UNCLASSIFIED

AD NUMBER

AD428691

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors;

Adm ni strative/ Qperational Use; JAN 1964. O her
requests shall be referred to Ofice of Naval
Research, Arlington, VA 22203-2114.

AUTHORITY
ONR Itr dtd 4 May 1977

THISPAGE ISUNCLASSIFIED




THIS REPORT HAS BEEN DELIMITED
AND CLEARED FOR PUBLIC RELEASE
UNDER DoD DIRECTIVE 5200,20 AND
NO RESTRICTIONS ARE IMPOSED UPON
ITS USE AND DISCLOSURE,

DISTRIBUTION STATEMENT A

APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED,



UNCLASSIFIED

/3428691

DEFENSE DOCUMENTATION CENTER

FOR

SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION ALEXANDRIA VIRGINIA

UNCLASSIFIED



NOTICE: When govermment or Other drawings, speci-
fizations or other data are used for any purpose
other than in comnection with a definitely related
government procurement operation, the U, S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formilated, furnished, or in any wvay
supplied the sald drawings, specifications, or other
data 18 not to be regarded by implication or other-
vise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or gell

patented invention that DAY ir any way be related
thereto.






GASEQUS RADIATION IN HYPERSONIC

STAGNATION POINT FLOW

IITRI Project N6011
NOT Stve (o, G Wt

Office of Naval Research
Washington 25, D.C,



IIT RESEARCH INSTITUTE
Technology Center
Chicago 16, Illinois

/)
/ GASEGUS RADIATION IN HYPERSONIC
STAGNATION POINT FLOW

J

Contract Noy DA-111022-ORD-4012

/ IITRI Project N6011 ,

for

Office of Naval Research
Washington 25, D, C.

Janwary 1964



FOREWORD

This is the third semi-annual report for Contract No.
Nonr-3884(00), ARPA order number 322-62 and Amendment I covering
the period July I5, 1963 to December 15, 1963. The program is
sponsored by the Advanced Research Projects Agency and is monitored
by the Office of Naval Research with Mr. Morton Cooper the project
technical monitor,

The assistance of Edward Wolthausen for his help in performing the

experiments is acknowledged.
Respectfully submitted,

I(IT RESEARCH INSITITUTE
Ol o
< WS AL Vo \,-,v;
Imants Reba
Projeect Engincer
APPROVED
/
W, .{Christian, Manager
Heat and Mass Transfer

S = .
‘.\\.7‘,3"\1 . .
I. B. Fieldhouse, Assistant Dircctor
Fluid Dynamics Research Division

T RESEARCH INSTITUTE

111



11,

111,

v,

VI.

TABLx UF CONTENTS

INTRODUCTION ., . . ........

EXPERIMENTAL TECHNIQUES.
A. Experimental Setup ,, , . ..

B. Calibration Procedures, , . .

CONCLUSIONS . . .. i i e i

FUTURE WORK . .. .. ... i,

References, ..., .. .. .

IIT RESEARCH

INSTITUTE



Figure

LIST OF ILLUSTRATIONS

Angular Response for the Light Tube Assembly Using

Glass Fiber Bundle and Opal Glass Window at the

Stagnation Point of the Model . . . . ., s 0. o e .. 6

Total Light Intensity Measurements. . . v v v v v o v ww s, .. 10
13/4” dia model

Average Light Intensity Ratio IR = . 11
I3/8" dia model

Radiative Heat Flux to the Stagnation Point of a

Hemisphere Cylinder . . . ..o .. v iv vt v n et 13

Average Spectral Light Intensity Ratio

lp o Lo diEmedel e 14

R)\ [ - 3/8" dia model
Radiation Intensity Profiles .. .. ......... e 18
Radiation Intensity Profiles . . ... ... ., e e e 19

The Effectr . f Shock Tube Outgassing Pressure on the
Radiant Flux Intensity at X = 3900A° ... . ........... 21

1T RESEARCH INSTITUTE

v



e Ak Lbtent 2

AA 2

77 .
I INTRODUCTION <~

This report covers the period from June 14, 1963 to January 14,

1964. The following objectives are being pursued:
gy

l. ThLe non-equilibrium flow regimes in the shock tube flow over -
blunt bodies are being identified by measurements of stagnation point
radiation,

2. Spectral measurements of light intensithcbcing made to assess
the contribution of radiation to the stagnation point heating of blunt bodies.

3. Measurements with different model sizes(‘ are being performed
to qualitatively describe the radiation intensity profile behind the bow shock.
The information obtained may enable identification of the predominant equi-
librivm and non-equilibrium radiators in shock tube flows.

The assessment of radiant heat transfer to bodies entering the

J One

carth's atmosphere at hypersonic speeds presents many difficultics
of these-difficultics which has motivated this investigaliojj%onccrns the
uncertainty about the range of flow regimes in which reentry can be simu-
lated in a shock tube. Specifically, measurements of gascous radiation in
shock tube flows can be used to predict the radiant heat transfer to an
actual vehicle if the flow is in equilibrium and the actual temperatures and
densities are duplicated. Under such conditions, the body geometry and

size are the governing factors in scaling model results. On the other hand,
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where the shock tube flow is not in equilibrium, scaling of the results is
difficult, if not impossible. ‘Consequently, one must determine the relation-
ships between test parameters such as pressure and temperature which
define the limits of flow regimes where data are directly applicable to
problems of reentry.

Although the problem of light radiation has been studied extensively
by a number of investigators, the approach to the problem discussed in this
report is quite different. "Light radiating from the bow shock region is
collected by a light tube extending to the stagnation point of the model. This
technique constitutes a direct measurement of radiant flux at the stagnation
point. Measurements made with models of two different characteristic
dimensions (nose radius) cnable,s‘ the construction of radiation intensity
profile in the bow shock region. . It is generally accepted that the predomi-
nant region of impurity radiation is near the shock tube wall.( 1)chce,
measurements made with a light tube mounted in the stagnation region of
a body are not masked by the wall impurity radiation. Consequently, as

cvidenced by the test results, this technique yields good reproducibility

of data,
I EXPERIMENTAL TECHNIQUES
A, Experimental Setup

The experiments to be discussed were performed in the IITRI

3-inch buffered shock tube using 3/8-inch and 3/4-inch diameter
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hemisphere-cylinders. The buffer gas in these experiments was dry air,

This choice was based on earlier experience ), which indicated that
the very diffuse argon-air contact interface causes inconsistencies in

light intensity levels. Particular care has been exercised in preparation
of the shock tube. Driver contamination is reduced after each run by
thorough cleansing of the tube with a sequence of ethanol rinses. The
effects of tube cleaning procedures upon test data will be discussed in the
section on test results. After the ethanol rinses, the tube was repeatedly
flushed with dry air, and then out-gassed at 1 micron pressure. To insure
that the contamination level was the same for each run and that the out-
gassing process was essentially complete, the tube was filled with dry

air up to 20 microns pressure, evacuated to 1 micron pressure, and the
required pumping time recorded. The process was repeated until no
further reduction in pumping time occurred. This technique proved to be
very effective in attaining good reproducibility in the data. Initial pres-
sures in the shock tube were monitored with two Alphatron pressure gages,
which were factory calibrated before this phase of investigation,  The
shock Mach number was monitored at two photomultiplicer stations which
are located 28 inches apart, immediately upstream of the test section,

Photomultiplicr signals were used to trigger and stop a Beckman counter

Stmultaneously, signals were recorded on a Tektronix 555 oscilloscope.
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This method furnishes a permanent record of shock velocity and allows
correction of any counter errors which result from variations in trigger
and stopping sensitivity and signal rise-time characteristics.

Radiation measurements were made at the stagnation point of
3/8-inch and 3/4-inch hemisphere-cylinders. The tips of both models
were equipped with profiled, flush mounted, opal glass windows to avoid
acrodyn.amic disturbances. Through a passage in the model, a 3 mm
diameter glass fibre bundle, encased in a Thermofax tubing, extended to
the window. The opal glass window is necessary to attain light diffusion
and hence good angular response characteristics. A Ferrand-Uvis mono-
chromator, was used between the light tube output and the 1P-28 photo -
multiplier tube for spectral measurements. The output fro m the photo-
multiplier was recorded on Tektronix 555 oscilloscope,

B. Calibration Procedures

In order that the light tube pick up all radiation incident upon the
stagnation point of the model, the angular sensitivity of the tube should
vary as the cosine of the angle of incidence, The angular sensitivity
calibration was performed using collimated light. Tests indicated that
the angular sensitivity can be modulated by changing the light diffusion
characteristics at the receiving end. This can be accomplished by a
single opal glass window approximately 0.030 inch thick, or by a window
which is made out of several layers of flushed-opal glass., The second

method seems to be more favorable since light diffusion can be attained
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with a smaller reduction in light transmission. figure 1 shows the cal-
ibration data as compared with the desired cosine variation. As seen
from this figure, the agreement is quite good and the angular sensitivity
did not change even after prolonged exposure to the shock environment.

To establish calibration constants for the light intensity measure-
ments, the complete light tube system was calibrated by comparison with
the calculated intensities from a standard tungsten filament lamp. In this
setup, a quartz lens was used to transpose the image of the tungsten lamp
filament through an aperture to the receiving end of the light tube. There-
fore, with a one-to-one magnification, the intensity of the filament is very
nearly the same as the intensity of the image.

The output from the light tube was passed first through a mono-
chromator having 0.5 mm (100A° total band width) entrance and exit slits,
and then into a 1P-28 photomultiplier tube. The calibration was performed
over the spectral range from 3700A° to 6400A° at wavelengths to be in-
vestigated in the shock tube experiments, A calibration was performed
prior to cach runto compensate for any changes in the responsc characteristics
of the light tube assembly.

The intensity of the tungsten lamp for a given wavelength is given

by:

1 _ _¢ 3. 742x 104 watts (1)
™) 7 As(exp——6'4558 -1} cm? -4 -ster

A
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where A is wavelength in microns and ¢ is the emissivity of tungsten
determined from deVos tables(4). A detailed discussion of Eq (1) is

presented in Reference 2. From the geometric arrangement of the cali-

bration setup, the calibration form factor Fl , can be established:
A 2 (2)
F = L x A cm ster
12 r2 2

where A is the arca of the aperture, AZ is the areca of the lamp filament
seen by the light tube, and r is the distance between the aperture and the
light tube., 1f Vl (cal) is the voltage output measured during calibration

and V_ (test) is the voltage output recorded during a shock tube run, then
"n

the radiative flux AR AD is

: . (3)
A FlZ \/)\ (test) watts

2
VX fcal) A P cm”

IRAD

In order to be consistent with the calibration data, runs were made with
the same monochromator and photomultiplier system used for calibration.
As for the calibration, the test runs were performed with monochromator
slits of 0.5 nim cove ring a spectral band 100A° wide. Likewise, the
voltages used to excite the photomultiplier tube tube were the same as used
in the calibration. In cases where the light output exceeded the capacity of
the photomultiplier tube, the exciting voltages were reduced so that the

output would fall in the linear range of the photomultiplier,
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III SPECTRAL LIGHT INTENSITY MEASUREMENTS

If the flow behind the bow shock is in equilibrium, the intensity of
light radiation to the stagnation point should vary almost linearly with the
shock stand-off distance or proportionally to the model scale(S). That is,
the region behind the bow shock can be considered as a slab of gas having
constant light radiation profile,

However, as the density is decreased and the relaxation region
becomes appreciable in extent.>ut less than the shock stand-off distance,
the non-equilibrium radiation will dominate, and will depend only on the
relaxation distance and not on model scale. Still, further reduction in
density causes rclaxation distance to increase to such an extent, that it
becomes scale dependent again.

With hypothesis light intensity measurements made with at least
two models having different nose radii, can be used to establish the
character of radiation intensity profile in the bow shock region, This in
turn may indicate the flow regimes where equilibrium no longer prevails
and also may suggest possible predominant non-cquilibrium air radiators,
if spectral light intensity measurements are also made.

During the first phase of this ¢ffort totai Hght intensity measurc-
ment (band width is limited by the photomultiplier - light tube system)
were made over a range of initial densities with the stagnation temperature
(6)

essentially constant The aim of this effort was to investigate the
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carlier discussed cffect of model scale on radiation intensity and to pin-
point flow regimes where spectral intensity measurements should be made,
The results of this investigation are presented .in Figures 2 and 3.

The data were obtained using 3/8-inch diameter hemisphere -cylinders
therefore, the model scale factor is two. Figure 3 shows that the light
intensity ratio is proportional to the model scale factor at initial pressurcs
down to 0.3 mm; and according to the hypothesis this indicates constant
light radiation profile and flow cquilibrium., Lowering of the initial pres -
sure with the stagnation temperature held essentially constant, results in
deviations of intensity ratio from the scale factor, thus suggesting the
onsct of flow non-equilibrium. The radiation-intensity profiles which may
explain such behavior are also depicted in Figure 3. Conscquently, three
flow regimes have been chosen for detailed spectral radiation intensity
measurements. These are as follows:

a. Equilibrium regime, (initial pressure 1 mm Hg)

b, Non-ecquilibrium regime wherce relaxation distance is smaller

than shock stand-off distance (initial pressure, 0.15 nm Hg)

¢. Advanced non-equilibrium regime where relaxation distance is

larger than shock stand-off distance (initial pressure 0.1 mm Hg).

Spectral light intensity data have been obtained in these flow regimes
using 3/8-inch and 3/4-inch diameter hemisphere cylinders, The shock

Mach numbers have been chosen in such a manner that the equilibrium
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stagnation temperature of approximately 6200°K is maintained. Spectral
intensity was measured using a light tube -monochromator -photomultiplier
system over the visible portion of the spectrum (3700A° to 6400A° ). The
Ferrand monochromator with 0.5 mm entrance and exit slits has been
used exclusively. The theoretical band-width for this slit size is 110 Aug-
strom units. Therefore, in order to insure full coverage of the region,,
data have been obtained at 100 Augstrom unit intervals,

Iv DISCUSSION OF TEST RESULTS

The emphasis in the current work period was on gathering the data
in flow regimes corresponding to the initial shock tube pressure of 0. 15
and 0.10 mm Hg respectively. Altogether 300 data points have been
obtained. These data, together with earlier reported spectral intensity
mcasurements, (Ref 6) are presented in Figure 4,

For both models, as the initial shock-tube pressure is decreased
from | mm to 0.15 mim Hg, the radiant flux intensity over the spectral
region from 3800A° to 4300A° increases considerably. This order of
magnitude increase of radiation intensity, although over a small band
width (3800 to -lZOOAO), may cxplain the intensified radiation level below
0.2 mm pressure obtained from total radiation measurernents and shown
in Figure 2 (Ref 6). Likewise the more rapid decay in radiation level
below 0,15 mm for the 3/8-inch diameter model as compared with the
3/4-1inch diameter model at 0.1 mm pressure (Figure 2) is verified by

the current spectral intensity measurements. On the other hand,
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there are only small over-all changes in the intensity level from 4300A°
to 6300A°.

Further decrease in the initial pressure to 0.1 mm Hg is associated
with larger over-all changes in the radiation intensity level. In the spectral
region from 3800A0 to 4200A° , the radiation level is essentially the same
as at 0. 15 mm pressure. However, over the spectral region from 4200A°
to 5400AO radiation intensity is lower than at 1 mm and 0. 15 mm pressures.
In particular, this is the casc with the smaller (3/8-inch diameter) model,
For the remaining portion of the spectrum, the intensity level is essten-
tially the same as that measured at flow regimes corresponding to lmm
and 0. 15 mm Hg pressures.

If the criterion for flow equilibrium is that the intensity ratio for
the two models should vary in proportion to the model scale, deviations
from this scale factor over the spectrum will give a measure of the extent
of flow non-cquilibrium.

Graphical presentations of light intensity ratios are shown in
Figures 5a, 5b and 5c.  Figure 5a gives averaged ratios obtained from
spectral intensity measurements at | mm pressure. As discussed in the

(6)

last S»mi-annual Report » this flow regime can be considered in cqui-

librium since the over-all deviations from the model scale factor are
relatively small and, may be attributed mostly to the experimental errors,
The large deviations observed at 3800A° and 5900A° may be causcd, at

least in part, by the impurity radiation.(é)
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Since the intensity ratios obtained from total radiation measure-
ments (Figure 3) show reasonable agreement with the model scale down
to densities corresponding to 0, 3 mm Hg pressure, and verification from
spectral measurements exist at one point in this region, it is reasonable
to assume that the shock tube data in this region can be used for calculating
heat loads to actual rcentering vehicles.

The results of Figures 5b and 5¢ show a different behavior, however,
At 0.15 mm Hg, the intensity ratios for 50 percent of the points are less
than the model scale. This trend indicates that non-equilibrium overshoots
exist as depicted in Figure 3b. The other half of the points show that the
intensity ratio is greater than the model scale which, in turn, suggests
various degrees of advanced non-equilibrium, characterized by the radiation
profile in Figure 3c. Since the radiation level is much higher at the lower
wavelengths where the intensity ratio is prcdominantly less than two, the
average intensity profile should appear as anticipated from the total
radiation measurements at this flow regime (Figure 3b).

Figure 5c¢ indicates conside rably more advanced non-equilibrium,
since most of the data yield intensity ratios are greater than the model
scale.

It is quite obvious that shock tube data obtained in these flow regimes
cannot be applied tothe calculation of reentry heating by simple geometric
scaling laws. Nevertheless, the data obtained will enable analysis of non-

cquilibrium radiation processes. The intensity ratios given in Figures 5b
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and 5c, together with the radiant intensity flux, indicate spectral regions
of the most important non-cguilibrium radiations. Likewise, it is pos-
sible to qualitatively construct the changes in radiation profile with de -
creasing density. Consider, for example, radiation flux intensity together
with the intensity ratios at 4100A° and 4500A° and 1 mm, 0.15 nim and

0.1 mm pressures. Figures 6 and 7 depict the resulting situation. The
identities of the predominant radiators have not yet been identified but
attempts in this direction will be made in the final phase of this study,

The non-equilibrium radiation from shock fronts in air has been studied

by a number of people, chiefly atAVCO(-]-]O.)

Their work may provide some
information, which will be useful in the analysis of currently obtained light
tube measurements.

In general, the non-equilibrium radiation is produced by N, , N;,
NO, NH, O}, and C, invarious degrees (the last three being more
unusual). These molecules have different rate constants and rate processes
so that they respond in different manners to changes in temperature and
pressure,

The changes in radiation intensity profiles with the initial pressure
(Figure o and Figure 7) at particular spectral portions may be due to single
or multiple species . VFor instance, an ove rlap of N,(2 4) and NO ( I ) bands

may exist.  Since these radiating species have different rate processes and

rate constants which depend not only on temperature but pressure also,
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and 5c, together with the radiant intensity flux, indicate spectral regions
of the most important non-equilibrium radiations. Likewise, it is pos-
sible to qualitatively construct the changes in radiation profile with de-
creasing density. Consider, for example, radiation flux intensity together
with the intensity ratios at 4100A° and 4500A° and 1 mm , 0.15 mm and

0.1 mm pressures. Figures 6 and 7 depict the resulting situation. The
identities of the predominant radiators have not yet been identified but
attempts in this direction will be made in the final phase of this study.

The non-equilibrium radiation from shock fronts in air has been studied
by a number of people, chiefly at AVCO(7-]0.) Their work may provide some
information, which will be useful in the analysis of currently obtained light
tube measurements.,

In general, the non-equilibrium radiation is produced by N, , N;_,
NO, NH, OH, and C?_ in various degrees (the last three being more
unusual), These molecules have different rate constants and rate processes
so that they respond in different manners to changes in temperature and
pressure.

The changes in radiation intensity profiles with the initial pressure
(Figure o and Figure 7} at particular spectral portions may be due to single
or multiple species. For instance, an overlap of N>(2 #) and NO ( i ) bands
may exist. Since these radiating species have ditterent rate processes and

rate constants which depend not only on temperature but pressure also,
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changing the initial shock tube pressure to progressively lower value may
decrease radiation from No(2+), but at the same time may increase the
radiation intensity from NO( B ) band.

These processes may take place in such a fashion that the over-all
light intensity measured by the monochromator photomultiplier system is
not altered appreciably, yet the radiation profiles within the low shock
region are affected considerably. The spectral band width covered by a
monochromator is rather large (110A° ) and only marginal resolution can
be expected. Hence positive information regarding the identity of the
species cannot be obtained. The highest radiation intensity peaks at
0.15 mm and 0.1 mm pressure occur around 3900A° and 4150A° which
corresponds to the predominant band-heads of CN- violet system. Secveral
tests were performed at 3900A° and 0.15 mm pressure using identical
shock tube clcansing processes, but varying the out-gassing pressure.
The results are shown in Figure 8, It is evident that even after careful
cleaning and flushing procedures, tube out-gassing processes affect con-
tamination of the test gas. By increasing the out-gassing pressure from
0.1 to2yu , the variation in radiant flux intensity increases approximately
by a factor of four. The lowest -alues were reached by continuous out-
gassing in excess of 18 hours pumping time, hence, such experimental
procedures are not practical. The data shown in Figure 4 include points

obtained with out-gassing pressures equal to or less than lp . Similar
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data dependency on out -gassing pressure was noticed also at 4100A° to

:4300A° band widths, only to a lesser extent. This fact again is responsible,

at least in part, for the scatter of data in these spectral regions.

Even the smallest output at 3900A0 is considerably larger at 0. 15
and 0.1 mm than at | mm pressure, hence part of the radiation at this
wavelength may be due to NZ(Z +) and possibly Nj (1-). The same
rcasoning may apply to the radiation peak at 4100 to 4300A° band width.
In the remaining portion of the spectrum investigated (6500A°) the pre-
dominant radiators may be N,(1 +) with some contributions from NO (B).

\' CONCLUSIONS

Spectral intensity data have been obtained over the visible portion
of the spectrum at flow regimes corresponding to } mm, 0.15 mm and
0.} mm Hg initial pressures and equilibrium stagnation temperature of
approximately 6200°K. The data have been gathered using two differcnt
hemisphere-cylinders of 3/4-inch and 3/8-inch diamters respectively.
Consequently, six radiation intensity curves have been generated. This
data have enabled qualitative evaluation of the extent of flow equilibrium
and non-cquilibrium in these shock tube flow regimes,

In the flow regimes where non-equilibrium effects are present,
an increase of the radiative flux is observed.

VI FUTURE WORK

In order to fully ecvaluate the data presented in this report information

pertaining to the identity of radiating species is necessary.,
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Consequently the last effort in this program will be concerned with
spectrographic investigation. The advantages of light-tube spectrograph
systems have been discussed in thg l{ist Semi-annual Report. The major
advantage, of course, is that the impurity radiation from the boundary
tayer at the shock tube wall can be avoided. First attempts will be made
to investigate the flow regime at | mm pressure, where flow duration
and light intensity are most favorable. If this attempt is successful other
flow regimes will also be investigated,

Supplementary intensity measurements will then be made at spectral
portions which warrant detailed investigation.

In conjunction with this work the present data will be evaluated in
the light of studies made by other invcstigators(—I-lO) . The results of

these studies will be finalized and included in the forth coming final report.
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