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ABETRACT

Experimental measurements of stagnation point equilibrium radiative
heat transfer have Leen performed using The Ohio State University arc
driven shock tube facility and over the range of simulated flight veloci-
ties vetween 20,000 and 52,000 feet per second, and at altitudes from
100,000 to 170,000 feet. These measurements have been compared with
existing tneoretical estimates; and wide disegreement is shown to exist
at high temperatures and low densities where the continuum emission due
to the de-ionization of N¥ and 0V dominates the shock layer radiation.
Using an approximate spproach, a revised estimate is presented for the
radiative emission from high temperature eguilibrium air, This revised
estimate is then applied to the determination of stegnation point egui-
librium radiative heat transfer during re-entry at super-orbital veloci-
ties. A correlation for the shock layer emission rate useful in engineer-
ing design calculations is presented.
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I. INTRODUCTION

In the design of a space vehicle for entry at hyper-velocities into the
Earth's atmosphere, one of the most important considerations is the energy
transfer to the vehlecle which asccompaenies its deceleration in the atmosphere.
This energy transfer, for re-entry vehicles traveling at velocities not in
excess of the EBarth's satellite orbital velocity, is almost completely due to
the aerodynamic heating &ssociaeted with the boundary layer viscous dissipation.
Thus for the re-entry of inter-continental ballistic misslles, for the satel-
lite re-entry of such systems as the Discoverer and Mercury space capsules,
and for the glide re-entry of the Asset vehicle, a determination of re-entry
heating can be carried out through an analysis of the vehicle boundary layer
characteristics. Thils particular problem of predicting asrcdynamic heating
for re-entry vehicles has received extensive consideration in the literature,
i.e., references 1l-4, and a discussion of the presently available knowledge
concerning the stagnation point of a blunt nosed re-entry vehicle may be found
in reference 5,

On the otber hand, for re-entry vehicles traveling at super-orbital ve-
locities, sizeable energy transfer to the wvehicle during re-entry may also
occur as a result of thermal radistion emitted from the high temperature gas in
the vehicle shock layer. Extensive ilnvestigations of this phenomenon have been
carried out.6-20 These have generally been limited to consideration of the
stagnation region heating since the magnitude of the radiative heat transfer
falls off rapidly away from the stegnation poin,t.l6 The study of this shock
layer emission has been divided into a consideration of the *fhaimal vadiation
from (1) shock-heated gas in chemical non-equilibrium, and (2) gas that has
relaxed to the thermodynemic equilibrium state after passage through the bow
shock. These two sources of radiative heating are denoted as non-equilibrium
radlation and equilibrium radiation respectively.

Figure 1 illustrates the non-equilibrium phenomena behind a normal shock
wave traveling into undisturbed alr. The temperature overshoot is a result of
the finite time required to transfer energy into the vibrational mode of the
molecules and for dissociation and ionization to occur. At the instant of
shock compression, only the translational and rotational degrees of freedom
are excited and the translationsl temperature immediately behind the shock may
BE predicted using the Rankine-Hugoniot relationships for y = 1.4, Thus, for

>>1,

=3

M

To

= 0.97h (1 + 0.20F) s (1)

Manuscript released March, 1964, for publication as an FDL Technical Documentary
Report.
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where Ty is the maximum overshoot temperature. TFor shock velocities in the
range of 30,000 - 50,000 feet per second, overshoot temperatures on the crder
of 50,000 to 100,000°K may ideally be attained. In the relexation region
following the shock, energy is transferred into the vibrational modes of the
molecules, dissociation and ionization occurs, znd finally chemical and
thermodynamic equilibrium are attained. It should be noted that the various
processes contributing te the attainment of the equilibrium state may be
coupled together, The composition and thermodynemic properties corresponding
to this egquilibrium state can be determined through the applicationhof the
criteria for chemical equilibrium and the laws of conservation,“ "

In general, the radiative emigsion from high temperature air in thermo-
dynamic equilibrium -9511,19 has been considered to be dominated by the
radiation of the molecular bands of nitrogen, oxygen, nitric oxide, and
ionized molecular nitrogen; by the continuum radistion associated with the
deionization of N' and 0t, and with the Bremsstrahlung emission_ of K and Oj
and by line radiative emission from nitrogen and oxygen atoms.18 In addi-
tion, continuum radiation due to photoattachment to form the I~ ion has
recently been identified as a possible source of a sigrificant amount of
radistive emission.Z? Figure 2 shows a compariscon between the existing
theoretica% gstimates for the radiative intensity of high temperature equili-
orium air.2-%1L:19 Tndicated for each theory 1g the wavelength region con-
sidered. It can be seen there is wide disagreement between these variocus
theories, and thus present estimates of radiative heating during re-entry
are uncertain, This is particularly true at high temperatures where continuum
radiation dominates.

The non-equilibrium radiation associated with the relaxation process
behind the sheock front is not nearly ag well understood as the equilibrium
radiation. There 1s also considerable uncertainty concerning the magnitude
of 1ts intensity. The biggest unknown 1g the excitation processes which
lead to the populaticn of upper electronic states and to dissocliaticn and
lonization within a few mean free paths of the shock front where the transla-
tional temperature may still be guite high. It is from such excited states
of No, Ng, NO, and N that the non-equilibrium radiation originates. Without
a proper understanding of excitation phenomena, it is impossible to predict
theoretically the non-equilibrium radiative intensity; and the presently
avallable knowledge of this phenomenon is based on the extensive exEErigental
measurements carried out at the Avco-Everett Research Laboratoryloﬂ »10 gna
zt the NASA Ames Research Center.

As Indicated earlier, the shock layer radiative emission makes an impor-
tant contribution to the heat load assoclated with a super-orbital velocity
re-entry wvehicle., How important this contribution is_can be seen in Fig. 3
where the relative contributiﬁgs of the aerodynamic,26 equilibriumradia.tive,l9
and non-equilibrium radiative™' heating to the stagnation point heat transfer
rate (assuming no coupling between these modes of energy transfer) are shown
as a function of flight velocity for a vehicle at 200,000 fect in altitude and
with a nose radius of 1 foot, 1t can be seen thal ag the flight veloeity in-

creases the radiative heating becomes increasingly important. Thus for planetary
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and soler probes re-entering the Earth's atmosphere at velocities ranging up
to 75,000 feet per second, the rediative heating will actually dominate the
re-entry heat load. Even for an inltial re-entry velocity equal to the escape
velocity from the Earth, the radistive heating makes an important, although
not dominant, centribution.

The importance of shock layer radiative emissicn, with regard to the
total heating to which & super-orbitel velocity re-entry vehicle is exposed,
1s thus apparent. However, as previously indicated, there ls considersble
uncertainty as to its exmsct magnitude., For this reascn, the present investi-
gation of stagnation point radiative heating during hypervelocity re-entry
was undertaken. Because of the importence of equilibrium rediation ( as an
example, see Fig. 3), the present study has been limited to an investigation
of shock layer radlative emission from high temperature equilibrium air. The
approach has been largely experimentel, with measurements of the total stag-
nation point rediative heat flux in the wavelength region of 0.17 to 6.0 mi-
crons being performed over a range of simulated flight velocities from 26,000
to 52,000 feet per second at simulated altitudes from 100,000 to 170,000 feet.
The fecility used for these experimentﬁl measurements is The COhio State Univer-
slty arc-driven shock tube facility which 1s capable of generating hyper-
velocity flows with total enthalpies in excess of 60,000 BTU/lb The meas-
urements were carried out using a thin film radiative heat transfer gage de-
veloped as part of the investigation.

The purpose of this study has been to assess the accuracy of presently
avallable theoretical estimates and, if necessary, to modify these analyses
80 ag to provide more accurate information on radiative heating during re-entry
for use in engineering deslgn calculations. As will be seen in the discussion
of results, existing theoreticel estimates of shock layer radiation from high
temperature equilibrium air are in wide disagreement with the data at extreme
conditions where the de-ionization continuum radiation of Nt and Ot dominates
the total emission rate. An improved estimate of this rediation is thus pre-
sented and applied to the determination of stagnation point radiative heat
transfer during re-entry at super-orbital velocities.

II. THE STAGNATION POINT EQUILIBRIUM
RADIATIVE HEAT TRANSFER PROBLEM

The problem to he considered in this investigation is the heat transfer
rate at the stagnation point of & blunt body, re-entering the Earth's aimos-
vhere at hypersonic velocities, due to the radiative emission from the equi-
librium air in the shock layer. Before formulating the eguation for the radi-
ative heat flux at the stagnatio point, the basic equation governing radiative
transfer should be reviewed.? Consider a nigh temperature gas in thermo-
dynamic equilibrium in which radiatlve emlssion and absorpiion occur, but in
which there is no scaitering or reflection of light. At any specified point
in the gas having coordinates (xl, Xz, Xg) @nd in a fixed direction 1, there
exists & radlant flux with the monochromatic intensity in the direction of

1 ) . s



propagation i being denoted as I,. The change in I, in the fixed direction 1
is due to both emission and absorption processes taking nlace in the gas. The
emission from an element of gas consists of two partse?s>7: (1) spontaneous
emission, which is an isotropic radiation associated only with the guantum-
mechanical properties of the gas and not depending on the collective action
of the gas; (2) induced emission, which occurs as an effect associated with
the atsorption of radiant energy.

The total monochromatic emission from an element of volume in the fixed
dlrection 1 due to both spontanecus and induced effects will be denoted here
&s Q,, The absorpticn in & gas is characterized by the monochromatic &bsorp-
tion coefficient per unit length Hy; and the energy absorbed from a radiant
flux in a fixed direction I having intensity I, is H,I,. Thus the equation
for the transfer of radiation may be expressed in the form

' (2)
— - I p
ar Q‘V "LV v b
where the derivative of I, is in the fixed direction i.

For & gas in which there is an equilibrium distribution of energy, the
two emission processes and the absorption process may he related to each other

through the intmsdeation of thelr respectiive Einstein coefficients or transi-
tion probabilities. In this case the basic transfer equation becomes

&I,
E;— = p.v (BV - IV) ] (5)

where u; is the absorption coefficient allowing for induced radiation

u; = u, {1 - e'hv/kTJ , (L)

and

-1

ny? ex EK) -1
VoG P\kT
is the Planck black body intensity distribution.

Integrating Eq. (3), where R is the length of ges in the direction 1
associated with a particular problem, resulis in O+



b

R t rR ¢ r t
- “vdr - pvdr Jf Hypdr
o] Jo R Q .
I, =ce + e J; e By dr . (6)

If the length of gas in the direction 1 1is zero, that is, R = o, then there
can be no radiative flux in that direction due to the hot gas emission, and
thus I, = o. Upon applying this boundary condition, Eg. {6) becomes

‘R r o,
o uvdr _f uvdr
o] R o

I, =e J; e B, W, dr .7

This eguation spegifies the monochromatic intensity of the radiation flux in
a fixed direction 1 for a non-scatiering medium.

The problem to be considered here is illustrated in Fig. 4. Consider a
hemispherical blunt body with a detached shock wave in & hypersonic flow. The
rediative heat flux to the stagnation point due to the shock layer emission
may be expressed as

» rus=2r
dprad i[ .J [, cos @ dwdv ’ (8)
0 Yw=0

where the integration extends over all possible directions of incident radi-
ation in a solid angle of 27, and I  is as expressed in Eq. (7). The cos 8
arises because incident radiation from a direction maeking an ¢ngle 6 with the
surface normal sees an element of area dA at the stagnation point as a pro-
jected area dA cos 6. In carrying out the integration of Eq. (8) with Eg. (7)
inserted, R is the distance from the stagnation point to the shock wave meas-
ured in the direction as defined by the angle €.

For the general case|where the shock layer i1s non-uniform, the corrected
absorption coefficient, M, is & function of position in the shock layer; and
the integration of Eq. (BY can only be carried out with numerical technigues.
However, if & simplified model is used to represent the stagnation point shock
layer, an explicit relation may be determined for the stagnation point radiant
heat flux. This model, illustrated in Fig. 5, assumes that the curved shock
layer may be replaced by a semi-infinite slab of thickness egual to the stag-
nation point shock detachment distance, B, and with constant properties equal
to the equilibrium stagnation conditions. For this case, Eq. (7) reduces to

8



FIGURE 4.

Stagnation
Point

Schematic Diagram Defining Notation for Calculation
of Stagnation Point Radiative Heat Tranafer



~

:
q
;
i
i
:
i
1

Pm 1 Vo

Shock Body

pproximate cioder [or Calcalavlon ol svagnation

FIGURE 5. A
Foint Radiavlve Heailng

10

L]



the form
I, = B, 6 - e-uﬁ) : (9)

Purthermore, R may be expressed as R = 8/cos & and thus the stagnation point
equilibrium radiative flux becomes

L]
(3]
o om /2 mhy
drad = J’ dv r d¢ﬂ[ By, [ -e €08 Bl5in 6 cos 6 a8 . (10)
o o

el

For an opaque gas, that is, one where u; B/cos 8 > 1,

) oo 2 'IT/‘E
Apad =J; va; déj; B, sin & cos 9 d0 = oTh ,  (11)

where ¢ 1s the Stefan-Boltzmann constant and T is the shock layer temperature.
On the other hand, for an optically thin gas where W, 8/cos B << 1,

-p,v

cog B 5

r
e =l-Wset

and the stagnation point radilative flux beccmes

J'm JrEﬂ ¢ ﬂ/? ,
: = dv d B u bsin 6 46
q‘rad o o L vV

-]
= or éj- RyBdv = 27 &J s (12)
o

where J = J;m u'B dv 1s the radiance of the high temperature equilibrium air
and must be determined from a knowledge of the spectral characteristics of air.
This will be discussed In Sectlon III.

11



Exact calculations of the stagnation point radiative heat flux, which
include effects of shock wave curvature and non-uniform shock layer properties,
have indicated that the exact relation for an optically thin gas 1is of the form

qmd = 27 BF,J . (13)

Fy; is a correction factor which takes intc account the above noted effects.
Tts value 1s on the order of 0.90, and is functlon of the shock layer prop-
erties and the shock detachment distance.l6-

With the use of Eg. (1%) for an optically thin gas, the radiative heating
due to shock layer thermal emission during re-entry may be evaluated. J is
the radianca of high temperature alr and, as noted previously, its determin-
ation will wve discussed in the next section. The shock detachment distance,

5 may be estimated with any one of several existing blunt body theoretical
analyses or from experimental data.33:3% For flight conditions in which the
shock layer is neither optically thin nor cpague, Eq. (13) will overestimate
the heat transfer and thus yield a conservative result which may be used in
engineering design calculations. It should be noted that for non-optically
thin shock layer conditions, the inviscid shock layer flow will not necessarily
behave as an adiabatic process., Thus an exact analysis of re-entry heating in
this cage should include radiation effects in the governing energy equation.
The shock layer in this case may he highly non-uniform and coupling between
the convective and radiative transfer mey occur. This will be discussed fur-
ther in Section VIII.

It should also ve noted that for the conditions of the present investi-
gation, the shock layer is optically thin, and thus Eg. (13) is applicable.
This will be discussed further in the next section.

IIT. THEORETICAL ESTIMATES OF THE RADIANCE
CF HIGH TEMPERATURE AIR

There have been several calculations6“8:l9 of the radiance of high tem-
perature eir, J, where

7 - j: WB Ay (1)

In any such calculation, the important gas characteristic to be evaluated is
the spectral absorption coefficient allowing for induced emission, u,. This
may be done by considering separately each specie which makes up the high tem-
perature air at a particular condition, calculating its spectral absorption
coefficient as a function of frequency or wavelength, and then summing up the
individusl specle contributions.

12
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Those particle processes which generally have been considered to make
important contributions to the radiative emission from high temperature air
are as follows:

Ultraviolet-visible band spectra

The heta system of NO

The gamma system of NO

The Schumann-Runge system of Og

The first positive system of Np

The second positive system of Np
The first negative system of NI

Infrared band spectra
The vibration-rotation spectrum of NO
Free bcund continua

The free bound continua of 0
The de-ionization continuum of Ot
The de-ionization continuum of N+t

Free free continua

The free free continua of 0, O+, O+
The free free continua of N, N*, N*++

In addition, the atomic line radiation of N and O, and the emission
accompanying the photo attachment of an electron to form N~ have recently been
identified as possible contributors of a significant amount of radiative emis-
slon in high temperature air.l%:;25 However, at the present there is still
considerable uncertainty as to the magnitude of the radiation accompanying
these processes, and none of the existing calculations of the radiance of
high temperature air have included them.

CN is alsc & possible contributor to the emission from high temperature
air due to the presence of CO, in the atmosphere. However, the calculations
of Kivel and BaileyT for a realistic air atmosphere with approximately .03
per cent COo indicate that the CN contribution is small.

Although no attempt will be made here to review the details of the methods
used 1n the existing calculations of the radiance of high temperature air, a few
general remarks are appropriate. Analytical expressions for the spectral abscrp-
tion coefficient of an electronic band system have been developed under assump-
tions which result in a "smeared” structure and a continuous distribution of
radiation within the wavelength limits of a particular band system. The important
characteristic of a particular band system is the electronic transition probability
which mey be characterized by an electronic F-number. In Table 1 the F-numbers
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used for the band systems previously indicated as being important are tabulated
for the three exisiting calculations of radiative emission from high temperature
air.6-8,19 As can be seen, there is considerable disagreement in the F-number
value used for some band systems in these three different caleulations. The
calculations of Nardone, Breene et al, are based on the most recent experimental
Fenumber values, This calculation should be the most accurate for the temper-
ature range in which electronic transitions in molecules dominate the radiative
emission.

TABLE 1

COMPARISON OF F-NUMBERS FOR VARIOUS
MOLECULAR BAND SYSTEMS

F-number

Kivel and Meyerott6,8,11 Nardone

Bailey! et all?
NO Beta .006 ‘ .008 .0015
NO Gemmne Q01 .0025 .0024
N First Positive .025 .02 . 00565
Ny Second Posltive .09 .07 .04
No* First Negative .18 .20 .0k
Op Schumann-Runge .028 .259 163

The infrared radiation due to the wibretion-rotetion bands of NO may be
approached in & similar manner as the radiation accompanying electronic tran-
sitions. This radiation is important only at temperatures on the order of
3000-L0OC0OPK and thus mekes a negligible contribution in the temperature range
of this present study.

The free bound continuum emission of oxygen, or nitrogen, may he described
by the chemical eguation

A+ e—>A" 4+ hv ;
where hv 1s the energy radiated and the symbol A denotes a neutral atom. . Cal-

culations of the intensity of this type of emission are based on the introduction

1k
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of an effective collision cross gection for the photo attachment process.
Branscomb et al3 have made measurements of this cross section for oxygen,

and these are generally used in radiance calculations. As indicated previously,
no attempt has yet been made to include the nitrogen photo attachment emission
in radiance calculations. However, Boldt36 and Allen et 2125 have both detected
enhanced continuum radiation at high temperatures and relatively high pressures
which they explain as being due to the photo attachment of an electron to ni-

 trogen,

Radiative emission associated with de-lonization phenomena, for example,
N +e=N+hv ,

has been estimeted In all three existing calculations of the radiance of high
temperature air for a hydrogen-like model. However, Biberman and Norman3T
have pointed cut that the use of such a model willl indeed give erroneocus re-
sults and have suggested an improved technigque for carrylng out such calcula-
tions. Allen and Textoris25 have carried out a limited number of calculations
of the free free and free bound radiation of nitrogen at & wavelength of 5000

K, using the methed proposed by Biberman and Normen. These have been shown to
be in reasgcnable agreement with spectroscopic shock tube measurements at low
densities. Since the de-ionization continuum of N* 1s the dominant radiative
emission at temperatures on the order of 16,000-18,0009K, it is obvicus that
it is important that more knowledge be gained concerning this radiation proc-
ess. Present estimates must certainly be considered as highly approximate.

The total radiance of high temperaute air as calculated by Kivel and
Bailey,T Meyerott,6,8,11 and Nardone et ai,l9 are shown in Figs. 6, 7, and 8.
The emission of the Myt first negative band system as predicted by Meyerott
has been corrected through the use of an F-number of 0.04 by the present author,
and the results in Fig. 7 include this correction. This value of 0.04 for the
F.number is based on the experimental results of reference 38. The calculation
of Kivel and Bailey was the earliest, and although based on the best information
available at that time, appears ic overestimete the rediative emission from high
temperature air when compared with more recent calculations. The results of
beerott6:8;ll and Nerdone et all9 at high densities are Iin reasonable agree-
ment, considering the present siate of the knowledge. This can be seen from a
comparison of the spectral distribution as predicted by these two different
analyses for a perticular condition, Fig. 9, and from a comparison of the total
radiance as a function of temperature for p/p . = lO"l, Pilg. 2. At low densities
there is considereble disagreement. Because %he calculations of Nardone et al
are somewhat more detailed and inclusive than those of Meyerott, their calcula-
tions have been used as a basls for analyzing the results of the present ex-
perimental program. The calculstions of Meyercit and hils co~workers®: >l must
be considered as incomplete, since any radiation below 0.1l microns is omitted.
On the other hand, the calculations of Nardone et 8119 predict extensive radi-
ative emission at wavelengths between 0.05 and 0.15 microns, and at densities
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on the order of p/po = 10"3 - 10"®. Figures 10, 11, and 12, taken from refer-
ence 19, show the relative contributions of the varicus species end processes
1o the total emission of high temperature eir, The importance of the radi-
ation due to Nt and Ot de-ionization in the wavelength region of C.05 - 0.15
microns should be noted.

In Section II it was indicated that the shock layer for all conditions
of the present experimental investtgation cculd be treated as being cptically
thin. For this to be true pL& must be small compared to unity. Thai the
shock layer is indeed cptically thin can be shown if one considers the most
extrene condition of the present investigation -- & stagnstion temperature of
15,000?K and & density of p/p0 = 10"}, From reference 6 it can be determined
that W, is on the order of 10=® to 10~ em™. Since & is on the order of
10°* eom., then u;ﬁ is on the order of 10-® to 10~® and the shock layer is
optically thin.

IV. THE APPLICATION OF AN ARC-DRIVEN SHOCK TUBE
FACILITY TC THE STUDY OF RADIATIVE HEATING
DURING RE-ENTRY

The present experimental investigation was preformed at The OChlo State
University arc-driven shock tube facility.59'hl This facility is capable of
generating shock velocities in excess of 40,000 feet per second, with maximum
equilibrium stagnation temperatures of more than 18,000%K being attained.
Flight velocities of 60,000 feet per second and altitudes as high as 175,000
feet can be simulated,

A photegraph of the shock tube and associated eguipment is presented in
Fig. 13. The driven tube is 4 inches in diameter (inside}, about 28 feet in
length, and fabricated from steel, The driver section is also 4 inches in di-
ameter and contains a coaxial electrode assembly which is recessed in a
T-arrangement. A condenser bank of 11,100 microfarads with a maximum voltage
of 6000 volts {200,000 joules at full capacity) is connected in paraliel through
g coaxial collector ring to the electrode assembly. Triggering is accomplished
through the use of an exploding wire mechanism.

With the exception of the energy addition process, the operation of an
arc-driven shock tube resembles that of a conventional pressure-driven shock
tube. Prior to firing, the gases in both the driver and driven chanbers are
at ambient room temperature. Helium is used as the driver gas while rcom air,
which has been passed through a dry ice - acetone cold trap to remove the water
vagpor by condensation, is used as the test gas. After the establishment of
the proper initial driver and driven tube conditions, energy stored in the
capacitor bank is discharged into the driver chamber and the driver gas under-
goes a constant-veolume heat addition process. The diaphragm ruptures and a
traveling normal shock wave is generated which propagates down the driven tube,
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FIGURE 13.

The Ohio State University Arc Driven Shock Tube
Facility
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heating and accelerating the driven tube gas as it goes. It is this shock

heated and accelerated gas that serves ag the test medium. A complete de-

scription of the facility and its operating characteristics is contained in
references 39-41.

Measurements were performed using the shock generated flow and in the
free-jet region formed where the driven tube terminates in a dump tank.
Hemisphere-cylinder models, to be described in more detail in Bection V, were
mounted in this high enthalpy, supersonic flow as illustrated in Fig. 1k,
and stagnation point rediative heat transfer measurements were taken at pres-
sures of 1.00, 0.200, and 0.060 mm Hg. The thermodynemic state of the high
temperature air in the model stagnaticn region shock layer was determined from
normal shock wave calculations for equilibrium air, as carried out by Ziemered
for shock tube conditions, together with measurements of the shock veloclty
and of the driven tube initial conditions. The shock velocity was determined
using ionization probes, mounted 1 foot apart, to measure the time required
for the shock wave to travel that distance. Although precursor ionization
affects the performance of such probes, the use of proper probe voltages allows
for accurate measurements, In this experimental program, the probe cutputs
were displayed on an oscilloscope. The shock velocity measurements are belleved
to heve an accurecy of better than 2 per cent. The driven tube pressure was
measured with a silicon fluid U-tube manometer btoard for pressures on the order
of 1 mm Hg, and a CVC thermccouple gage for pressures of less than 5C0 microns.
The thermocouple gage was freguently checked with a high vacuum Mclecd gage as
8 standard. With the manometer board the accuracy of the pressure measurements
is + 2 per cent, while with the thermoccuple gage the accuracy is * 2 per cent
at 60 microns and * 5 per cent at 200 microns.

The re-entry flight conditions simulated were based on the establishment
of the same stagnation region shock layer density and total enthalpy on the
model as produced in flight. ©Since the stagnation point density and total
enthalpy -- assuming the existence of chemical equilibrium in the shock layer --
depend on the shock velocity and initial driven tube conditions for a model
mounted in a shock tube generated flow and on the flight velocity and atmos-
pheric properties for a vehicle in free flight, then a particular shock tube
run with known initial conditions and shock velocity may be likened to flight
at a certsin altitude and at a certain flight velocity. ZFor hypervelocity
shock tube flows, the flight velocity simulated, V., may be related to the
traveling shock velocity, V_, through the relation

Vo = Vg¥V2(1-p /b, ) ,

g?

where pb/p is the density ratio across the traveling shock wavs. The alti-
tude simulated may be calculated using the results of Huber2* for flight con-
ditions and the shock tube calculations of Ziemer.22 In the present investi-
gation, the initial driver and driven tube conditions, together with the ca-
pacitor bank voltage, were set te deliver a pre-determined shock velocity such

25



T3POW 3n0qy UJ3398d MOTH PUR UOTIOY 189 *#T THNDTA

7///////////////%

| voibey
NN
( %///////////////////////A
ajbuy :oazﬂ.\\\\\\\
SA @, \\\\\\\\ Z uoibey O
T o
- = n
- ~_ - TlNE
e ~— uoibay
uolyoubnlg
80D} ing
1904075

s ,r_///W/////////////////\////ﬁ

%

NuD} dung

A

iy




= s rre

thet a particular flight condition would be simulated. However, the actual
flight condition simulated was based on the measured shock velocity using the
sbove egquation, and shock layer density calculations using the preset driven
tube conditions and the measured shock veloeity.

There are several &spects of shock tube testing that should be discussed,
One of these is possible sources of contumination and their effect on the
radiative emission from the high temperature air. Certainly the most common
shock tube contaminant affecting the radiative intensity is CN, Although some
CN is normally formed in shocked air because of the presence of traces of CQp,
excess CN can be formed because of contaminating carbon substances deposited
on the tube walls which may be picked up in the shock tube wall boundary layer
or mey be present in the test gas due to outgassing from the wall. The pres-
ence of CN should increase the radiative intensity because of the strong baad
systems associated with it. This is in agreement with the results of Jame st
who found that for (0g-MNp mixtures with less than 10 per cent COp, the radi-
ative Intensity increased with increasing COs concentration.

In the present program, the operating procedure was to evacuate the driven
tube tc & pressure on the order of 5 microns or less, let in the test gas
through a dry ice-acetone ¢o0ld trap to remove the water vapor, and purge the
tube through this same cold trap system at & pressure approximately equal to
the initial pressure to be set for the subsegquent test. The water vapor was
removed hecause of its possible effect on electron density and thus on the
continuum de-ionization and Bremsstrahlung radiation. Less than a minute be-
fore firing, the final driven tube conditions were established and the vecuum
pump and intake valves were closed. Since the leak rate of the tube was ap-
proximately 3 microns per minute, any outgassing effects, which would show up
as an effective leak rate, should be minimal.

Another source of contamination is metallic impurities in the driver gas
which originate from the elecirodes or from the diaphragm. This impurity
emission could affect the present measurements; however, photomultiplier meas-
urements of the time-history of radiative intensity behind the traveling normal
shock indicate the driver gas to be relatively "clean" in terms of its emission
rate. This is shown in Fig. 15,

Although the tube was cleaned after every test, undoubtedly some contami-
nants remained on the shock tube wall and were picked up in the boundary layer.
Their presence should have been confined to the boundary layer, however, and
thus it is felt that the test gas in the present program was a good represen-
tation of the medie encountered by re-entry vehicles.

Another problem in shock tubes is ensuring sufficient test time with
hypervelocity shock waves to allow the use of model-testing technlques. On
passage of the traveling shock wave over a model mounted in a shock tube flow,
such as illustrated in Fig. 14, 4 finite time on the order of 5 microseconds
is required to establish a steady state fl~w field in the nose region of the
model. Thus in order to have = =inimm of 5 microseconds of steady state Tlow

27



Normal End of
Shock Tast Time

2
‘B
=
[
=
t
P =100 mm Hg Vg = 20.2 Kft fsac
Time Scale: 10 msec/cm
Neormal End of
Shock Test Time
iy
B
@
£

NN
RSV oSvANSNOUN J SRR F S N S S R

P, =200 mm Hg Ve=32.2 K ft/sec
Time Scale: 5 iisec/cm

FIGURE 15. Typical Measurements of Time-History of Radlative
Emission Behind Nermal Shock

28



for testing, a total test time, as measured from passage of the incident shock,
of 10 microseconds must be available. The itest duration avaeilable in The Chio
State University facility has recently been the subject of an extensive in-
vestigation, in which optical, microwave, and radiation monitoring techniques
were used to determine the uniformity of the flow. These results have previ-
ously been reported,*> and, based on these results, a test time of at lesast

10 microseconds wes expected at all test conditions. To ensure this, the
time-history of the radiative Intensity behind the traveling normal shock was
monitored during all testsusing a 1P22 photomultiplier looking across the flow
through & collimated slit system. Typical traces which have cbtained in this
manner are shown in Fig. 15. These radiative intensity traces were used to
separate out "good" shots, with sufficient test time and flow uniformity, from
"bad" szhots where the tesit conditilons were not adeguate. All of the data in-
cluded here were thus taken with & minimum test time of 10 microseconds.

It should be noted that in monitoring the time-history of the radiative
intensity, a measure of the flow uniformity was also obtained since the radi-
ation of high temperature air 1s extremely sensitive to temperature changes,

In deriving the relation for the stagnation point equilibrium radiative
heat transfer rate, Bg. (13), it was assumed that the shock layer was a uni-
form layer of constant thickness. In order to apply this equation tco the con-
ditions of the present measurements, 1t is necessary that the following be
known: (1) the shock detachment distance, &, for a shock tube generated flow;
(2) the equilibrium properties of the shock layer; and {3) the extent of the
non~equilibrium region behind the model bow shock and of the non-equilibrium
radiative heating. Calculations cof the eguilibrium shock layer properties
have already bheen discussed, and the determination c¢f the shock detachment
distance and possible non-eguilibrium effects will now be considered.

Reference U4 contains the results of an extensive study of shock de-
tachment distances and shock shapes on spherically blunted bedies in shock
tube generated flows. The shock detachment distance for this case is shown
to be a function of only the tcotal enthalpy of the fiow. The empirical
curve correlating the date of reference 44, as presented in Fig. 16, has been
used for the reduction of data contained herein and for theoretical calcula-
tions in support of the investigatiocn.

A determination of the extent of non-equilibrium phenomens and the non-
equilibrium radiative emilssion assocliated with the model bow shock is not so
easily carried out. It is evident that such phenomena in this case will nct
be the same as in the free flight cese. There the gas ahead of the shock Is
an undissociated, un-ionized gas possessing only translational and rotational
energy; while in the shock tube case, the gas in front of the model bow shock
will be vibrationally excited and highly dissociated for strong shock waves.
Because of the weaker bow shock in the shock case, the maximum overshocot tem-
perature will be much less in this case than in the free flight case. Figure
17 shows this in a comparison of the meximum overshoot temperature in these
two cases for identical equilibrium conditions behind the shock. The free
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flight temperature was obtained by using Eg. (1); the shock tube temperature
was obtained assuming equilibrium conditions in front of the standing shock
and a frozen composition and vibraticnal energy excitation on passage through
the shock.

Figure 18 shows the relaxation distance behind a standing bow shock in
a shock tube flow as calculated by Rose and Stankevics.¥5 Also included in
this figure is an estimate of a lower limit on the relaxation distance, which
is based on initial results from & study of reflected shock phenomena. In
this investigation, the models used had shock detachment distances on the
order of 0.1 inch. For this shock detachment distance, and taking intc account
the exponential approach of the shocked gas to the equilibrium state, it can
be seen from Fig. 18 that for an initial driven tube pressure of 1 mm Hg the
shock layer should be in almost complete equllibrium; while at 0.200 mm Hg the
shock layer will be in a near eguilibrium state. At 0.060 mm Hg, the shock
layer will be in a non-egqullibrium state.

Based on the existing knowledge of non~-equilibrium phenomenas behind shock
waves,17,18 1t would appear that any non-equilibrium effect should evidence
itself as an increase in radiative heating due to the overshoot in radiative
intensity (see Fig. 1). Because of the lower temperatures in the relaxation
region for the shock tube case, as compared with the free flight case with
the same equilibrium corditions, the importance of non-eguilibrium radiative
heating would be expecied to be less for the conditions of this investigation
than in the flight case being simulated.

It should be noted that the results of measurements currently being per-
formed at Chio State on non-equilibirum phenomena behind reflected shock waves
in shock tube generated flows, indicate (1) that the integrated non-equilibrium
intensity assoclated with a reflected shock wave is much less than that with
the bow shock of & vehicle in free flight for the same equilibrium conditions
behind the shock waves, and (2) that the relaxation rate behind a reflected
shock may be slightly faster than that used by Rose and Stankevics 45 for their
celculations shown in Fig, 18. Since the phenomenon associated with a reflected
shock is quite similar to thal for a standing bow shock in e shock tube flow,
the above conclusion regarding the relative effect of non-equilibrium radiative
heating, under the present conditions as compared to the free flight case, is
borne out.

Non~equilibrium radiative heating becomes more important compared with
equilibrium radiative heating as altitude is increased. Thus for the present
measurements, non-equilibrium effects should be the most important at the low-
est initial driven tube pressure -- in this case, 7.060 mm Hg, This corre-
sponds to a simulated altitude of 170,000 feet. 1he flight velocities simulated
at this condition range from 36,000 to 44,000 feet per second. For a vehicle
in free flight, with the same nose radius a&s the present model used at this
condition, the percentage of the total radiative emission arising due to the
non-equilibrium overshoot is 50 per cent at a velocity of 36,000 feet per
second and 6 per cent at & velocity of 44,000 feet per second. Since the
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nen-eguilibrium effect is considerably less in the present shock tube case as
compared to the flight case, then any non-equilibrium effect has been neglected
in the analysis of the data. However, it should be remembered that for the
data taken at an initial driven tube pressure of &0 microns, the composition
does not correspond completely with the equilibrium one, and that lncreased
heating may be present.

One final consideration in the use of shock tube generated flows for
neagurements such as those performed here 1s the possible effect on the meas-
ured heat transfer rates of radiaiion from the high temperature alr residing
in front of the model bow shock layer. Calculations of the ratio of shock
layer emitted radliation to this background radiation have been carried out as
follows. The shock layer emltted radiation was calculated using the formula

. r 4
dghock layer = €409 Ty s (15)

where E% is the effective emissivity per unit length in the shock layer and
5 is the shock detachment distance., The background radiation was expressed
as

[ - t 2
Ypackground €ale0 Tp s (16)

where eé is the effective emissivity per unit length of the normally shocked
gas and Lg is the effective radius of the cylindrically shaped gas slug which
emits the background radiation., For a circular cylinder of infinite height
and diameter d, the effective radius is L, = 0.9d, where d in this case is the
shock tube diameter.

Results have been obtained for a tube diameter of 4 inches, a shock de-
tachment distance of 0.1 inch, gas properties from reference 23, and emis-
sivities from Kivel and Bailey.! For example, for a shock wave traveling at
a Mach number of 2% into air at an initial driven tube pressure of 1 mm Hg,
the following properties exist:

T, = 75009K T, = 131009K
pg/p0 = 2.1 x 107® p+/Py = 1.55 x 107t

€& = 10727 oot E% =107°° cm™?

Lg = 9.15 cm B = 0.254 em

For these conditions the ratio of shock layer rediation to background radi-
ation is 163. Calculations for other shock tube conditions are presented in
Table 2. It can be seen that for all these conditions the bpackground radiation
can be neglected.
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TABLE 2
ESTIMATED EFFECTS OF BACKGROUND RADIATION

Shock detachment distance = Q.1 inch
Shock tube diameter = 4 inches

Mg Py DHock layer radiation
mm Hg background radiation

18 L 2.6

18 0.1 9. 45

24 1 163

24 0.1 363

30 0.1 68.5

V. THE DEVELOFMENT OF A THIN FILM
RADTATIVE HEAT TRANSFER GAGE

In order to measure experimentslly the stagnation point radiative heat
flux in & shock tube generated flow, standard thin film resistance thermometer
heat transfer measurement technigues have been applied. These techniques have
been chosen because their use in convective heating measurements in impulse de-
vices, such as shock tuybes, 1s well understicod and quite extensively documented
in the literature 7,48

A thin film gage, in essence, consists of a thin layer of metal (the sen-
sing element) mounted on an insulator backing. The metal sensor acts as & re-
sistive element in a de-powered constant current circuit. When the sensing
element is exposed to a heat flux, its resistance changes as its temperature
increases. This changes the voltage drop across the element which can be meas-
ured. In this manner, a measurement of the surface temperature can be obtained;
this can be related to the heat transfer rate when the insulator acts as a semi-
infinite slab.

The performance cof a thin film heat transfer gage may be analyzed as fol-
lows., Consider a semi-infinite slab of an insulating material on which 1s
mounted & thin film of metal, illustrated In Fig. 19. Incident on the thin
film surfece is a transient heat flux, g(t) which is applied at time t = O.
When the thermal effects of the thin film can be ignored, and assumirg the
thermal properties In the insulabting material are constart, the geperal solu-
tiocn relating the surface temperature ard the applied heat flux is
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FIGURE 19.
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Model Used for Analysls of Thin Film Gage Performance
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t ]
= 1 Q(T) (lT
T \/mmfo Vg )

t
o) = 2 > I \/-T&m . (18)

Here B, is a property of the insulating material and may be expressed as
Pp = (K’pc)m where K, p, and c are, respectively, the thermal conductivity,
density, and heat capaclty of the mounting material. T is the increment of
temperature above the initial temperature at t = 0. If 1t is further specified
that the applied heat flux 1s invariant with time, that is, & step-function
heat pulse 1s applied, then from the above equations it can be shown that

or

(e = Lfrey %ﬂ : (19)

Thus for the case of a constant heat flux, the heat transfer rate to a thin
film gage may be readily calculated using Eq. (19) by determining the surface
temperature time history through & measurement of the thin film resistance.

In applying this technique to the measurement of integrated radiative
fluxes, it is desirable that the thin film sensing element have a relatively
high absorptivity which is approximately independent of the wavelength of the
incident radiation. Platinum, which is the material normally used in thin
film resistance thermometer gages for convective heating measurements, has a
high reflectivity which varies considerably over the wavelength region of in-
terest (0.2 < A < 2.0 microns}. It was therefore desirable for the present
investigation to consider other materials which might possibly be applicable.

Of the materials investigated, two were considered promising. Thin film
radiative heat transfer gages have been constructed using both these materials.
These two materials are Hanovia Luster Black No. 4771 and Hanovia Bright Gold
EF ¥o, 31-A. Both of these materials are manufacitured oy Hanovia Liguid Gold -
Division, Engelhard Industries, 1 West Central Avenue, East Newari, New Jersey,
and obtalned as liguid metal suspensions. They may be applied as thin films
on gless or ceramics by brushing them on, followed by firing in & ventilated
oven at a temperature of aspproximately TOOOF for 5 minutes and at 12509F for
15 minutes. At the lower temperature, the liguid sclvent is evaporated; at the
higher temperature the glase scftens ard the thin film bonds with the glass,
Specific details regarding the application of these materimls to glass surfaces
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may be found in references 49 and 50. The spectral radiation characteristics
of these two materials are shown in Figs. 20 and 21 in terms of the wavelength
dependence of their transmissivity and reflectivity. It can be seen that the
use of Bright Gold EF No. 31-A would allow measurement of only the radiation
below & wavelength of 5500 K, and that in this region telow 5500 K, approxi-
mately T5-80 per cent of the incident radiation would be absorbed. On the
other hend, the use of Luster Black No. 4771 would allow the measurement of
incident radietion over a much wider wavelength region. Below & wavelength
of one micron, approximately 80-85 per cent of the incident radiation would
be absorbed; however, in the infrared reglon above one micron a considerable
portion of the inecident radiation would he transmitted., 3Based on surface
characteristlics, the Luster Black appeared to be the superior material.

Because of development problems encountered inltially with the Luster
Black material, a few radistive measuremenis, which were carried out in the
early stages of the present investigation, were obtained using a thin film
gage with the Bright Gold EF No. 31-A as the sensing element. The Luster
Black thin films were, for all practical purposes, non-conducting and thus
could not be used as the resisiive element of an electrical circuit. In order
to circumvent this problem, a thin film radiative heat fransfer gsge has veen
built in which the thin film sensing element actually consists of two layers --
the top layer, which is exposed to the incident radiation, 1s Luster Black;
the bottom layer is Henovia Bright Platinum No. 05-X which is an electrically
conducting material also obtained as & liguid metal suspension. This gage,
illustrated in Fig. 22, is constructed by first brushing a thin £ilm of Bright
Platinum Ne., 05-X on a pyrex ball and firing the ball in an cven as previously
described. A thin film of Luster Black No. 4771 is then brushed on and the
gage 1s again fired in an oven. Finally electric leads are scldered on and
the pyrex ball is mounted to the model with epoxy cement., Virtually all of
the measurements taken as part of this program were cobtained by using this
double layer thin film gage. Because of the low transmissivity of the Bright
Platinum No. 05-X, this double layer gage has a high absorptivity even in the
infrared wavelength region.

It should bve noted that the exact spectral characteristics of thin films
depend on the thickness and uniformity of the film, and therefore will vary
from gage to gage. However, such variations will have a small effect on the
absorptivity of the gages used here. For example, since the reflectivity of
the Luster Black double-layer gage 1s approximetely 20 per cent and its trans-
missivity is negligible in the wavelength region of interest, then an cbvicusly
extreme deviation of 5C per cent in the reflectivity of the gage from that
shown in Fig. 21 will result in a change in the absorptivity from 80 per cent
to 70 per cent, This is only a 12 per cent change in the absorptivity. In-
vestigators at the Cornell Aeronautical Laboratory, in measuring the spectral
characteristics of thin films made from Hsnovia liquid preparations, have noted
deviations of up to 25 per cent beiween the measured values and those in re-
ference 49.51 Such a deviation for the gages used here would produce only a
6 per cent change in the absorptivity, thus small variations in gage properties
have been neglected. It should further be noted that three different Luster
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Black gages were used during the course of this investigation under all types
of varying conditions, and any difference due to small veriations 1n spectral
charecteristics alone are indiscernible compared with the normal data scatter.

In order to sense only radletive fluxes with this gege, it was necessary
to shield the gage from convective heating inputs. Thus, hemisphere-cylinder
models, such as shown in Figs. 23 and 24, were built for stagnation point radi-
ative heat transfer measurements. Each of these models has a sapphire window,
0.25 inch in diameter and 0.020 inch thick, mounted at the stagnation point.
The radiative heat transfer geage is mounted on a pyrex ball and positioned be-
hind the sapphire window. The sides of the hole leading through the model to
the gage is blackened with Luster Black. The electrical circuit (shown in
Figure 22), of which this gage is a part, is designed to measure the time his-
tory of the voltage drop across the gage, AE. A similar circuit 1s discussed
in mere detail in reference 5. The heat transfer rate may be expressed in
terms of AE and the time length of exposure to the heat flux, t, through the
relation

— 1
Tn aIR,

g =

(20)

AV Fol
Sk

where OR, = AR/AT 1s a property of the sensing element and assumed toc be con-

stant, and I is the gage current which is kept constant during each test.
Equation (20) follows directly from Eg. (19).

For the measurements to be presented here, the valued2 of \/ﬁm was taken

to be constant at 0.0743 BTU/ftasecl/aoF. A correction for variable backing
material thermel properties was applied using the results of reference 53.

OR, was determined from static calibrations of each gage in the laboratory.
These calibrations were carried cut in an oven using a thermocouple toc measure
the oven temperature and a Wheatstone bridge to measure the gage resistance.

A typical calibration is shown in Fig. 25 where the different symbols corre-
spond to different calibration suns.

These thin film radiative heat transfer gages were also checked dynamically

through the use of a Xenon flash lamp to provide a pulse of radiation. These
pulses, as determined with a 1P22 photomultiplier, had a rise time of 4 micro-
seconds and the heat flux remalned relatively constant for 20-25 microseconds.
Thus the time scale for these test was on the order of that in the shock tube
experiments. The purpose of these dynamic tests was to provide (1) a check on
the linearity of the gage, (2) an indication of any possible effects due to a
non-negligible thermal capacity of the thin sensing element, and (3) an over-
all check on the operational characteristics of the gage. Figure 26 shows &
comparison of the variation in the Xenon flash lamp produced radiation pulse
as measured with both & photomultiplier and the thin filwm radiative heat trans-
fer gage; it can be seen that there is reasonable agreement. Flgure 27 shows
the variation of the heat transfer rate, as measured by the thin film gage,
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with varying energy inputs as determined with & photomultiplier., The maximum
energy flux here was approximately 1000 BTU/ftEsec, and as may bhe seen in Fig,
27, the response of the gage is linear.

It should be noted thet in thin film resistance thermometer gages the
sensing element must be thin in order to minimize any effects due to the ther-
mal capacity. Such an effect becomes increasingly important as the heat flux
exposure time, t, becomes shorter and manifests itself in an inability of the
gage to follow a highly transient heat flux. For the thin film radiestive heat
transfer gnge develcped as part of this investigetion it is felt that the re-
sults shown in Fig. 26 indicate clearly the ability of the gage to measure
transient fluxes. Thus any effect due to the thermal capacity of the sensing
g¢lement hes been assumed to be negligible.

In analyzing data cbhbiained using the hemisphere-cylinder model previously
described, consideration must be given to the transmission characteristics of
the sapphire window, the abscrption characieristics of the surface of the thin
film gage, and the geometrical view factor relating the stagnation point radi-
ative heat transfer rate to the average heat transfer rate at the gage surface.

The transmission characteristics o1 sapphire are well-known and are sihown
in Fig. 28. Sh-57 For the thickness windows used here, and in the wavelength
reglon of interest, the spectral absorptiv1ty56 ig less than 0.001 and ebsorp-
tion losses may be neglected. Thus the results shown in Fig. 28 are based on
measurements of the refractive index. It can be seen from Fig. 28 that in the
wavelength reglion of 0.25 to nmore than 2.0 microns the transmissivity is ap-
proximately constant at 84 per cent. The infrared cut-off cccurs in the neigh-
borhood of 6.0 microns, and the ultra-violet cut-off, s shown in Fig. 28,
ocecurs ai 1750 A.

The surface characteristics of the thin film radiative heat transfer gage
used here are shown in Figs. 20 and 21. For the Luster Black No. 4771 thin
film gages, an absorptivity of 0.80 was used in the reducticn of the data.

The view factor of the gage may be determined from straightforward geo-
metrical considerations. This view factor takes into account the fact that
the radiative heat transfer gage, which is located at the boitom of a cylind-
rical well, sees a lower heat transfer rate than the surface. In order to cal-
culate this view factor, a flat surface with a cylindrical well and which 1s
covered by a constant thickness layer of optically thin gas is used as a model,
This model is illustrated in Fig. 29. The heat transfer rate to the top sur-
face is given by Eg. (12). However, for a point A at the bottom of the well,

the heat flux is
J- dvj’ d¢j’ , &sin 6 48 , (21)
gage
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FIGURE 29. Model for Evaluation of View Factor

50



where g, is a function of ¢ and depends on the dimensions of the cylindrical
well. Note that reflections off the side of the hole are neglected since
the side is comated with Luster Black and is highly absorbing. The geomet-
rical view fector for pcint A4, FaA’ thus can be expressed as

an fal
I ag f 'sin @ dp
0 o]

2n

F,,

i

2n
L (1-cos 91 )d;zf . (22)

L
2n

For a cylinder such as illustrated in Fig. 29, where t is the helght from some
point A to the top surface, R is the e¢ylinder redius, and r is the radisl dis-
tance from the center of the cylinder to point A, cos 91 can be expressed as

cos § = — s , (23)

R 2 2 2
2rcos g+ R -r + ¢

- Prcosg Vrzcosagf + R -1

and thus the local view Tactor mey be expressed as

an /
1 t/R
Foo=1-
24 5 ), = —— dg . (2h)
r P r t
—:COS¢+1*E5+R—2

This integration can be readily carried out using numerical or grephical
techniques.

In analyzing the radiative heat transfer measurements, sn averasge
view factor for the entire gage, Fh, must be used. F; can be expressed as
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L
c

where L is the length of the gage &5 measured over its surface and the inte-
gration is carrled out over this length. Because the gage 1s extremely narrow,
it has been treated here as having an infinitesimal width in deriving the ex-
pression for the view factor., The view factor, Fz, was evaluated separately
for each model by numerical techniques. As an example of the value of this
view factor, ¥g, for the l-inch nose radius model, the diameter of the hole is
0.225 inch, the distance from the outer surface of the window to the center of
the gage is 0.050 inch, and Fg is 0.56. If the view factor, the transmissivity
cof sapphire, and the absorpiivity of the sensing element are known, the char-
acterlstics of the thin film radiative heat transfer gage are completely spec-
ified.

VI. STAGNATION POINT RADIATIVE HEAT
TRANSFER MEASUREMENTS

Stagnation point radiative heat transfer measurements have been performed
at three initial driven tube pressures of 1 mm, 200 microns, and 60 microns Hg,
and over a range of shock velocities rrom 18,000 to 39,000 feet per second.
Iwo hemisphere cylinder models, such as discussed in Bection V, have been used;
one had a nose radius of 0.5 inch and the other 1.0 inch. The simulated flight
velocity range extends from 26,000 to 52,000 feet per second, and the simulated
altitude range from 100,000 feet %o 170,000 feet. Flgure 30 shows the oper-
ating range of The Ohio State University facility and alsc the flight conditions
simulated during this investigation for each of the two slze models used. Fig-
ure 31 is a Schlieren photograph of one of the radiative heat transfer models
during a test. The rapid decay in radiastive intensity away from the stagnation
point should be noted.

The measured heat transfer rates have been reduced into the form of the
radiance as a function of shock tube conditions. The radiance may be expressed
as

q
) radstag pt

2MBF,

qra.d
- 088 (26)
- 2

27 BF, Fa (T)aG
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FIGURE 31.

Vs 29,500 fps
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Schlieren Photograph of Radlation Model During
Test
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where ¢ is the heat transfer rate measured by the gage; &
Aredgg ge J > Srad iae ot

is the associated stagnation point heat transfer rate; F; is the correctiocn
factor, introduced in Section IT to acecount for non-uniform shock layer prop-
erties; Fg is the view factor; T is the average transmission coefficient over
the wavelength region, 0.2 - 10u, of the sapphire window, taken here to be
0.82; and Oy is the average absorptivity of the gage, which is taken to be
0.80. The gage heat transfer rate has been evaluated using Eg. (20) where a
current of 10 ma was used in virtually all tests.

The experimental measurements of the radiance are presented in Figs. 32-
34 in the form of the radiance of high temperature equilibrium air as a func-
tion of shock velocity. These data are also tabulated in Tables 3 and k4.
Unless otherwise noted, the data were obtained by using the double layer Lus-
ter Black thin film gage. As can be seen, ther2 is considerable scatter in
the data, This scatter is a result of the exireme sensitivity of the radi-
ative intensity to the shock velocity and initial pressure. An error of one
per cent in the shock veloclty measurement, together with a two per cent error
in the pressure, will result in an error of the order of 15 per cent in the
radiative intensity for the measured condition.

Typical gage outputs are shown in Fig. 35 for both the Bright Gold EF
No. 31-A gage and the double layer Luster Black thin film gage. It should be
noted that because of the finite time reguired to develop a steady state flow
around & model, the heat transfer gage is not expcsed to a constant heat flux
starting with passage of the incident shock. It was found that Eq. (20) could
still be used in date reduction if an effective starting time were chosen.
Exact calculations using Eq. (18) have shown good agreement with this approx-
imate technique. A typical data reduction is shown in Fig. 36.

It should be noted that the few data points obtained by using the Bright
Gold EF No. 31-4 gage were corrected so &s 1o also represent measurements of
the integrated intensity over a wavelength region of 0.17 to 6 microns. This
was done by using the theoretical wavelength dependence of intensity as cal-
culated by MEyerott,6:8;11 together with the spectral transmissivity of the
sapphire window (Fig. 28) and the spectral absorbtivity of the Bright Gold EF
No. 31-A (Fig. 20). The ratio of the measured radiative intensity to the total
radiative intensity in the wavelength region of approximately 0.17 to & microns
is

( 1
lag(T) wyBudy

{1
J‘*ﬁBvdV

where the integration in both integrals is carried out over the wavelengih
ety GO < N < A.0M. T is the transmissivity of the sapphire window and
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Oq is the absorptivity of the gage. Both are wavelength dependent. For a
typical case, such &s run no. 2411, the evaluation of this integral numerically
pave a value of 0.56%5 for the ratlo of measured intenslity to actual ftotal in-
tensity in the lndicated wavelength region. These corrected data points are
geen to be in good agreement with the data obtained using the double layer
Luster Black gage.

At two pressures, 1 mm Hg and 200 microns, data were obtained using both
size models, and it can be seen from Figs. 32 and 33 that there is nc discern-
ible difference between the measured radiances of the two models., This in-
discernible difference has been regasrded as evidence of a negligible influence
of non-equilibirum effects on the present measurements at these pressures.

For the data taken at an initial driven tube pressure of 0.060 mm Hg, chemical
nen~eguilibrium exists in the shock layer., These conditicns are indicated by
an "N" in Tebles 3 and 4. This non-equilibrium effect is not believed to be
important.

VII. ANALYSIS AND DISCUSSION OF RESULTS

In order to analyze the present experimental results, the data shown in
Figs. %2-34 have been treated statistically. If it is assumed that the scat-
ter in the data, corresponding to a particular shock velocity and Initisl
driven tube pressure, is due tc inherent random inaccuracies and not due to a

consistent error in experimental technique, then the average of the experimental

data points at that condition should be representative of the true value which
would have been measured experimentally had there not been random inaccuracies.
On this basis, the present daia at each driven tube pressure have been grouped,
such that all dats points in a group have a velocity within a 1,000 feet per
second range, and linearily averaged. For example, the megsured intensities

of all polnts at 1 mm Hg with shock velocities between 22,500 and 23,500 feet
per second have been averaged. These average dats points, as tabulated in
Tebles 5 and 6, have been considered in analyzing the results obtained here.

In this manner the data scatter has been greatly reduced ©nl 2 meaningful anal-
yeis of the data has been made possible. In this anslvsis, cnly the data ob-
tained with the Luster Black sensing element gage have been coansidered. The
Bright Gold deta were too limited for a statistical anslysis.

Using the average points, the experimentsl results obtained here at an
initial driven tube pressure of 1 mm Hg are presented in Fig. 37 in the form
of the radiance of high temperature air as & function of temporature. The
shock layer density corresponding to this initial driven tube pressure is
D/DO 0.16. Also shown in Fig. 37 are the results g the tf“ee existing cal-
culations of the radiasnce of high temperature air. 6-G,11,1 It can be seen
that the experimental results are in excellent agreement w1th the results of
Nardone et a1,19 except at extremely high temperatures. The theoretical re-
sults of Meyerott and his co-workers®:%;1ll are seen to 8lso be in reasonzble
agreement with this data. However, the theoretical calculations of Kivel and
Bailey! are consistently high.
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TABLE 5
AVERAGED SHOCK TUBE DATA

ON RADIANCE OF HIGH TEMPERATURE AIR (0.17<A<6.0w)
Ry = 0.5 inch

P \' v T J

1 s @ p/po Watts
mm Hg Kft/sec Kft/sec oK ep-Ster
1.00 190.2 26,2 0.16 8650 11.1
1.00 20.3 27.7 0.16 Q100 32.0
1.00 20.7 28.3 0.16 3350 34.8
1.00 21.3 29.1 0.16 9700 4g.1
1.00 21.6 29.5 0.16 9920 47.3
1.00 22.1 30.2 0,16 10200 99.1
1.00 24,0 32.8 0.16 11450 307
1.00 24,9 34.0 0.16 12200 775
1.00 26.2 35.8 0.16 13150 2350
1.00 28.1 38.4 0.16 14400 6040
1.00 29.1 39.8 0.16 15000 7690
1.00 29.8 40.7 0.16 15500 9950
0.200 26.1 35.8 0.032 12200 266
0.200 26.9 36.9 0.032 12850 204
0.200 27.7 38.0 0.032 13300 676
0.200 8.8 39.5 0.032 14000 1090
0.200 32.1 44,0 0.032 15500 ~19¢
0.200 37.3 51.1 0.032 17600 ICU0
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AVERAGED SHOCK TUBE DATA

TABLE 6

ON RADIANCE OF HIGH TEMPERATURE AIR (0.17<%<¢6.0u)

00
. 200
., 200

. 200

. 200
. 200
. 200
. 200
. 200

. 060
060
.0R0
, 060
. 0RO

O 00000 O0O0C0O 0O00O0OH HHEKFHH

. 06C

. 200"

Vs
Kft/sec

c2.7
23.7
24.9
25.8
26.7

28,7
23.7
25.0
26.0
28.0

29.2
31.3
32.1
33.2
35.4

26,6
27.8
29.5
30.3
31.5

32.5

RN = 1.0 1nch

Vo

Kft/sec

31.2
32.5
34,2
35.4
36.6

39.4
32,5

oY)
=

I~ w=ooowum OumEFRNoS oW
Oy WwWOWmoOYy UInoeo FOowvwo

W EFiElEEE W

= e

=

p/po

0.16
0.16
0.16
0.16
0.16

0.16

0.032
0.032
0.032
0,032

0,032
0.032
0.032
0.032
0.032

0.011
0.011
0.011
0.011
C.011

0.011

T
oK

10500
11300
12000
12800
13500

14800
10375
11475
12150
13450

14150
15150
15500
15900
16900

12000
12700
13450
13850
14350

14700

J
Watts

cm3Ster

9l1.1
167
746
1650
2180

6680
36.2
114
145
749

886

1410
1400
1430
2640

15.2
50,5
144
121
175

227

(

N
N
N
N
N

N

*The "N'" indicates condltions at which effects due to
chemical non-equilibrium in the shock layer may possibly

exist,

See discussion in Sectlon VI.
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At the lower pressures of 0.20 and 0.06 mm Hg, no one theoretical calcul-
ation was in agreement with the experimental results over the entire tempera-
ture range. However, a comparison of the results of Nardore et allP with the
results of this investigation showed a consistent pattern in which the devi-
ation between the theory and experiment increased with increasing temperature
and decreasing density. It will be shown that this trend can be expleilned,
based on recent developments reported in the literature.25,37 No such pat-
tern was present in comparing the calculations of Méyerotts:a:ll to the ex-
perimental results; in fact, there appeared tc be a definite inconsistency.
The calculations of Kivel and Balley! were also not in agreement with the ex-
perimental results, Thus the theoretical calculations c¢f Nardone et a1l9
have been used as & basis for further anslysis.

In Fig. 38 all of the experimental results obtained throught the use of
the dcuble layer Luster Black thin film gage are presented as a function of
the simulated flight velocity, and are compared with the theoretical results
of Nardone et al.l9 The region of disagreement is for conditions at which the
continuum radiation from high temperature air dominates the shock layer emis-
sion, As indicated previously, present estimates of continuum radiation are
highly approximate; thus the disagreement evident in Fig. 38 is not entirely
unexpected. It should be noted that both contamination effects and elfects
due to non-eguilibirum phencmens in the shock layer weould have been expected
to increase the radiative intensity; thus the present disagreement can not be
attributed to those effects.

It would be presumptuous to try to extrapolate any detailed knowledge of
the continuum radiation of high temperature sir from the present measurements
of the total radiative heat flux. However, it is clear that the existing es-
timates of Nardcne et all9 are, on the order of a factor of two, high at ex-
treme temperatures. Biberman and Norman>! have indicated that the existing
calculations of the N* and Ot de-ionization continuum radiation based on a
hydrogen atcm model should be expected to overestimate the emission. As a
correction, they derive a modifying factor which is wavelength dependent and
varies from 1.0 to 0.2, It would thus appear that as a first-order correction

to existing calculaiions, a constant multiplying factor of C.5 could be applied.

The introduction of such a fector is, in essence, a correction to the cross
section for the de-ionization process.

With the results of Nardone et al,l9 as a starting point, a revised es-
timate of the N* and 0% de-icnization radiative emission Trom high temperature
air has been carried out through the use of this correction factor of 0.5.
These results, which are presented in Figs. 32 and 40, have been used to modify
the radiance calculations of Nardone et all9 ay high temperatures where con-
tinvum rediation dominates. This revised theoretical estimate, together with
the present experimental results, are shown in Figs. 41-43 where the radiance
is presented as a function of temperature for the three shock layer densities
at which measurements were performed. It may be seen that for all three shock
layer densities, the experimental results appear tc approach the present es-
timate of the radiance of high temperature air as temperature increases. In

T2
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r=

fact, for a shock layer density of p/pQ = 0.011, the experimentel results are
in good agreement with the present estimate,

However, there is a range of temperatures within which the experimental
data are in better agreement with the results of Nardone et all9 than with the
present estimate, even though continuum radiation i1s known to dominate the
emission there (see Figs. 10-12). This can be explained if the presence of
emission due to the photo attachment of an electron to N, as suggested by
Boldt30 and Allen and Textoris,25 is important. Flgure U4 shows the region
of the density-temperature map where the calculations of Allen and T@xtoris,25
at a wavelength of 5000 A, indlcate the N~ photo atteachment emission to be
important and also where the N de-ionization emission is to be important. It
can be seen that in the region of Importance for the continuum due to Nt de-
lonization, the present emperimental resulis are in good agreement with the
revised estimate hased on the application of a correction factor of 0.5 to
the emlission rate. However, the region of importance for N~ phceto attachment
radiation corresponds to the region of Figs. 41 and 42 where the experimental
results lie above the present revised estimate and are actually in betier agree-
ment with the results of Nardone et al.l9

It thus appears that in certain ranges of temperatures and densities, the
calculations of Nardone et al,l9 though overestimating the de-ionization radi-
ation and not including the N~ photo attachment radiation, still are in good
agreement with the experimental results since the two effects appear to cancel.
In this range the results of Nardone, Breene et all® may be used for engineer-
ing calculations. However, at higher temperatures the N~ photo attachrent
emisslon becomes negligible and estimates of the de-ionization radiation must
be corrected, as done here, in order for calculations of the fotal radiance of
high temperature air toc be correct.

It should be noted thet the estimste of the radilative emission due to the
Nt de-1onization process (Figs. 39 and 40) are slightly higher than that of
Biverman and Norman,>! as calculated by Allen.23 This can be seen in Fig. U5
where the present estimate is compared with that of Nardone et 21,19 and thet
of Biberman and Norman.?( Thus the present estimate may be conservative. How-
ever, as was indicated earlier, it would be presumptuous to propose detailed
modifications to the calculations of Nardone et al,*% based on the present
measurements of the integreted radiative heat flux. The present estimate is
proposed only as & first-order correction which may be used &s a modifieation
to be applied in engineering design calculations.

With the present experimental results as a basis, the calculations by
Nardone et all9 of the radiance of high temperature air have been modified at
high temperatures through the use of the correction factor previously dis-
cussed. The range of temperatures and densities, in which the correction fac-
tor was applied, was determined from the experimental results. The resulting
estimates for the radiance of high temperature air are shown in Figs. 46 and
47. Also shown in Fig. 47 are the original results of Nardone et al.19 Tt
can be seen that at low densities the correction is sizable.
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It should be noted that there have been other investigations of the radi-
ance of high temperature air. At the NASA Ames Research Center, experimental
measurements have been carried cut through the use of a series of photo-
maltipliers to determine the spectral distributlon of the shock layer emission
for & blunt body.15,17 Plight velocities up to 44,000 feet per second have
been simulated with gun-launched models in & counterflow facility.13,58 These
measurements have shown genersl agreement with the theoretical results of
Kivel and Bailey,( and thus are in considerable disagreement with the present
results. However, in order to achileve flight velocitles in excess of 30,000
feet per second, plastic models were used. These models ablate at such ex-
treme conditions, and although correciions for the ablation product radiation
were attempted,l7 it would seem rather impossible to separate the air radiation
end the contamination radiation in certain porticns of the spectrum. Thus
this author feels that these resulis st be considered as highly questionable.

H. Hoshizaki20 has also carried out stagnation point rsdiative heat trans-
Ter measurements using a combustion driven shock tube generated flow.20 These
measurements, which have been performed only at an initial driven tube pressure
of 1 mm: Hg and over a very limited range of temperatures, are shown in Fig.
48 with the present experimental results. It can be seen that there is good
agreement.

The present experimental resulis are also in egreement with recent inter-
pretations of the radiative emission from high temperature equilibrium air.25
The lower emission rate associated with de-ionization continuum radiatiom as
proposed by Biberman and Norman,3T and the suggestion of significant radiation
being contributed by the N~ photo attachment prccesse5 have both appeared
plausible baged on analysis of the data. Thus a revised estimate of equilib-
rium radiative emission has been carried out. The application of this to re-
entry heating calculations will be discussed in the next section,

VIII. STAGNATION POINT RADIATIVE EEAT TRANSFER
DURING RE-ENTRY AT HYPERVELOCITIES

The revised estimate of thermal radiation from high temperature egquilib-
rium air, which is presented in &ection VII, has an cbvious importance for the
problem of re-entering the Earth's atmosphere at super-orbital velocities. As
an example, consider a manned Mars mission where Earth entry wvelocities rang-
ing from 45,000 to 75,000 feet per second are anticipated.59 The stagnation
point heat load for such a re-entry will be dominated by the shock layer radi-
ative emission, with the maximum stagnation point radiative heat transfer rate
being a factor of ten or more greater than the meximum convective rate. Here
the present results, which indicate that the radiative heating at flight ve-
locities in excess of 40,000 feet per second will be on the order of a factor
of two less than the existing estimates of Nardone et al,l® have a definite
bearing on the design of the re-entry vehicle thermal protection system.
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In order to present the results of this investigation in a form usable
for design calculations, the total equilibrium radistive emission per unit
volume into Mr steradians, denoted as Ey = by J, is shown in Fig. 49 as a
function of glight velocity and altitude and for stagnaticn point equilibrium
conditions.2% TFor an optleally thin shock layer, the stagnstion point equi-
librium radiative heat transfer rate to a surface with an absorptivity of 1C0
per cent may be expressed in terms of Et as

. E
Qrad = (Et)Fl s P (27)

where Fy is a shock layer shape factor (see Section II) =nd & is the shock de-
tachment distance. Wick32 has evaluated this shape factor for flight condi-
tions in terms of the normal shock density ratio and his results are presented
in Fig. 50. A value of 0.84 is recommended by Wick for the range of present
interest in re-entry calculations. ©§ may be evaluated from zny of several
hypersonic flow theories or from experimental data.33;40

The results presented in Fig. 49 have been approximated by a correlation

of the form
bl
(4 v
g, - c(ﬁj _g_> , (28)
Po 10

where 1t has been necessary to use different values for the exponents m and
n, and the constant C, in various flight wvelocity ranges. The results of this
correlation are shown in Teble 7. The R.M.8. deviation, g, of the resulis in
Fig. 49 from this correlation (Eg. {28) together with Table 7) is less than

36 per cent. The correlation for the range of flight welocities less than
28,000 feet per second has application to ICBM and satellite re-entries. For
such re-entries, radlative heating is unimportant. The correlation for the
range of 28,000 to 38,000 feet per second has applicaticn to vehicles re-
entering at velocities on the order of the escape velocity and would include
return from lunar missicns. PFor these re-entries, radistive heating ls import-
ant, but not necessarily dominant. The correlation for rlight velocities in
excess of 38,000 feet per second is applicable to the Earin re-entry of Venus
and Mars missions in whick the radiative heating dominates the heat load.

In the flight velocity range of 20,000 to (0,000 fest per second at al-
titudes from 100,000 feet to 240,000 feet, Fy 1is approximately constant at the
value of 0.8k, and B/Ry is approximately O0.0L5 for a hemispherical nose body.32
Thus combining Egs. (27) and (28), the stagnation point radiative heat transfer
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TABLE 7

CONSTANTS IN RADTATIVE EMISSION CORRELATION

Flight Velocity Range c m n g
Fps BTU/Ft® sec

v, < 28,000 6.83 x 10° 1.8 7.4 0.3579

28,000 < V_ < 38,000 k.30 x 108 1.k 20.0 0.3581

38,000 < V 2,10 x 10* 1.30 8.00  0.3%295

rate for an optically thin shock layer becomes, in units of BTU/thsec,

o) K -68 7 T.J-I-
= 1.3 x ILO"‘R\\‘(—”@“)1 (—-‘1—> ; V. < 28000 Fps
po .10*
. ML/ \20.0
Qpgq = 8.16 x 10-°R{ = (ﬁ- , 28000 < V, < 38000 Fps (29)
Po 10*
2074 8.00
= 3.99 x 10°Ry| &= —ﬂ;) , 38000 Fps < V.
Po 10 ®

Equation (29), though somewhat approximate, is convenient for rapid engineer-
ing calculations. For higher accuracy in design calculations, Eg. (27) should
be used together with Fig. 49 and an accurate shock detachment distance.

For extreme shock layer conditions, the radiative energy emission may be
slgnificant with the result that the stagnation region flow is non-adiabatic.
This radiative energy loss is important if the ratic of the energy radiated by
an element of fluid to the initial total energy of the element, I', is appreci-
able. For stagnation region flow and for the optically thin case, I may be
expressed as

Ey O
P =2 - : (30)
% 0g Vg
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T /6 1s presented as a function of flight wvelocity and altitude for stagnation
reglon conditions in Fig. 51. Wilson end Hoshizeki®Q have considered the de-
crease Iln the stagnation point radiatlve heat transfer rate due to the exist-
ence of non-adiabatlic shock layer conditicons. Results are presented in Fig.
52 where the ratio of the radistive flux for a non-adisbatic shock leyer to
that for an adigbatic shock layer i1s shown as a function of I It can be seen
that for a value of T = 0.2, the decrease in the radlative heat transfer rate
would be on the order of 70 per cent. This value of T would correspond to &
flight velocity in excess of 60,000 feet per second, an altitude of 200,000
feet, and a stagnation point nose radius of 5 feet.

The stagnation point radiative heat transfer rate can thus be predicted
with Eq. (27), together with either Fig. 49 or Eq. (28), for an optically thin
shock layer; while for a non-adisbatic shock layer, Pig. 52 must be used in
order to correct for radiant energy losses., Awmy from the stagnation point,
the radiative heating rate falls off rapidly. Wilson and Hoshizeki®0 have
considered the distribution in eguilibrium rediative heating over a blunt nose
bedy with 8 radius of 5 feet, and the present author has noted that these re-
sults may be guite satisfactorily expressed as

. T )4-
ale') (cos 8') %

: , (31)
g{o)

where 6' is the angle between the tangent to the stagration point and the tan-
gent to some local polint. This correlaticn formula is glso 1n reasoneble agree-
ment with the earlier results of Strack,l6 and may be used in re-entry heating
calculations.

IX. CONCLUDING DISCUSSION

The objective of this investigation has been to assess the accuracy of
existing theoretical calculations of the radiance of high temperature air, and
if necessary, modify these analyses so as to provide more accurate informaticn
on radiative heating during re-entry for use in engineering design calculations.
It has been found that the existing calculations by Nardone et all9 are more
consistently in agreement with the present data than other available theoretical
results,6-8,11 However, at high temperatures where continuum radiation is dom-
inant, this theory overestimates the radiative emission by a factor of two.

This has been explained through the use of the recent spectroscopic results
by Allen and Textoris,25 and the theoretical analysis by Bibermann and Norman. 37

The present results disagree wlth thosge obtained at the NASA Ames Research
Center.1l7 Although this author questions the NASA results due to effects of
ablation product radiation, which he beljeves are not accounted for, it is clear

that additional information is reguired btefore these differences can be resolved.
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Of particular interest would be results from spectroscopic studies designed
to determine which species and processes in high temperature equilibrium air
are the dominant ones in terms of radiative energy emission.

An associated problem that should receive attention in the future is the
measurement of radiative heat transfer at wavelengths below C.15 micron, where
Nardone, Breene et all9 have indicated the presence of an important contribu-
tion. The difficulty with the performance of such a measurement is that no
meterials will transmit light at wavelengths much below 0.15 micron. Lithium
fluoride, which this author believes to transmit furthest into the far ultra-
vioclet, cuts off at C.1l micron. Thus techniques other than those described
here may need to be developed to measure rzdiation intensities at wavelengths
less than 0.15 micron. '

Based on the experimental results of this investigation, & revised esti-
mate of the radiance of high temperature air has been presented. These re-
sults have been discussed with regard to determining the stagnation point
equilibrium radiative heat transfer rate for blunt nose or blunt leading edge
re-entry vehicles. DBecause of the strong dependence of radiative heating on
flight velocity, free stream density, and the bluntness of the vehicle, future
vehicles designed for re-entry in the 50-100,000 feet per seccnd velocity range
may well be of the slender, lifting body type of configuration. From an en-
gineering standpoint, it is thus important that the effect of various vehicle
configuration factors on re-entry radiative heating be investigated in the
near future,
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