 47 respectively,

3.5 Composition of Stagnation Region Gas

The equilibrium concentration of the various species appearing
in the dissociated and ionized gas when heated to the enthalpy level
corresponding to the stagnation point had also been obtained and plotted
as a function of shock velocity. The 9% CO), gas mixture at shock tube

initial pressure P 1.0 mm was only considered and shown in Fig.



3.48. Compositions for 9% CO, - 90% N, - 1% A and 25% CO, - 74%

NZ - 1% A and at initial shock tube pressure of I mm and 5 mm Hg

were reported in refercnce 8,
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4., EXPERIMENTAL PROCEDURE AND INSTRUMENTATION

During the present experimental study special precautions were
taken to ensure that the contamination of the test gas was at the minimum.
A thorough cleaning of the tube with acetone and dry.clean rags preceded
2-3 hrs. pumping period prior to each test. The tube was normally
evacuated down to approximately 8/1,«. and kept at that pressure to promote
outgassing of the walls. A leak check taken at that pressure indicated
normally a rate of 0-0. 8}4, per minute. The tube was then filled with the
test gas to the pressure level required for the experiment. Premixed
gas mixtures were purchased from the Matheson Co. The analysis of the
gas provided by the supplier indicated nominal composition variation ot
+0. 2 percentage point of CO, with the balance being Ny. Colman grade
CO) and prepurified grade Ny with 99. 99% and 99. 996 mininmum purity
respectively (as advertised by Matheson) were used to obtain the mixtures.
In order to further reduce the contaminants due to outgassing of the shock
tube walls a through-flow system was provided. This allowed a continuous
scavanging of the tube at test pressure level for approvimately S0 minutes
orior to the actual run.  The test gas was introduced through a cold trag
of dry ice and acctone at the diaphragm end of the tube while a mechanical
vacuum pump at the model end produced the through flow.  With the cold
trap temperatare of -787C the molsture present in the test cas wins
reduced down to 0,005%, Several samples woere withdrawn froms the tabe

and analyzed on nass spectrometer. The results aoreed closcobe winmin
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.
the specificd tolerance with the mixture nominal composition. Oxyuen
was found to be the major contaminant, NMoecasurcvments of the water

vapor content could not be obtained because of the tendencv of water to be
absorbed on widdls of the sampling dovice and the spectrometer 1tself,

An estimmate however was made by analyzing the intensity of Hﬂ line

in the stagnation region time resolved spectrum.  Assuming that all
hydropen carce from the dissociation of water present in the test gas one

caleulates the conventrations of water vapor to be approxtmately 0. 0017%,

A schoematic diagram showing the standard shock tube
instrumentation which is used during all experimental runs is presented
in Fig. 4. 1. The shock speed is obtained by obscrving the huninous
profile of the shock wave with collimated photomultipliers as it pisses
five stations ahead of the test section at wnich the noodel 1s locoted  The
sipgnals from cach photosensor are differentiated and displayed on o
raster trace.  The grrival of the shock front at cach station can be read

with an accuracy of abour 0.5 Wwsec which, Tor cxareple, Gt S0 GO0 . sec
’

givies shock speed with an accuracy of botter than 2. Pressure chges

focated ot two stations were also uscd as o check of shock specd obtained
from the passage of the huninous shock front. Typical shock specd
data 1s shown in Fig, 12

[n order to insare that the reflected expansion wave rrosy the

driver docs not interfere with the test gias flow when using the shortenod



length driver,pressure history behind the incident shock is monitored.
The pressure data is also useful for verification of equilibrium thermo-
dynamic 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. Fig. 4.3 shows oscilloscope traces
obtained with a multichannel monochromator. Note the fairly narrow
bandpass of each channel. From that the quality and duration of the
steady flow at a given station is determined. 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. Oscilloscope traces of the signal from the two-
color photometer are shown in Fig. 4.+4a. The upper trace corresponds
to the blue channel.  The bottom trace is from the red chonnell Tt as
interesting to note the blue signal shows in general an increisce o intensity
upon arrival of the misxed gas while the red channel abwayvs pndicates o
drop in radiation at its response wavelengths,  An mage converter coanera
wis also used to assess the quality of flow by showing the shape of the

incident shock wave and the synunetry of the modal flow . This is

T



illustrated in Fig. 1. 4L where a photograph obtained with L 050 e sec
exposure and containing three frames, each taken 10 ®scc apart, is
shown.

Traces of the discharge current and voltage in the driver arc
taken during each run in order to evaluate the operation of the driver. It
is felt that in order to assure reliability of the data a thorouch diagnostic
investigation of the test flow quality must be carried simultancously

with the performance of the experiment,
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4.2 Convective Heat Transfer

The determination of convective heat transfer rates in the
hypervelocity flight regime has been a controversial subject because of
a disagreement between data obtained in the Space Sciences Laboratory
and those of several other investigators. For this reason, some care
was given to the investigation of measurement techniques for convective
heat transfer in the blunt model test configuration. Two different types
of heat transfer gages were used. One was the calorimeter or thick
film gage and the other the thin film gage. Since we have found that
material properties appreciably affect the apparent heat transfer responsc
of the calorimeter gage, several materials were investigated. The thin
film gage was also used, since as a basically different means for the
measurement of surface heat transfer, it offered a capability for
discrimination between the results of the different materials obtained
with the calorimeter gage.

Photographs of the types of convective heat transfer gages
usced in the present study are shown in Fig. 4.5, The two-calorimeter -
gage model was used to obtain simultaneous data with gages of different
materials or of different geometries. All models had 0.5 in. nose
radius. Because of the high heating rates and short test times associated
with hypervelocity flight simulation in the shock tube, the use of gage
response in which the heat is assumed to be distributed uniformly through

the gage will be in error. Time dependent temperature distributions
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and corrections for this effect have been calculated for two types of
gage materials - platinum and Hytemco. (a nickel-iron alloy)- with
different gage element thicknesses, The correction curves are showi
in Fig. 4.6. Note that the thick Hytemco miaterial has a relatively
large correction; this is caused by the fact that the heat is conducted
slowly into this material in comparison with the platinum material as
shown in Fig. 4.7. Thus, the temperature gradients are relatively
steep. Corrections for thinner gages are small; however, o thin gayge

will lose heat to its backing matcerial early in the test time. Thercfore,

we hive concluded that for the types of tests described in here a D002 in,

thickness is most appropriate for a platinum gage. In an attempt to
check the scaling law of the convective heat transfer several runs were
rrade with a 3 in. model having 2 in. nose radius as shown in Fig. 4. 8.
Difficulty was experienced however with establishing steady flow around
it and no readable data could be obtained.

The heat transfer gages were mounted at the stagnation point

i the nemispherical model.  The design dimensions of the gage  were
L/ 1o in, wide by /4 in. long as illustrated in Fig. 4.9a, also the
rnonnting in the epoxy base is indicated in the same figure. Metal and
phenolic nylon models were used in order to determine whether any

clectrical effects due to conductance of the model could be affecting the

wove roesponse. No difference was observed.  In the initial stages of the

present study signal from the gages was found to have several undesirable

characteristics,



A strong negative potential with respect to ground was observed prior

to the arrival of the incident shock wave at the model. Also a fair
amount of noise was superimposed on the thermal signal once the flow
around the model was established. Several schemes were tried. As

the first step, cach side of the gage was connected through a 10 £2
resistance to ground as shown in Fig. 4.9b. This succeeded to eliminate
the strong negative going precursor which affected the gage prior to

the shock arrival. However, as soon as the flow was established. quite
a strong current, approximately 1A, was observed to flow from the
plasma in the shock layer to ground. Presence of such current could
produce additional potential drop across the gage which could not be
distinguished from the thermal signal. Therefore, this scheme was
abandoned and it was decided that the gage must be left floating. In

this case the potential of the gage rapidly changes polarity at the moment
of shock arrival as shown in Fig. 4. 10a. The associated potential jump
of several volts was observed. No current between the gage and the
ground flows with the gage connected through | M L2 resistince to
ground. but a very careful balancing of the differential preamplifier

1s necessary to minitnize the effects of the transient potential change on
the thermal signal of the gapge as shown in Fig. -1 10b. In addition
proper shiclding of the leads and a perfect circuit symimetry are required
for protection against disturbances caused by clectromagnetic coupling.

With all these precautions applied, a completely clean signal from the
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calorimeter page was obtained.

The output or the heat transfer gage was displayed and
photographed in parallel on at least three oscilloscopes which were soy
at different sweep rates. Cross cheons of the signals woere neode
frequently. The signal from the 5 Ascc/om sweep scope was used tor
the determination of the heat transfer ratc.

The data reduction involved reading off the slope of the

voltape vs. time signial and applying the simple cxpression relating the

change of voltaee across the cage with tin
g - : 1

wheore

>3
ﬂ) density of gage muaterial
C - specific heat of gage material
I cirge thickness
158 temperature coefficiont of restisnviry
Fo, initial voltaoe avross gave

Since the bulk proverties of the gage materiad are well ko,
the coctificient K ocan be casily eateulated and the gage resporse estabhishoed
without an ostensive calibration procedare. The temnperature coctticiont

R T X Bas | e it 1y . ol
Ol resistivity, . has been checked expertmentally tor the particalar
batch of muaterial nscedd in fabhrication of the vages.

The thvtomeooroaterial was asod to obtiain the measurcments

) i

reported in Ref, 2. Since other investigators (9) (i9) have reported

measaraments taken o with platinuwn goce= that are an sionitica disaoree-

200



ment with those of Ref. 2, the validity of the measuring techniques
employed was investigated. Fig. 4.1l shows traces taken during a high
velocity run using both the platinum and Hytemco gages in the two gage
model described earlier with gage currents equal to zero. It has been
reported by Rose and Stankevics (9) that a spurious zero gage current
signal was observed when gages of thicknesses corresponding to the
present Hytemco gage thicknesses were used. Fig. 4. 11 indicates that
this effect is absent from the data presented here. However, therc is
significantly more signal noise generated during the establishiment of the
test flow for the Hytemco gage. The second gage evaluation test was the
measurement of convective heat transfer (finite gage current), again
using the two gage model. Results of this type are shown in Fig. 4. 12.
Again one sees the more pronounced signal noisc associated with the
Hytemco material. However, a significant period of test time exists
during which accurate slope measurements of the Hytemco signal can

be made. The platinum signal is quite clean throughout a large portion
of the test time.

The reduced heat transfer data for the two gage materials just
discussced were found to be in significant disagreement, the Hytemco
material usually indicating apparent heat transfer rates considerably
higher than that obtained with platinum (see Fig. 1. 114}, Also, more
data scatter is found with the Hytemco gages. Since it was not apparent

which material gave the correct signal, or indeed, if either material



did so, we investigated other approiaches to the measurement of
stagnation point heating., IMirst, to determine if the alloying process

in the Hytemco was causing a discrepancy, nickel thick film gages were
constructed and run. These data tended to gree with the Hytemco
results, thus suggesting that the properties of nickel itsell were causing
the difference between the gage responsces.  Second, the thin film
technique was usced to provide an esscentially different means for
measuring the stagnation point heat transfer. A photograph of a
sputtered platinwmn thin film gage and model is shown in Fig. 4. b
the response of such a gage is shown in Fig. 4. 13, The reduced heat
transfer rates. corrected tor surface material temperature change

arc¢ shown in Fig. 4. 14 along with the observed platinun, Hytemco.
nickel and gold calorimeter gage data. Data for air as well as jor the
g CO, - 91% Np and 257, CO, - 75% N, mixtures arce shown. From
this figure, it is scen that the platinum thin film results are at the
general level of the platimun calorimeter heat transfer data. It is
intercesting to note that both types of cages have the same surface
material,  Sciff (11) has presented a fow convective air data at o flicht
velocity simualation level of about 56,000 ft/sec taken from the obscervation
of the time required to initiate melting of free flying aluminum models.
Since this is another method for measuring stagnation point convective
heat transfer rates. Seiff's reported results are plotted in Fig. 4. 11,
They appear to follow the level of the platinum calorimeter gage

&S,
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measurements, Measurements of other investigators using calorimeter
gages in a shock tube are not given since they generally agrce with the
present data using the same technique, Additional data obtained with gold
gages were found to indicate much higher heating rates than those obtained
with platinum gages and generally in agreement with nickel gage values,
Also, we have conducted a few tests with silicon oxide coated nickel
gages. While there is not yet sufficient information to construct a
complete story, we have found that the apparent heat transfer rate for
these tests has a tendency to agree with the low level of our platinum
data, It is clear that some effect other than internal electric phenomena,
of which we originally suspected the nickel and Hytemco, produces the
difference in heat transfer readings, Therefore, we have tentatively
concluded that the other investigators of hypervelocity convective heat
transfer have used measurement techniques in which the surfaces can
now be suspected of having low effective catalytic activity. For example,
concerning the melting aluminum model results (11), Hartunian (12)
has stated that aluminum is one of the best non-catalytic materials of
which he is aware., Also, Hartunian (13), on the basis of measurements
in a discharge tube with oxygen and nitrogen atoms, and Myerson (14),
using qualitative arguments, have both stated that platinenm is Inareely
non-catalytic to atom recombination unless exceptionally clean,

The uncertainty ranve of convective heat transter results has
been estimated to be © 12%.,
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4.3 Total Rediation Study

In the course of the present shock tube investigations of the
total radiative properties of high temperature gas mixtures two
experimental configurations of the cavity gage(12), wwhiose principle ol
operation is desceribed in section 5, were employed.  In the first
configuration the measurements were made of radiation emitted from
the gas flow behind the incident shock wave.  The schematic arrangenient
of the gage is shown in Fig. 4, 15, Only the cquilibrium radiation was
measurced. The gage was located at a distance from the collimating
slit and therefore was viewing a narrow layer of the gas across the
shock tube. Fig. 4. 16 shows the gage holder and the gage. A fused
silica quartz window was separating the gage from the flow. In reducing
the data 907 transmission was assumed over the whole wavelength
range. Also the offect of off-axis radiation and variable distance from
the gape was accounted tor by integrating the solid angle over the whole
contributing volume and finding an average value corresponding to the
volume extended by the entrance slit area,

The temperatures and densitics of the test gas in the rozion

behind the incident shock are limited by the strength of the shock which

can be generated at a given initial pressure with the available cnergy in
the shock 1abe driver. In order to obtain experimental radiation data

from gas at temperatures in the range of 12,000 to 16, GO0 K and .t a

relatively hich density the Investigations were customarily carried owt



in the reflected shock region of the shock tube. This method, however,
holds several disadvantages which can be avoided if the gas in the
stagnation region of a hemispherical model located in the {low generated
by the incident shock wave 1s used as the source of the radiating gas.
It was‘; therefore decided to employ this test configuration as shown in
Fig. 4.17 for the present study of the high temperature gas emission.
From previous investigations of stagnation point convective heat
transfer and studies of shock tube flows it is known that the flow
establishes itself rather quickly after the passage of the incident shock
wave and remains relatively steady for a sufficiently long time to permit
the measurement of the radiant emission from the shock layer gas.
Since the flow is steady in the laboratory coordinates the requirements
on time response of the instrumentation employed in the measurements
is less severe. This configuration is restricted to configurations
of equilibrium radiative properties only. This is so because the free
stream flow entering the bow shock, which forms ahead of the model,
is already in a state of high thermochemical excitation being carlicr
processed by the passage of the incident shock wave, as comparced to
the free stream conditions a vehicle will experience in a flight through

an atmosphere.

A phenolic nylon hemispherical modet with a nose radias Ry 1.0
shown 1n g, 11 was used tor most ol the nwodel experiments,
Since the magnitude of the signal from the gage

.
LSRR

is dircctly proportional
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to stand-off distance of the bow shock a larger model with R, = 2 in. and
3 in. diameter cylindrical after body was tried for several runs. No
satisfactory data were obtained mainly duc to the difficulty with the
establishing of uniform flow around the model as indicated by large
fluctuations of the red and blue channcl photometer signals. The R,-10
in. model did not experience this unsteadiness, and the test flow was
found to be considerably uniform. The arrangement of the cavity gage
itself inside the model is shown in Fig. 4.1%. A rectangular shape
sapphire window 0.1 in. by 0: 5in. was uscd at the stagnation point of

the model. The gage itsclf was located away from the window with the
entrance slits parallel to the window aperture. Thus, the gage senses
only radiation from a region of the shock layer close to the axis of the
model. For the test condition range of interest here, the stagnation
region has almost uniform temperature and is essentially transparent.
For instance, at Ug = 23,000 ft/sec and Pp - 1.0 mum the temperature

n the 9%, CO, - 917 N, gas mixture behind the bow shock is T3 - 13800°K
while the stagnation temperature is Tg = 159&00}\'. Also the theoretically
predicted radiative flux at the same conditions is approximately 1.2 x 1ot

WatlsS (hich is about 5% of the black body total radiance. Before the

cm
reading obtained from the cavity gage can be interpreted in terms of
radiative power emitted by the stagnation region gas one must know the

radiating volume and steradiancy of the emitters. The radiating volume

is defined Ly the field of view of the gage entrance slit and the model
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window aperture on one side of the normal distance between the model
surface and the bow shock wave. The stand-off distance was measured by
two techniques. Entrance slits of two two-color photometers were focused
on the axis of the model ahead of the stagnation point at a distance encom-
passing the expected location of the bow shock. The character of the signal
from these instruments indicated whether the predicted location was
correct. A more accurate measurement was made using STL image
converter camera. A photograph obtained by this means is shown in

Fig. 4.19. The instants at which the three frames were obtained are
indicated on the monitor trace. The upper frame is taken just prior to the
incident shock arrival. The center frame corresponds to the test gas flows
while the bottom one shows the flow of the mixing zone between the test gas
and driver gas.

In the reduction of our cavity gage data the theoretical predictions
were used for establishing the radiating volume depth. An effective solid
angle corresponding to a parallelpiped defined by the window aperture area
and tac stand-otf distance was computed by performing integration over the
total vohame sceen by the pige entrance slit,

pis radiance obtained by Mmeans of the total

The uncertainty of the
radiation cavity giage has been stimated by considering the uncertainties
which enter into the primary measurements of the gage output and also ones

which appear in the reduction of the gage signal. The range of uncertainty

wes found to lie between 177 and =227,
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4.1 Incident Shock Spectrometric Study

The measurement of spectral intensity of cquilibrium and noen-
equilibrium radiation was made bohind th incident shock with the usc of

1

a calibrated JACo /6.3 spectrograph specially modifi -« to accept an

array of photo detectors in its exit focal plane. The investigation extended

from ultraviolet to near infrared regions of the spectriun and covered

oA The eaperilnents were

wavelength interval between 2400 A -0
carried out in the electricially -driven sheor tnbe described Inoan earlier
scction of this report. The test ¢as prepacation in the driven tube
tollowed the same procedure as in the casce of total radiation cavity gage
studies.  All runs werce made in the stimulated planetary atmosphere with
4 nominal composition of 257 O, - 727 N, The encruy supplied to the
shock tube driver was selected to give o shock velocity of 28300 ft scc
in the dri'\'cn tube gas at 4 pressure of U5 mm g, No attempts were
made to identify individual radiating spectes contributing to the total
rediation as sensed by the photo detectors oad to analyze the therio-
chiemitcal processes which take place behind the incidont shock wave oy
the gas relaxes to the eqguilibrium stat

Experimental Equipment

Fig. 4.20 shows the gencral arrangement of the shock tube. the
spectrophotometer and the optical sy<tomnn associated with the incident

shock radiation study. The entrance slit of the spectrophotometer was

imaged at the center of the shock tube by nieans of o lo o tocal length



. quartz achromatic lens with the entrance slit of the instrument perpen-
dicular to the axis of the tube. Using a suitable stop and a 0. 050 wide
and 3 mm high entrance slit an optical resolution of 0. Z/usec was
achieved. The measurements were made at a station located at a distance
of L/D =51.5 from the diaphragm end of the tube through a flat, fused
quartz window, 1.78 cm thick, mounted in the sidewall of the tube. A
light trap in the form of a blackened cylindrical cavity was placed

. directly opposite the observation window in order to eliminate the effects
of internal reflections inside the shock tube. The dimensions of the
light trap were chosen so that the solid angle substended by the spectro-
photometer was lying fully within the bound of the cavity opening.

To measurce spectral radiance Jarrell-Ash Co. {/6. 3 planc
grating spectr‘ograph with a dispersion of approximately 40 X/‘mm was
equipped with six photomultipliers mounted in the exit slit plane.
Because of the size of the individual detectors an arrangement as shown
| in Fig. 4,20 was necessary in order that the radiation in adjacent

spectral intervals could be measured simultaneously. A fibre optics
package. with cach bundle entrance aperture of 5 mm high and 3 mm
o) (@]
wide. giving 200 A of spectral coverage or a total of 1000 A for the
O
‘ five channels, was used at wavelengths above 1000 A, Five P28 photo-
multipliers were located at the other end of the fibre bundles.  For the
ultraviolet region of the spectrum a quartz lens reimaged a 255 ‘(\) wide

section of the spectrum from the focal plane of the spectrophotometer



directly on the photocathode of a4 P23 photomultiplier, ALl si-
photomultiplicrs were operated at =700V with 2200210ad resistors
Proper capacitance was inserted across the last 4 dynods in the voltag
divider circuit of cach photomultiplier.  The output from the ph ot
multiplicrs 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 filim cameras. In certain ranges of
oporation additional amplification of the photomultiplier signal was
necessary.  Tektronix Type 127 untt, with a gain of 20 was c¢mployed

to amplity the signal betore it was fed into the Type L preamplitior.
The tilice constant of the complete electrical circutt used in the read-out

was estimated to be less than 0.075 jLsec.

Calibration

The calibration of the complete optical system was made for
cach run.  As « source of radiant energy both the standard tungsten
ribbon Lunp and oo carbon arc were employed.

A Go o tungsten ribbon lamp was calibrated by the Buareaoa o)
Standards and its brightness temperature was given for two current
settings, 2% wups and S0 amps.  An optical pyrometer manufactured
by l.eeds and Northrop and calibrated against & black body was used to
obtain the tungsten ribbon brightness tempoeratures at other carrent
settings.  Frequent checks were made of the brightness temperature

corresponding to 2% and 30 amperes current against the calibration data

=
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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 true temperature of the ribbon was obtained
using radiant properties of tungsten tabulated in the American Institute
of Physics Handbook ( 16 ). The spectral distribution of emissivity of
tungsten was taken from the data given by DeVos (17)in calculations
of lamp intensity. During the calibration a 20 c/s light chopper was
placed in front of the entrance slit of the spectrophotometer in order
to permit the use of a.c. mode of amplifiers.

The calibration of the spectrophotometer at wavelengths below

o

3200 A was made with the use of a pyrometric carbon arc. The arc
was operated with 90Y electrode orientation. The positive electrode
was formed by a 1/4'" diameter National Carbon AGKSP grade graphite
rod. The center of the positive crater was imaged on the c¢ntrance slit
of the spectrophotometer and the'current carefully adjusted in order for

it to be just below the overload value when the calibration was made.

Care was taken to assure that the entrance st was fiile 0 fullv by tie
center section of the posittive crater. The are was as=sanied to emit as
a grey body at o true temperature of 3300V K with an cmissivity of & 07
{(18). A check of calibration at i wavelength ot which the ribborn il conent

tungsten lamp conld also be used showed good agreensent between the

two methods.
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Data Reduction

The calibration of the optical system was accomplished as
described above by means of a localized radiation source placed at
a- distance from entrance slit of the spectrophotometer equal to the
distance between the center of the shock tube and the entrance slit. The
spectral radiance of such a radiation source is given in watts per e -
steradian-micron of spectrum length. However the gas radiation which
reaches the photomultipliers comes from points located along the depth
of the radiating gas cqual to the dianteter of the shock tube, It is
thercfore nccessary to evalnate the relation between the calibration
signal and the totul energy measured by the photodetectors from the
radiating volume of the gas.  An assumption is made that the gas in
the shock tube has uniform radiative properties. Three limiting cases
will be illustrated. In the first case we consider the distribution ot
radiators in the plane lying along the axis of the shock tube and normal
to the optical axis of the system.  Since this plane is tocused directly
onto the plane containing the entrance slit of the spectrophotometer
radiation from point radiators lving outside the hmage ares of the slit
will nut contribute to the signal observed by the photodetectors. As

shown schematically in Fig. 4.214a the point radiator located at 0 will

have its image in plane A', Solid anvic extended by point 0 is



Points located off-axis in plane A will have their images in plane A

at a distance

Q.l

\
r =% =

from the optical axis. The limiting point K has its image at K' which
coincides with the edge of the entrance slit of the spectrophotometcr.
Any point with % 7 -O—IZ will lie outside the entrance slit and therefore
will not contribute to the mecasured radiation. The solid angle extended

by the limit point K is

()
(A = A DL cosf
4a
Now in the present geometrical arrangement with the slit dimensions

.005 cm wide and 0. 3 cm high, tan ¥ 4157' and therefore the change of

solid angle for points off-axis is negligible. We take

() =4,255x% o etr

as the solid angle extended for all peoint radiators lying in plane A and
whose radiation is intercepted by the entrance slit. The radiating volume
of thickness A located in plane A contributing the measurced radiation
1=

/ = sk (-Q—’>2 AX

«A O

Where his the hetght of the sHt and s is 1ts width,  T{once the total

cnergy cnterinyg the slit tron thls volume 1s

c, = . V.2,



—2 AX
o *

E =

T ID hs
A 4

Where I is the intensity in watts per Cn‘xs-str-mitron.

‘ The second case will consider point radiators located at x
between the center plane A and the far wall of the shock tube, plane B.
The image of all such points will be formed ahcad of the entrance slit
at a distance x' determined from the Iens formula. As shown in
Fig. 4.21b the entrance slit acts as an exit pupil for the optical system
limiting the solid angle within which the individual radiating points

contribute to the measured radiation. All points lying between Loand M

subtend a solid angle

Q X S
— x  a-1 A=

where ’[\- is an cffective height given by

A = ]T_D
o=

The location of point L is found by following simple geometrical relations

f
z = [&U D TS5
L W a2 )X

at 2>ZL the solid angle decreases rapidly and becomes zero at the
limit point, beyond which no radiation enters the slit.  This point is
located at

_[oa-x 2 n X' §>)C
Zma‘_ Q' = a e ?



The effective width of the radiating volume is therefore
W= i‘- * Zz max
. X (0-x)
X D
Similarly the height 1 is found

H= h =

Hence the contributing volume is

The energy entering the slit is therefore

éL
which is exactly the same as that radiant energy contributed by the
layer along the shock tube axis. As the third case we consider
contributions from gas layers between the center of tube A and the near
wall C. The geometry of light rays is shown in Fig. 4. 21¢. Here
again we observe that the entrance slit limits the solid angle extended
by the gas radiators. Following similar derivation as in the previous
case we arrive at the same cxpression for the contributing energy

— - D Y
- — D gL A X x(,L<xc

; 2 = 4

|
P
s

which again indicates that the action of the exit pupil is compensated
by the increascd cross-section of the volume of the radiating gas seen

by the entrance slit,
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. The measured radiant cnergy in the coirse of this experiment
was reduced to intensity by dividing it by the depth of radiating gas

i cqual to the diameter of the tube, Typical <t obtainead from the
spectrophotometer is shown in Fig. 1,22, The beginnine of sweeps of
the two beamns has been shifted in crder 1o prevent an overlap of the
radiation overshoots, The trace- were enlarceed aned the tine for the
overshoot to reach the 'anxin.on valne was measared, Also the total

‘ fength of the non-equilibriu: s revion wos determined,  Ininteoroting
the area under the overshoot it was ssamed that the radiation srows linearly

up to the peak and then rolloves an exponentind decay to the equilibrinm

1(:\'619

‘ The overall nucertainty in the final results of the intensity measured
by ruseans of the spectrophotomieter was estimated to be : 15%, The
wavelength scale was calibrated with a mercury lamp and the accuracy

of sctting was estlhinated to be - 104,
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5. TOTAL RADIATION CAVITY GAGE

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 (19, 20). 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 function 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 calibration 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 sensced
by the gage.

From the theoretical studies of the wavelength region which
will contribute to the total emission we (ind that in the experimental
studies described above a spectral region from sceveral hundred
Angstrom to several microns must be considered.  Due to the high

temperatures of the gas the bulk of the emitted radistion will lie in the



UV. An additional effect on the gage response is ciaused by the highly
encrgetic photons eminating from the test gas and incident on the
resistance gage. They will produce photoclectric emission of electrons
from the gage surface causing an apparent reduction of its resistance
and introducing an error not casily accountable into 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 gage is shown schematically in Fig. 5.1a. The gage is made in
the torm of a cylindrical body with a suitably located entrance slit,

This form rather than that of a hollow sphere was chosen due to case
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. 5. 1b.  This thin film of platinum also serves
as an extremely fast response resistance thermometer. The variations
-
of reflectivity with wavelength of clectrodeposited opaque platinum film
is shown in Fig. 5.2. Data for this plot are taken from reference (21).
A complete gage is shown in Fig. 5.3. Energy loss as a fraction of the
incident energy for the geometry of the cavity gage described in this
paper was computed and is plotted in Fig. 5.4 as a function of the film
reflectivity., Parallel beam and specular reflection were assumed for

the calculations. It is notable that not more than 5% of the incident
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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, which 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. ]
micron thickness transmits less than 2% of the incident light in the wave-
length range between 0.4 and 0. 6 microns. Its transmission becomes
even less for shorter wavelengths.

The total cavity radiation gage used in the present study was
separated from the flow by a sapphire window in the stagnation model
configuration and by a quartz window when measuriﬁg radiant emission
from the hot gas behind the incident shock. To prevent the photoelectric
effects from obscuring the time gage signal it was found necessary to
fill the gage with pure nitrogen and to keep it at 1 4t pressure during
the test.

The presence ot the nitrogen gas reduced the mean tree path
of the clectrons building up a space charge within a fraction ot o micro-
sccond close to the surface of the gage thereby inhibiting further clectron
emission. Nitrogen gas was chosen because of the high energics required

for photo dissociation and photo attachment,



During runs when the gage was evacuated to approsiniately
5 microns the photoclectric effect was strong cnough to tnake the
potential of the gage become negative.,  IMew runs were obtained with a
glass window with no evidence of the photocelectric etfect indicating
the photons with energy corresponding to a4 wavelength smaller than

(@]
3500 A are required to cause the photo emission.

5.1 Thevrctical Considerations

The operation of the gage 1s bascd on the resistance thermo-
meter principle.  ‘The radiant energy which enters the cavity through
the entrance slit is incident on the internal surface which is covered
with thin platimum film deposited in @ sputtering process.  The encrgyv
is absorbed by the filng and dissipated into the guartz backine noatertal,
The film therefore does not function dircectly s o cage for measuaring
the heat transter rate but is used to indicate surface temperature f the
insulator. Applying the theory for heat conduction in a composite (non-
homogenous) body the history of the surface temperature can be rednted
to the heat transfer to the gage (22).

The cage will be approsimated by o scrmi-infingt =hon
composcd of two nuiterials with atssivsiboe thermal and physicnd
propertics as shown in Fig. ». 0~ Material | extends frome w0 to L
while material 2 cstends from x - botox o 0 et N o and ©

the thermal condnctivity, densitv and specific heat of materiar | while

similar quartities with subscript 2 will describe the propertics of
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material 2.

Now it is assumed that the thickness of the region | is
extremely small (on the order of 0. 1 micron) as compared with other
dimensions. Therefore lateral flow of heat will be correspondingly
small and the assumption of one-dimensional heat flow in the direction
x is justified.

At the same time the insulating material 2 is taken to

extend to infinity since basically in the time interval of interest the heat

flow q (t) can only affect the temperature in the quartz a small distance

away from the interface between regions 1 and 2.

The heat conduction into such a model can be described by
the following equations.

In region 1

3T - VT
Dt $.C, 2 x

together with boundary conditions

£t <o C(2)=0
3 T\ °
vt 7o L (—-—) = —g.(t)
/=0
Similarly in region 2
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while the boundary conditions are
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where g (t) is arbitrary heat flux applied to the surface region 1 at x = 0,
The solution of this boundary value problem gives ¢xpressions for T(x,t)
and T (x,t). These relations were simpliticd by assuining that
the thermal conductivity k| of miaterial 1 is miuch larger than the thermal

conductivity kp of muaterial 2 and that the time interval of interest is

2
large compared to characteristic time L /K| where thermal diffusivity
Ky
Ky / flcl' This allows us to assume that the measured temperature
of the film is its surface temperature (2 - 0}, We recall here that the

thickness of material 1 was taken to be smail. If this thickness is
sufficiently simall the expanded expression for the surface temperature
can be truncated obtaining the first order solution where the terms
containing higher powers of the thickness have been neglected.  The

resulting expression for temperature is:

r
‘. 4, ) L (i
T 't e~ L. L (j.. _g“‘): (.EL)_A_L/_I _(&>
= I - AR Y
JT "\-1,51('1. )N -~ A Y “y RS Y
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In our cxperiments the temperature history T (t) is measured
~#nd the unknown heat transfer rate q (t) is required. The problem is
therefore to invert in a close form the expression for T (t) given above

and to soive for q (t). The final equation is given:

&
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The solution for q (t) depends on the heat transfer rate and therefore an
iterative approach is necessary. In the use of this equation the temperature
change T (t) is replaced by the film voltage change with a proper coef-
ficient reflecting the dependence of the film resistance on temperature.

The solution of the above stated equation has been programed
on the IBM 7090 digital computer. Typical oscilloscope traces of the
stagnation point cavity gage signal is shown in Fig. 5.6. The approxi-
mately parabolic signal of the cavity gage (upper trace) is typical of the
response of a thin film thermometer gage to an approximately constant
heating rate. The steadiness and duration of the radiating shock laycer,
as indicated by the stagnation region vicinity phototube trace (lower
trace) is also shown in Fig. 5.6. The corresponding history of the
stagnation gas radiance, as obtained by the reduction of the cavity gage
voltage signal from the previous Figure is shown in Fig. 5.7.

5.2 Gage Construction

The total radiation gage described here was made by
depositing a thin platinum film on the internal surfaces of a hollow
cylinder which tormed the cavity of the gage. The cylindrical part of
the gage, Fig. 5.3, was made up of several (two to four) 0. 125 in.
high slotted quartz rings whose internal surfaces were fire-polished to
a surface finish necessary to obtain a uniform and dnrable filim.  The
ends of the cylinder were formed by two discs onto which a thin 1ilm of

platinum was deposited forming a grid and hence the ends were included
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into the active surface of the gage. In the assembly the rings and the
end scctions were clectrically insulated from cach other except at the
terminal points.

The {film was deposited by the widely usced sputtering
technique (23). This process involves gas ions, accelerated by high
voltage, which bombard a platinum cathode thus encrgizing certain of
its atoms. The atoms leave the surface of the cathode in the form ot o
vapor and condense on nearby surfaces,

If the current is maintained at a predetermined level. the
thickness of the filim, «adthe film consistency can be controtled by the
duration of sputtering. To establish exactly the thickness of the {ihm
(in this case 0. 1 micron) test plugs made of polished quartz were
cxposed to the coating process in parallel with the cavity gave sedtions,

-~

The film thickness was then measnred by means of an interf rence
HILCroscope.

The film strips deposited on the rings and the end discs were
connected into a series electrical circuit. The contact between the
sections were formed using platinum coloidal solution and curing it at
appropriate temperatures. The external leads were soft soldered to
the terminal points of the circuit.

The thin {film gage is operated 1n an essentially constant
current type circuit as shown in Fig, 5 8. Foch gage lead is connected

through a 1500 ohm resistor to the power supply output which is

-



approximately plus and minus 150 volts (300 volts total) either side of
ground. The voltages are adjusted to give approximately 500 milli-
amperes of gage current while leaving the average gage voltage at nearly
ground potential. The gage leads are connected to the inputs of a
differential amplifier in order to reject as completely as possible any
noise and hum pickup in the gage circuit. A Tektronix Type "D' plug-in
preamplifier is normally used in a Type 127 power supply ahead of the
oscilloscope in order to achieve sufficient trace deflection while
preserving microsecond or better rise time. With reasonable care in
balancing the preamp, the residual noise on the scope trace can be
reduced to less than 20 microvolts over about a megacycle bandwidth.

The cleanness of the signal is evident in traces shown in Fig. 5.6.
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6. DISCUSSION OF RESUILTS

6.1 Convective Heat Transfer

The experimental convective heat transter data obtained with
platinum calorimeter and thin filim gages are presented in Fig. 6. 1.

The results are normalized by the square root of the ratio of the rose
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 werce attained
was 9% COp and 91% Np. A few data were obtained in a mixture
containing 87% CO, and 1 3% N,. 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. A new gage was
used for cach expceriment. As described earlier a correction factor

was applied, Fig. 4.6, to the observed calorimeter gage signal to account
for the non-linear temperature distribution across the thickness of the
page clement. The thin film gage results were adjusted for the variation
of the heating material properties due to the change of its temperature
during the test time.

In analyzing the data the possible contribution of radiative heating
to the measured heat transfer rates was considered. For enthalpy levels
corresponding to flight velocities below 37,000 ft/sec and stagnation
point densities of the present experiments. the radiative {lux to the gage,

on the basis of Fig. 6.2, was less than 107 of the measured heat transfer
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rate. However, for higher flight velocity simulations the radiation
becomes appreciably larger and may add considerably to the measured
rates. The amount of the incident radiation which th‘e gage will absorb
depends on the surface reflectivity, which itself is a function of the wave-
length and the surface conditions. Since these factors are difficult to
evaluate for each gage used it was assumed that the gage will absorb

509% of the incident radiant energy. Appropriate corrections were made
and the data plotted showing the range of uncertainty (25% to 75%
absorption) of the radiant heat contribution to the gage reading.

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

In an effort to investigate the scaling low with regard to
pressure, several runs were made at approximately the same shock
velocity but at widely different stagnation pressures varying between
3.25 and 5400 atmosphere, At stagnation pressures of 9 atm and above
the scaling is precise. However, data obtained ot the low prossure gave
results which definitely deviate from the main trend of other data, A
question arises whether the shock layer is in equilibrium.  Using the
proediction of reference 9 for the relaxation distance behind o nornaal

shock one concludes that with P 0.25 mm Hg and Ug =~ 23,500 1ty sec
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the gas at the outer edge of the boundary layer ¢an be out of equilibrium.
The effect of this on boundary layer flow and the heat transfer has not
been treated analytically with a sufficient rigor to provide the answer,
whether the heat transfer should be either higher or lower than for the
equilibrium shock layer case.

Further consideration must be g¢given to the state of the boundary
layer itself which even with its outer edge in equilibrium can be in non-
equilibrium duc to the finite recombination rates.  Fay and Riddell (25)
studicd the non-equilibrium stagnation point dissociated boundary layer
and formulated a parameter which can be used as a measure of the effects

of finite recombination rates in the boundary layer. Applying this

pararheter to the conditions of the present experiments one would conclude

that the boundary layer is in equilibrium tor heat transfer purposes.
HHowever, no electron recombination in the boundary layer was considered
in reference 25, This may be quite important since the energy invested
in lonization is a large portion of the shock layer flow c¢nergy for shock
velocities in the present study.  Also the electron termperature will
probably be higher than ion temperature at any gi\'en 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
tons, the energy delivered to its inner surface may be significantly higher
than for the cquilibrium or one temperature non-equilibrium cases. Such

effects in combination with gage surface catalytic effects could explain
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the results obtained in the present study (Fig. 4. 14).

A summary of all experimental data available on the convective
heat transfer in Np, CO2 and CO, - N, mixtures is shown in Fig. 6.3
together with the theoretical predictions of Hoshizaki. The data in CO;
include free flight measurements of Yee, et al (26) and the results of
shock tube experiments by Rutowski and Chan (27). Both sets of data
correspond to relatively low stagnation enthalpies and thus, provide
results at velocity levels lower than that of the present investigations.

In the simulated flight velocity range between 30, 000 and 38, 000
ft/sec it can be seen that the heat transfer results in 9% CO, - 91% N,
gas mixture tend to lie below the CO; shock tube data of Nerem (28)
and in general agreement with the N results of Rose and Stankevics (9).
The few data points from 87% CO2 - 13% N, appear to agrece with the 100%
CO, results of Nerem, which further supports the existence of a somewhat
higher level of heat transfer in the COy rich mixtures over that in the Ny

rich mixtures.
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6.2 Stagnation Point Equilibrium Total Radiation

The theorctical total radiance of a 9% CO, - 9174 N, pas mixture
for wide temperature and density ranges is shown in Fig. .-,
Also shown are calculations for air (30). Several interesting properties
are noted. First, there is a significant increase in radiation at

temperatures above 7, 000K and towards the lower density levels when

.
the spectral region between .05 and . 20 is included. This difference is
caused primarily by the importance of the de-ionization of N' and 0" in

this region. Second, the total radiances of air and of the CO, - N,

mixture are almost identical at the high temperature limits of the curve.
This is due to the decrcased importance of molecular radiation in these
regions and the general similarity of the ionization level of the two gases.
Third, at temperatures below about 10, 000K air and the CO, N, mixture
deviate markedly in their radiant intensity. This increase in radiation

for the assumed planetary gas mixture is due prin:arily to the importance

of radiation from the CN and CO band systems. Shown in Fig. 6.5 are

the contributions to the radiation from the various de-cexcitation mechanisms
in the stagnation region gas of a model in the shock tube for a particular

P| value. This curve presents the radiant intensities for cach mechanism
based upon the equilibrium concentrations for the same range of shock

tube properties as shown in Fig. 3. 48, Note the dominance ot the

continuum producing radiation mechanisms above a4 shock velocity value

of 24,000 ft/sec. Fig. 6.6 shows the theoretical stand-off distance of a



shock layer on a hemispherical model as a function of shock velocity
and initial shock pressure. Experimentally measured values are also
shown. It can be seen that the measured distance agrees reasonably well with
the calculated values obtained using the formula developed by Serbin (31).
Cavity gage measurements of the total radiative intensity of the
stagnation region gas are presented in Fig. 6.7. Results have been
obtained for shock velocity values between 22,000 and 34, 000 ft/sec. Also
sh(;wn on Fig. 6.7 are the theoretical curves (.2 to lO/u. spectral region)
for the shock tube property ranges covered by the experimental conditions.
The radiance has been normalized by the stagnation region density ratio
to the 1.55 power which brings the theoretical curves into reasonably
good agreement for the property range of interest. In general, the
experimental points scatter near the theoretical pfedictions‘ There is a
tendency for the experimental results to be slightly higher than the theory
at shock velocities below about 28, 000 ft/sec. Above this value the points
generally group somewhat below the predicted level. Note the few points
corresponding to PPy values of 1 mm Hg. These lie significantly above

the levels prodicted by the equilibriwm theory and the general levels

obtained experimentally at higher pressures.  We associated this bebavior
with the initiation of non-cquilibriqnn effects in the shock Taver.  Radiation
from a non-cquilibrium atr shock layver has been investigated experimenta iy

Ly Pace (32). Since the non-cquilibrivum process in the model test
3 9 ]

configuration will be different from that investigated by Page because of



N "
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 with those presented by Page.

Several points from different test gas mixtures are also shown
in Fig. 6.7. While more data are required for the study of the
importance of gas composition, there appears to be a reasonable agree-
ment between these points «t flight velocities above 35,000 ft/sec and
the oihcr data. However, at lower velocities this is not so. [ he 25% Co,

data lie considerably above the predicted values as discussed in connection
with incident shock radiation measurements.

A time resolved spectrum of the stagnation region flow observed
through a slit in the sidewall of the shock tube is shown in Fig. 6. 8.
This figure is interesting since it shows that the test gas is largely
contaminant free; that is, the strong line radiation seen .following the
available test time does not extend into the test gas in general.  While
there is the possibility of small quantitics of casily ionized containinants
existing in the test gas. the high stagnation region ionizativn levels
associated with the hypervelocity regime are such that the nuniber of
electrons contributed by the contaminants should be negligible.,  Note
that a prominent Hﬂ Iine exists during the test time.

The small quantity of hydrogen (order of 10 parts per million)

has a negligible effect on the thermochemical properties of the gas in



the stagnation region but its presence in the spectrum allows the
calculation of electron concentration by the application of Griem's
analysis of the Stark broadening effect (32). Calculations have been
made for several test spectra by Sadjian (34); they indicate that the ion
concentration of the test gas agrees within a factor of two with the con-
centrations predicted by the thermochemical equilibrium calculations

(to temperature levels of 14, 500°K),

-53-



6.3 Incident Shock Equilibrium Total Radiation

Using a total radiation cavity gage measurements werce made of the

cquilibrium radiation behind the incident shiock in 257 CO, - 75% N,
gas mixture at shock velocities up to 30,000 ft/sec. The results are
shown in Fig. 6.9. Also stagnation point radiation data obtained with the

model cavity gages are shown in the range of the simulated flight velocity

overlap. Both sets of data are normalized by the density ratio raised to

155 power. Curves representing theoretical calculations obtained with

the use of Fig., 6. 10 arc also shown. Note that at simulated flight velocity
above 32,000 ft/sec the theoretical curves collapse on cach other indicating
that the density effect was correlated correctly, at lower flight speeds

the theoretical curves diverge. To make therefore a proper comparison

of cxperimental data with the theoretical predictions the stagnation point
data should be compared with a theoretical curve calculated for ap-
provimately Ppo= 70 mm Hyg since only then the density of the radiating

vas will be in proper relation between the experiment ard the theory.

Ditie from the incident shock measurements can be compared dircctly with
the appropriate theoretical curve at i corresponding P It shouid be noted
that both scts of experimental results are equally higher than the iheoretical
prodictions. A further comparison is made with the {free flight range data
of C. James (35). James' interpolated results for 25% CO, - 757 N)

are shown in Fig. 6.9. It is interesting to note that at flight velocity of
approximately 26. 000 ft/scc free flight data indicate cven higher radiance
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than present shock tube measurements. To explain the differences
between the theory and the results of the present experiment we refer to
Fig. 6. 11 where spécies radiation has been plotted. It is found that
major contributors to the total radiation are CN and CO bands. Since
the theoretical equilibrium composition calculations enter into the
computation of the species radiation, any uncertainty of thermodynamic
constants entering into the equilibrium calculations which affect the
particle density of CO and CN will also affect the final results of total
radiation calculations. The dissociation energy of CN radical used in
present calculations was taken as Dy = 7.52 ev on the basis of the report
by Knight and Rink (36). This value is considered to be true in the light
of later experimental results by Berkowitz (37). Fairbairn (38) recently
measured the f numbers for CN violet and red band systems. He reports
f - 0.0318 for CN violet and f = .0034 for the red band system. In
arriving at the theoretical prediction in Fig. 6.9, f = 0.027 and

f - 0.020 werc used for the violet and red systems respectively., The
new values will compensate each other to some extent when used in
prescent caleculations. It is therefore unlikely that CN is the source of
the higher radiation. The formation cnergy of CO is very well established
however some of the f numbers are not absolutely known. Since higher
than theoretically predicted radiation has now been reported trom two
independent experiments it must be assumed that it represents o trn

level, Spoectrographic studies of the radiation are necessary to eaplain



fully the recson tor the ditterence between the theory and o



‘ 6.4 Equilibrium & Non-equilibrium Spectral Radiance Behind Incident Shock
The results of spectral measurements made with the modified
JACo spectrograph described in section 4.4 are shown in Figs. 6. 12,
6.13 and 6. 14. The measurements were made at one condition of shock
velocity Ug = 28,400 ft/sec and initial pressure P} = 0.5 mm Hg. The
corresponding equilibrium temperature and density ratio of the radiating
- o fo - -2 .
gas are T = 7400°K and fc =1.26 x 107°., The wavelength coverage
o
o extended from 2500 & to 7000 A,
The equilibrium radiation data are plotted in Fig. 6. 12 where
they are compared with theoretically predicted radiance distribution.
There is a reasonable agreement between the experiment and the theory
) o
for the violet system of CN except at 2150 A where the measured intensity
is higher than the calculated value (f = 0.027). " Another arca of higher
. . o 0
radiance indicated by the experiment lies between 4300 A and 6000 A,
It is impossible to identify absolutely the source contributing to the
disagreement between the experiment and the theory without i spectro-
graphic 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. o. 13
‘ as a function of wavelength., Comparison of these data and the cquilibrium
radiation shown in the previous figure indicates that the non-cquilibrium
radiation exceeds the equilibrium level depending on the wavelength by a

factor varying between three and six. Strong non-equilibrium overshoots



€] Q
appear in the spectral region between 3400 A and 4000 AL The

o . . . . .
No (1-) and CN violet systems radiate in this wavelength region.
According to Allen (39) the contribution of the NZ’L (1-) to the non-
cquilibrium radiation of air is relatively low. [t 1s possible therctore

i

to assume that the ".\2* (1-) is also a minor contributor and that the

strong 'mm-uqx,lilihrium overshoot comes from the CN violet system.
The inteerated non-equilibrium radiation is shown in IFig. 6. 14,

The method used in inteprating the intensity across the non-equilibrivm

shock wave front was described in section 4.4, In order to obtain the

magnitude of the total non-cquilibrium radiation the area under the dashed

curve was integrated. The average intensity was found to be 5. 95 watts/
2. . . (]
cmT-str- p. Assuminy that this average value extends down to 100 A

and allowing for the atomic line radiation (39) one calculates the total
(&
non-equilibrium radiation in the spectral region between 100 A and
O &
10,000 A to be 73 watts/cm®, Allen reported a total non-equilibrium

pd
radiation for air to be 40 watts/ecm®™ at shock velocity ot 33,000 1t/ scc.

This velie wis oxtrapolated down to 2%, 40U ft/sce naing the velooory

densndence giverns by Page (O02) v ith the result or s 20 walls o™

It can be concluded therefore that the non-cquilibriam
radiation in the planetary atmosphere containing 25% CO, and 747 N,
‘ [

cian be about four times higher than in the Harth's atmosphere.

I



‘ 7. SUMMARY AND RECOMMENDATIONS

7.1 Summary

During the present investigations stagnation point convective heat
transfer was measured by means of platinum calorimeter and thin f{ilm
gaées in a simulated planetary atmosphere composed of 9% CO, - 91% N,
over a range of flight velocities up to 45,000 ft/sec. These results and
some additional data obtained at different mixture ratios indicate that the

‘ composition of the CO, - N, mixture does not have a large effect on ex-
perimental convective heat transfer rates.

Convective heat transfer data were also obtained with gages ot
different materials, They indicate that the state of the stagnation point
boundary layer can be such that the gage surface affects the observed
heat transfer rates.

Stagnation point equilibrium total radiation measurements in 9%
CO;, - 91% N» for shock velocities between 22, 000 and 34, 000 ft/sec show
a generally good agreement with the theoretical predictions of Breene,
et al, above 28,000 (t/sec. At lower speeds the experiments indicate
higher radiance. Total radiation measurements behind the incident shock
for shock velocities between 20,000 and 30,000 {t/sec in 25% CO, - 75% N;

. give results which are more than two times higher than the theoretical pre-
dictions but slightly lower than the free flight experimental data ot James.

Spectral distributions of equilibrium and non-equilibrium radiation

were measured in a 25% CO, - 75% N, gas mixture. The equilibrium
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7.2 Recommendations

As a result of the current investigations certain problems
associated with the convective and radiative heat transfer becamec apparent
anc'l’they should be considered in future studies.

The most urgent problem is to explain both experimentally and
theoretically the phenomena indicated by the present measurements of
convective heat transfer with different material gages. The experimental
program would involve a series of test runs with various gage materials
and surface coatings of known catalytic activities over a range of stagnation
point pressures and enthalpies.

At velocities above 36,000 ft/sec it appears that the intensity of the
cquilibrium radiative flux to the stagnation point of the vehicle is not
greatly affected by the composition of the atmosphere., since most of the
gas in the shock layer will be completely dissociated and partially 1onized.
The strong molecular radiators such as CN, CO and N, will not be
present. The main contributors therefore will be free-free and free-bound
modes of radiation. Models for theoretical calculations of such a
radiation have been developed by Breene in this Laboratory and others.
There exists, however, a certain amount of disagreement among the
investigators regarding the validity of some of the assumptions included
in the theoretical treatment of the dominant modes of radiant criission.
The existing results are found to vary by factors of 2,3 or even morve

depending on the methods used in their computation.
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Assuming that our theoretical model gives the correct value 1or
the emitted radiation per unit particle, the next step is to compute the
totiel contribution from the given specics corresponding to the particle
density as piven by the cquilibrium composition at enthalpy and pressure
tevels of Interest, This cquilibrium concentration is obtained by
minimizing the Gibbs free encergy and by treating the fluld as a perfeat
gas. In the process of solving this problem thermal functions ot
moulecules, atoms and charged particles are used which in turn are sub -
ject to several approximations, especially at high temperature,  Also,
the assumption of a pertect gas becomes less valid as the charged particle
density becomes appreciable, In either case, the computed vialues ot
specles concentrations can contain an uncertainty factor of up to 2. It
appears that direct measurement of radiation from the shock layer which
is raisced to the energy level equal to enthalpy change due to ftight velooitys
will produce results which have more accuracy than comparable theoreii-
cal calculations.,  This is best achieved by the experimental contiguration
used in oar present studics where the radiation measuring prone is locered
at the stagnation point ot the model,  Theoretical predictions ot radiation

. . . - Oy
indicate i iperatnres above TOGUTR and moderate o onoities Lo e

-
—

1s o signiticant contribution from the freebound transitions in the wave -
o
length region below 2000 AL Because of difficulties with the optical

systems ana lack of detectors 1t those wavelengths no intormation exists

to contirin the theory, It can be shown that magnitude oi the contribution



below 2000 f\) can exceed severalfold all other radiation. A cavity gage,
with the window removed and provided with a proper differential pumping
system will be able to measure the total radiation far into the vacuum UV
region, thereby providing data for the determination of validity of the
theoretical predictions,

At lower flight velocities such as these corresponding to Martian
entry the contribution from free-free and free-bound transitions is not so
important while the molecular radiation produces the bulk of the radiative
transfer, In this moderate temperature range the commonly used
techniques for calculating species concentrations in a gas mixture are
satisfactory. The only question that remains is whether the { numbers
of the radiating species are known with sufficient accuracy. Since some
of the systems have not be't"n explored under conditions similar to that en-
countered by an entry vehicle, direct measurements of the radiation by
means of the technique used inthe present study is the oaly assurance ot
being able to determine the radiative heat flux with good enough accuracy
necessary lor a successful design,

In view of the latest estimates of the Martian atmosphere com-
position, the radiation to the entering vehicle becomes critical, The
presence ol a large concentration of Argon will have a tendency to increase
the temperature ot the shock layer at a given tlight velocity mainly duae to
the absence ol chemical changes of Argon which would absorh tie eneruoy,
In addittion Argon itselt can coniribute to radiation,  This, comboned with

the large cross-scctional dimensions of the entry vehicle necessary for



retardation creates an even heavier demand on the precision with which
we must predict the total radiative flux. Experiments should be conducted
at scveral mixtures spanning the anticipated composition of the Martian
atmospheres,

The experimental investigation ot non-equilibrium radiation should
include a study at higher velocities and different compositions than in-
vestigated in the current program, Also by applying timme resolved
spectrography the contributions from various species should also be
identified and the non-equilibrium chemical process studied.

The total radiation cavity gage developed at the Space Sciences
ILaboratory is suitable to the direct measurement of surtace heat trans-
fer rates through its modification for location at the model snrtace, A\
study using the surtace gage would be of value in determining the validity
of analytical methods developed tor the calculation ot surface heat trans-
ter from known gas radiance data and known tlow field geometry, lHeating
rates could be measured at and away trom the stagnation point, on
syminetric and asyminetric bodies, and on bodies at zero and tfinite

angles o1 attack.
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NOMENCLATURE
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.

~

DO >m<en

area

drag coefficient
specific heat
diameter, dissociation energy
voltage, energy
enthalpy

intensity

thermal diffusivity
length

molecular weight
number density
pressure

gas constant, radius
energy

entropy
temperature
velocity

volume, voltage
radial distance
normal distance

distance
oscillator strength
enthalpy, height
current

thermal conductivity
length. thickness
mass

heat transter rate
slit width

time

width

coordinate

coordinate

temperature coefficient of resistivity

entry angle

shouck layer thickness

variable of integration, wavelength
density

angle for off-axis points

solid angle



Subscripts

“— o Ov

Superscripts

initial driven tube
hehind tncident shock, behind bow shock
behind bow shock

tinal driver

entry conditions, cquilibrium
fiteht conditions

incident shock

model

initial. stondard conditions, atir
test

in pline A

driver

nuse

radiative

shouck, stagnation

total

wall

free stream condition

of 25,966y

in image field

cliective
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Y TYPICAL STREAMLINE
EQUILIBRIUM SHOCK LAYER

o \Uf

BOUNDARY LAYER

NON EQUILIBRIUM
SHOCK FRONT

Ty,1

=q CONVECTIVE

+q RAD. EQUIL.
+q RAD. NON-EQUIL.

Ficure 1.1 Description of Hypervelocity Stagnation Region Heat Transfer

Problem During Planctary Entry
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Figure 3,29 Enthalpy Behind Incident Shock
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Figure 3. 31 Stagnation Enthalpy
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Figure 3. 33 Pressure Behind Incident Shock
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Figure 3,44 Stagnation Enthalpy
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Figure 4.2 Variation of Shock Speed with Distance. from the Diaphragm
for Two Different Driver Lengths and Several Initial Driven
Tube Pressures
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At EXPOSURE = .05 u5€C. Ry =0.5 IN.

Figure 4,4a Image Converter Camera Photograph of Incident Shock Wav
and Model Flow, The Three Frames are 10 sec Apart, Top
Frame Shows Incident Shock Approach Model, Middle and

Bottom Frames Show Established Flow Around a Hem: -
spherical Model
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Figure 4.5a Photographs of Two Calorimeter Gage Model.

Model R = 0.5 1n.

Figure 4.5b Photograph ot Thin I''lm Gage Model, NMNModel R = 0.5 1n.
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Figure 4,9% Geometry of Calorimeter Gaoo, Epoxy Pluge
Indicated by Dashed Line

<] O o
10, p:
e DIFFERENTIAL VY
1 |PREAMPLIFIER sesy
Vo) o
CURRENT 0
LIMITING §
RESISTANCE L O
OSCILLOSCOPE

ISP
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Figure 4,9b Schematic Diagram of Gage Electrical Circuit
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Figure 4,13 Response of Stagnation Point Thin Film Heat Transfer Gage.
Upper Trace = Heat Transfer Gage, Lower Trace = Side Wall
Photomultiplier Viewing Shock Layer Ahead of the Stagnation
Point
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CAVITY GAGE
| PLATINUM THIN FILM GAGE
/

BOW
SHOCK WAVE ™

SAPPHIRE WINDOW V'\

'mm THICK :
5" LONG GAGE HOLDER

Figure 4. 18 Internal Model Arrangement of Stagnation Point
Total Radiation Cavity Gage
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Geometry of Ontical System for Study of Incident Shock

Radiation.

Radiating Layer at Center of Shock Tube,
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INNER SURFACE / I

TR

—_ i
> SCHEM GAGE CIRCUIT

Figure 5,la., Sketch of Cavity Gage Concept. Model Shown

THIN PLATINUM FILM

&.

QUARTZ

Figure 5. lb, Geometry of the Cylindrical Section of the Cavity Gage.
The Entrance Slit is Set Off Axis. PPath of a Parallel Ray
in Multiple Specular Reflection 1s Shown
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Figure 5,3, Reflectivity of Electrodeposited Platinum
Thin Film
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P = 33mm Hg Us= 29500 FT/SEC
| T = 14000 °K p/p.= 545 x 107
0 o
o 4T
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Figure 5. 7. Radiance of Model Stagnation Region Gas as a Function of
Time After Arrival of Incident Shock Wave at Model. Data

Obtained From Analysis of Thin Film Cavity Gage Signal
Shown in Fig. 5.6.
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Figure 5,8. Schematic Diagram of Cavity Gage Electrical Circuit, The
Potential Lead is Connected to Differential Preamplifier,
Total Gage Resistance is 4002, Current is Kept Constant
by Use of Large Resistance in Series with the Gage.
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