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RADIANT HEATING SIMULATION 

by 

T.K. Pugmire and R.W. Liebermann 

ABSTRACT 

A review is presented of the radiation energy transfer rates 
characteristic of the environments for advanced entry missions, 
and of the techniques suitable for simulating these heat transfer 
rates in the laboratory.  At entry velocities greater than 45,000 
ft/sec there is at least a factor of 2 or greater uncertainty in 
the estimated value of the radiative heat flux incident on the 
vehicle surface.  In particular, there is a lack of quantitative 
experimental data on radiation emitted in the ultraviolet (<200Q°J 
portion of the spectrum.  Little systematic information is available 
on the effect of the spectral distribution of incident radiation on 
material behavior.  As a result, the question of whether a laboratory 
radiative reentry simulation facility must be designed to exactly dup- 
licate the spectral distribution characteristic of the reentry environ- 
ment is still open.  The most promising techniques for laboratory sim- 
ulation of advanced radiation environments appear to be those associated 
with the continuous arc discharge.  Radiation fluxes which are character- 
istic of advanced manned reentry environments, can be obtained by 
direct exposure of material specimens to an arc column.  Radiation lamps 
can pr auce heat fluxes of the order of 1 to 2 kw/cm .  Outstanding 
proble s pertain to the quantitative prediction of radiation environments, 
charac eristic of flight speeds greater than 45,000 ft/sec, determination 
of the effect of different spectral radiation distributions on material 
behavior, determination of the effect of variations in the ratio of con- 
vective to radiative heat transfer on material behavior, and the design 

^     of efficient optical systems for high power (100 kw to 1 megawatt ) 
radiation lamps. 



INTRODUCTION 

I 

During the first several years of ground testing of heat 

shield materials and structures of IRBM and ICBM reentry vehicles, 

several types of radiant heating systems were utilized for simulation 

of the convection heating.  In general, these systems (the compact 

arc, the carbon arc, and the solar furnace) were replaced with 

combustion jets, including several types of rockets, pebble-bed 

heaters, plasma-arc heaters, and the multi-mounted shock facilities. 

Now, however, planetary entry at superorbital velocities (lunar 

and planetary probes), or entry of exceptionally blunt probes 

(designed for maximum atmospheric breaking) have necessitated a 

re-evaluation of these radiation simulation facilities. 

DEFINITION OF RADIATION SIMULATION REQUIREMENTS 

A literature search to establish the radiant heating 

fluxes associated with general vehicle geometry and trajectories 

for superorbital velocities, particularly over 40,000 ft/sec, 

provided somewhat disappointing results.  Prediction at the higher 

velocities differ by factors of more than two    .  A generalization 

of „his uncertainty for velocities up to 65,000 ft/sec is shown in 

figure 1.  (Data used for this figure are from references 3-8,10,11.) 

Assuming that the major irradiance of the vehicle is due to 

emission from the gas-stagnation region which is in local thermal 

equilibrium (i.e., neglecting non-equilibrium radiation effects) 

and is optically thin, then the radiant flux at the stagnation point 

may be estimated by equation (1). 
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qrad = 2 TT 6 F J (1) 

F is minor correction factor accounting for shock-wave curvature, 

6 is the shock standoff distance and J is the radiant intensity - 

i 
-5: 

(power/volume-steradian) of the radiating gas.  Estimates of 6 

1—6 (available in the literature " ) are usually formulated in terms 

of flight parameters which include the effective vehicle nose 

radius.  In general, these estimates of 6 agree to within 30 percent. 

2 4 
Suggested values of F are also in the literature ' , as are values of 

T 3-6,12-14 

The primary experimental sources of data for estimating 

3-8,10,11 
the radiant intensity J, are shock tubes and ballistic ranges 

To make a comparison of the data from these sources in terms of 

flight velocity and stagnation gas density, corrections were made 

to the data of references 4,5 using the gas-dynamic charts of 

reference 15.  With these corrections, a data comparison is shown 

in figure 2 where the intensity has been density normalized by the 

relation 

J/(P/P0)la7a f (VJ (2) 

which was inferred from references 3 and 10 for thermal equilibrium 

conditions.   These data tentatively agree to within about a factor 

of two, however, when examining the data in figure 2 it must be 

borne in mind that the density normalization used is only approximate. 

In addition to the shock tube and ballistic range data, 

figure 2 presents for comparison, semiempirical estimates of air 

radiation obtained from the diagnostics of arc heated, optically-thin, 
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13,14 
plasma columns in local thermal equilibrium    .  As shown 

in figure 2, the lower curve represents estimates of continuum 

radiation while the upper curve includes estimates of both atomic 

line and continnum radiation. As the shock tube and ballistic 

3-8,10,11 ... 
range data excluded emission in the wavelength range 

o 
below 1500A, the above semiempirical estimates were prepared for 

a similar limited spectrum. As illustrated in figure 2, the 

radiation estimates from the arc-heated plasma column tend to 

envelope the experimental data.  If one extends these estimates 

to include flight velocities below 30,000 ft/sec, molecular mechanisms 

should be included. For flight velocities greater than 60,000 ft/sec 

ionic line radiation should be included. 

Q 13,14,16-18 
Estimates of radiant emission in the far UV region (X<2000Ä) 

indicate that this emission is large compared to that emitted in 

the remaining spectrum.  Some estimates based on a gas at 16,000 K 

indicate that the energy transfer by this means is greater than a 

factor of 5 to 10 times that by thermal conduction.  The actual 

radiation values for this region are far from being well determined. 

Measurements of the continuum for oxygen agree relatively well 

with theory, but there is a paucity of continuum data on nitrogen 

particularly in the regions where it is of the greatest significance. 

There are factors of variance of ten between measurements of line 

19 radiation of nitrogen in the UV compared with recent theory  , however 

this is better than the case of UV line-radiation measurements for 

oxygen for which there are none.  (It is expected that this lack 

of data will scon be corrected, as many investigators are giving 
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# 
their attention to the problem.) One particularly promising 

technique is being developed by Morris in which an arc-heated 

gas, isolated by a helium or argon window^ is viewed by a 

20 vacuum ultraviolet spectrometer  .  In spite of this general 

lack of data for UV radiation, a calculation has been made for 

comparison purposes of the total line and continuum radiation of 

o 
wavelengths less than and greater than 2000A for nitrogen at one 

atmosphere (see figure 3). 

In the calculation of these estimates, it vas assumed 

that the gas was optically thin and no blackbody ceiling was 

placed on the line radiators,  (The continuum radiation of wave- 

o 
lengths greater than 2000A was based on experimental data from 

t> 

reference 13. A great significance of the far UV emission is its 

absorption or transmission.  If the greater part of this radiation 

leaves the gas cap, use of the experimental data of references 3-8, 

10,11 in equation (1) would only assess, at best, the irradiance 

to an order of magnitude.  In addition, one would have to consider 

the change of shock-layer gas enthalpy by the radiant emission and 

the effect on convective heating .  However, if these emissions are 

predominantly self-absorbed, a re-evaluation shoiId be made of the 

thermal conduction estimates which could greatly influence gas-cap 

enthalpy gradients^ . 

Based on the foregoing arguments,  any definition of radiation- 

simulation requirements will be only an order of magnitude.  Recog- 

nizing this fact, radiation charts (see figures 4-7) have been 
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prepared which provide estimates of the total intensity for 

o 
wavelengths X<2000A.  These charts were based on the seemingly 

valid semiempirical estimates cf atomic line and continuum emission 

o 
for wavelengths greater than 2000A given by reference 13.  For 

o 
wavelengths less than 2000A, the total continuum and atomic 

line emission was estimated using methods described in references 

13 and 14.  These estimates include only those flight velocities 

and/or gas temperatures where molecular and ionic radiators can be 

neglected and have assumed optically thin conditions.  For compar- 

ison purposes, equation (1) and figures 5 and 6 have been used to 

estimate the irradiance of a vehicle having 1 foot effective nose 

radius, R.   For these calculations a ratio of 6/R, equal to 0.045, 

was chosen.  This value according to the reference 2 is applicable 

for flight velocities in the range of 20,000 to 60,000 ft/sec and 

altitudes of 100,000 to 240,000 ft.  From reference 4 the value 

0.84 was used for the correction factor F.  The results of these 

calculations arc shown in figure 8. (The calculation of the flight 

velocity for figures 2, 7, and 8 was based on the energy conservation 

law for normal shock solutions 

V * V2h~ 
s 

(3) 
S'S CD 

where the diminishing of enthalpy due to radiant emission was not 

considered.) 
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■RELATIONSHIP OF FLIGHT PARAMETERS 
TO SIMULATION REQUIREMENTS 

Th^ spectral radiance of a gas significantly varies with 

composition, pressure, and temperature.  Therefore, the spectral 

distribution of radiant energy from the gas cap, as seen by the 

heat-shield material, represents a rather complicated phenomenon. 

There are not only pressure, temperature, species, and composition 

variations and gradients, but also gas phase and surface combustion, 

radiation absorption, blocking and reradiation .  Production of all 

of these parameters can only be accomplished in a flight test.  However, 

experience has shown in other aspects of laboratory simulation that 

meaningful evaluations and engineering design data can be obtained 

from less than exact duplication of flight conditions.  What now 

remains is the establishment of relative importance of the several 

factors mentioned, necessary model sizes, combined radiative and 

convective heating, and the effects on all of the factors resulting 

from parameter changes associated with the entry trajectory.  As 

there are only several facilities capable of obtaining useful data 

in this field, there is very little actual data on which to base 

decisions.  The more significant reports are those of Howe and 

1 22 23      24 25 
Viegas , Diaconis et al  , Lundell et al  , Howe  , Lundell et al 

,26 
Louis et al 

In spite of the availability of these several references, 

data in this field are sparse and inconclusive.  One is not able at 

this time to specify which parameters in radiant heating simulation 

c: entry conditions must be duplicated. 
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From data on the more simple heat-protection materials such 

as teflon, graphite, and phenolic nylon, it would appear that if 

the total net heat to the material surface occurs with a constant 

surface temperature, then the material performance is nearly constant 

regardless of the ratio of convective to radiative heating.  This is 

25 confirmed in the data of Lundell et al  .  it should be noted that 

considerable significance can be attached to duplication of the total 

net heating input and the maintainance of a surface temperature 

equivalent to that which would be associated with flight conditions. 

Constant gross heating with variations of the ratio of convective 

and radiative heating seem to produce significant changes in total 

net heating. 

Source uniformity is another interesting parameter that appears 

to be greatly influenced by the material to be tested.  Several 

investigators have noted that a source that is quite nonuniform, 

exhibiting a particular high brightness in the center, can be used 

to test materials that are char-forming without causing any apparent 

nonuniform heating.  However, it has also been noted that such a 

source will directly reflect the source nonuniformities on materials 

such as teflon.  Therefore, source uniformity must also be assessed 

according to the types of materials to be evaluated. 

The importance of the length of a test has been a difficult 

parameter to assess even for straight convective heating.  In convec- 

tive heating this parameter is strongly dependent on the type of 

material being tested and the particular application of interest. 

General testing experience has shown that if a material was being 
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2 
subjected to convective heating fluxes of less than 100 BTU/ft sec, 

it requires about 10 minutes of test time for the material to arrive 

2 
at a steady state* For fluxes of about 200 BTU/ft sec, it takes 

on the order of 2 minutes. For fluxes greater than 500 BTU/ft2sec, 

it takes about 30 seconds or less.  It is cautioned that these 

estimates may be only applied in general, and that they might not 

apply at all to a given particular type of material. For pure 

radiative or for a combined radiative and convective heating test, 

the general test time applicable for convective heating might 

have to be doubled or even quadrupled, due to the factors of surface 

reflectance or boundary layer blocking.  It should be noted that 

in many ballistic vehicle applications, the he=t-shield material does 

not reach a steady-state condition during the reentry.  Under 

conditions such as this, one may no- need to test until a steady- 

state condition is achieved.  It therefore appears necessary that 

both the application and the particular material must be examined, 

and perhaps, some preliminary material tests will be required to 

establish this parameter. 

Importarre of a matched spectral distribution in a radiation 

simulator cannot be determined at the present time.  Data in ^his 

area are extremely sketchy, and in one instance even contradictory. 

At low net flux levels, less than a few watts/cm2, it has been 

observed that certain organic materials may react differently chemic- 

ally. A good example of this is the film coatings which produce 

different colors dependent on the spectral distribution of the incident 

-8- 



radiation.  It is also a well established fact that a material's 

emissivity is wavelength dependent.  Though slight, this has some 

effect on reradiation and hence the net heat flux.  In several 

cases similar heat-shield type materials have evidenced similar 

performance when tested with either a pure xadiative heating flux, 

an argon arc; lamp or a pure convective heating flux, from a typical 

arc plasma heater. 

RADIATION SOURCE EVALUATION 

The radiation heating source consists primarily of the radiant 

energy source and, in some instances, an optical system for the con- 

centration, focusing, and modulation of the radiant energy.  In the 

absence of well-defined guide lines for parameters to be simulated, 

a general evaluation has been made of potential sources based on the 

following general requirements:  1) Radiant flux attainable,  2) spatial 

and temporal uniformity of flux at test section,  3) combatibility with 

convective heating sources,  4) spectral distribution,  5) operational 

characteristics, and 6) economics.  Table 1 presents a summary review 

of the state-of-art potential sources in terms of these parameters. 

(Some types of available sources have not been listed; however, it is 

felt that those listed are represented.) 

A single radiation source that will have all of the desired capa- 

bilities or characteristics is not available at the present time, nor is 

it likely that one will develop in spite of many possible advances.  To 

simulate an entry condition for a vehicle being exposed to a stagnation 

o 
temperature of 12,000 K in air, one might desire a source that could pro- 

2 
duce a radiant flux of l-2KW/cm over a 10cm area and have a spectral 
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distribution which would approximate a black body of 12,000°K.  The 

solar furnace can produce the desired flux level having a spectral 

distribution match of 6000 K but the source has a rather poor uniformity 

over a limited target area. A filtered-carbor? arc source can provide a 

fairly well matched spectral distribution, but the flux levels for this 

target size are quite limited.  The state-of-the-art of high pressure 

compact arcs is undergoing a very rapid change.  These units offer a 

great deal of flexibility, particularly for large si20 models and low 

flux levels; however, these sources, by their very nature, are flux-level 

limited.  The remaining type of source of interest is the plasma arc 

source.  (The significant difference between the high pressure compact 

arc with collant-cooled electrodes and the so called plasma arc generator, 

is the circulation and/or flow of the radiating medium or gas.  There 

is also some difference in input power levels; 20kw high pressure compact 

arcs are nearing operational status, whereas megawatt plasma generator 

lamps are within the state-of-the-art.)  The plasma arc generator sources 

offer  the features of being able  to operate at high power levels at 

high pressures with a variety of radiating mediums.  For the particular 

problem indicated, this type of source can provide the flux level desired 

uniformly over  the target area, but would likely not have the 12,000°K 

black-body distribution.  Following is a general review of  the plasma 

generator type sources.  References 12 and 27 provide additional detail 

concerning the other radiation sources, associated optics, and spectral 

distribution of the flux. 

PLASMA-ARC GENERATOR SOURCES 

A concentrated effort has recently been applied to the study of the 

plasma arc heater as a possible radiant energy source.      The plasma 
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I 
arc heater is able to maintain an arc discharge with maximum temperature in    | 

excess of 20,000 K on a continuous time basis.  The continous radiation        I 
-■; 

i 

from such an arc column may be a few watts/cm to several tens of kilowatts/ 

cm depending on the arc current, voltage gradient, pressure level, and type    I 
i 

of working fluid.  This type of source has been utilized to provide both       | 

radiant and convective heating for material specimens placed in the vicinity 

22 I 
of the arc column.  ., This type of device is also being developed exclu-     i 

I 
28, 29, 30 -$ 

sively as a radiating source.   ,       When the source, used solely as a 

radiation source, one or the other of two techniques are being used; 1) 

models are placed in the proximity of the arc column to be irradiated by 

it (see figure 9).  (This method differs from the technique sited above 

from reference 22 and described in a followhg section, in that the arc- 

heated gas flow or radiating media in this source is injected and con- 

strained in a manner such that it does not come in contact with the model 

being tested.)  2) Associated with the radiating arc column, are collecting 

3   and/or concentrating systems so that the model being tested is not enclosed 

within the geometry of the radiation system.(see figure 10).  The first of 

these two techniques offers the advantage of moderate to high flux levels 

at a moderate cost,but has the inherent problems of model-size limitation, 

source nonuniformity and calibration uncertainties.  These characteristics 

pertain also to the combined convective and radiative heating source cited 

above.  The second technique may be somewhat more complex and entails 

greater costs in that associated optics are required and should be designed 

as an intergal part of the radiating source (either external or internal of 

the arc housing).  This type of source, however, offers the potential of 

greater flexibility of model size, shape, environment (pressure, gas 
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composition) and placement.  Depending on the system design, multiple units 

may even be used, and greater and more uniform flux levels may be obtained, 

A multiple mounting of this type of source is shown in figure 11. 

28 
Experimental results with a particular plasma arc generator,   have 

shown that the radiation emited by the arc column increased with increase 

in arc current (resulting in higher column temperatures if other factors 

are Xept constant) and pressure level, but decreased with increase in mass 

flux rates, mean voltage gradient, and external magnetic field.  These 

results were obtained utilizing an argon arc column of 100 to 2000 amperes 

and pressure levels of 1 to 10 atmospheres.  (Some preliminary results also 

indicate that in spite of the increase in radiation observed with higher 

pressure, optimum operation may occur at pressure levels between 15 and 35 

atmospheres.) 

The spectral distribution of plasma arc-generator radiation sources are 

dependent on the radiating media, characteristics of any optical elements 

(windows, reflectors, or concentrators) and arcing conditions (column 

temperature, pressure, etc.)  In most instances, the selection of the 

radiating media is the main consideration regarding spectral distribution. 

For example, helium provides a much greater flux in the UV than does argon 

or zenon, whereas zenon is much stronger in the IR.  Argon however, is a 

more optimum media for operation in the plasma-arc source as it has a 

higher total radiating efficiency over the usable spectral range (energy 

transmitted to the model per unit power input) and has fewer source opera- 

tional problems.  Regardless of the direct match of the spectral distribu- 

tion between arc heated air (neglecting affects of cut-off or absorbtion of 
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portions of the radiation by optical elements or differences of pressure 

and temperature) and the actual vehicle-material environment, it is 

generally undersirable to operate the source with air or its constituents 

except in the direct radiating units.  Tie reason for this is that air has 

a very low radiation delivered to the model per unit input power efficiency 

as compared to many other gases.  It also causes more severe operational 

problems than the higher efficiency inert gases. 

Filters, of course, can be used to improve the spectral match. The 

major disadvantages of their use are the subsequent drop in total flux and 

some reduction of intensity of desired bands resulting from the cut-off or 

reduction of undesired bands or wave lengths. 

One possible method for improving the spectral match is by filling in 

spectral gaps by providing additives to the basic radiating (carrier) gas. 

Several investigators have reported that the spectral distribution of a 

source, particularly an arc source, can be greatly modified by the addition 

29 30 of powders to the stabilizing gas.  '    This may have an interesting 

potential, however it also has been observed that the additives may produce 

undersirable side effects such as damage to the generator source or optics, 

or lower conversion efficiencies.  For example, use of additives with 

relatively low ionization potentials (e.g., the alkali metals) can be ex- 

pected to increase infrared radiation (including the continuum).This would 

be done, however, at the expense of the carrier gas-line radiation which may 

or may not be desirable. 

System optic elements are not only important for their prime functions 

of transmitting, collecting reflecting and concentrating the radiation, but 
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they have also an influence on the spectral distribution.  In an earlier 

section of this paper, the difficulty was noted on the absorbtion of UV 

radiation by optical windows or by the gas in the optical path. The 

transmission and absorbtion characteristics of each optical element 

should be part of the selection criteria for that component. The im- 

portance of this is indicated in figures 12 through 14 which show the 

transmission characteristics for several materials. 

In general, although not necessarily, the optical system used to 

accomplish the prime optical functions consists of at least two elements: 

the collector and the concentrator«,  The collector is in every case a 

mirror which may be spherical ellipsoidal, or paraboloidal.  The con- 

centrator may be either another mirror or a lens, depending upon the 

geometrical constraints established by the experimental requirements. 

The addition of a third element, a secondary collector can be used in 

some instances to further improve image brightness. The addition of this 

element is not always compatible with other requirements.  Use of a lens 

as the concentrator generally has the advantage that the light beam is 

projected completely outside the optical system and offers maximum 

experimental flexibility.  The optical schematic of a radiation lamp 

developed by Avco RAD shown in figure 15„  This system has a paraboloidal 

primary collector, a spherical secondary collector, and a decentered 

toroidal biconvex concentrating lens, With a 12 inch lens, a 21 inch 

working distance is obtained between the lens and the test specimen. 
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The performance of any arc imaging system can and should be expressed 

in terrcs of the radiant flux delivered to the test sample.  This perfor- 

mance is dependent on the factors of source brightness, light collection 

from the source, energy losses in the optical system, and flux losses in 

the optical system. 

1.  Source brightness 

For opaque sources obeying Lambert's law in systems where the ind^x of 

refraction of the medium surrounding the source is the same as that 

surrounding the test region; the brightness at the image cannot exceed the 

brightness of the source.  This is a standard result of optics and is 

demonstrated in many textbooks.  Thus, if the emitted flux into a hemisphere 

2 
from the surface of a carbon anode is 3 kw/cm , the flux received by a 

sample after imaging cannot exceed this amount and will, in fact, be re- 

duced by any losses. 

Care must be exercised in applying this result to plasma radiation 

sources if they are operated at pressures such that they are optically thin 

(for most gases this includes operation at pressures up to several tens of 

atmospheres for dimensions of the order of centimeters).  The plasma becomes 

opaque to wavelengths corresponding to spectral lines at relatively low 

pressures, but at higher pressures most of the energy is carried by the 

continuum radiation, and the plasma will not be opaque to this until 

extremely high pressures are reached).  Transparent, volumetric plasma 

light sources are not Lambert's law sources and their flux can be increased. 

The eventual limit for the plasma radiance is that appropriate to a 

black-body at the plasma temperature.  However, it should be noted that the 

plasma temperature is typically of the order of 15,000 K, and the 

corresponding flux is 270kw/cm . 
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2. Light collection 

To an approximation of engineering utility, most plasma discharges can be 

considered a** isotropic radiators.  Thus, the light-collection efficiency 

is given by the ratio of the solid angle subtended by the collector(s) to 

4 7T.  In all systems, some radiation must be lost;there must be an opening 

in the system to let the collected beam out, and the electrodes will inter- 

cept some radiation.  The carbon arc source, in contrast, radiates in general 

into a hemisphere, with the carbon absorbing the backward radiation. 

3. Energy losses 

Each optical element in the system absorbs some of the incident radiant 

energy.  These losses can usually be kept small in the visible region of 

the spectrum, and in the infrared region if the light path does not cross 

a region which is water-filled.  The ultraviolet is more difficult to 

preserve.  In general, reflectances of 0.8 to 0.95 can be obtained for 

front-surface mirrors and transmissions of the same order for quartz lenses. 

Figure 12 shows the reflectance of a front-surface aluminum mirror as a 

function of wavelength, and figures 13, 14 show the transmission of quartz 

also as a function of wavelength.  If the number of optical elements exceeds 

two or three, these cumulative losses can be quite significant. 

4. Flux losses 

In general, the size of the radiating volume is not negligible compared 

to the characteristics dimensions of the optics»  Also, very large apertures 

are required to give good radiation collection, and to illuminate the sample 

from a large solid angle.  Thus, depth of field of the optical system is 

poor, and the image formed will be a distorted one occupying a larger area 

than the source.  This reduces the flux level at the sample. Also, chromatic 
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observations and any optical system imperfections will aggravate this 

situation. 

Of the current plasma generators under development or currently 

being utilized as radiant sources, the following five sources are 

somewhat representative: 

1. A plasma arc source under development which comes closest to 

combining the features of the vortex-stabilized short arc and the high 

30 
pressure compact arc is illustrated in figure 16.  This unit has been 

reported as operating at arc chamber pressures of about 20 atmospheres 

o 
and plasma temperatures of approzimately 7000 K.  When this source is 

operated under properly regulated power and gas flow, it has a cylindrical 

arc plasma whith a diameter approximately equal to that of  the anode 

exhaust aperture.  The cool vortex flow continually replaces the gas 

surrounding the arc. This constant change of the radiating media accounts 

for some of the performance differences between the plasma arc source 

and the high pressure Cv- ipact arc.  The vortex flow also helps to 

maintain and locate the radiating arc column.  The total radiant output 

of a 10mm x 3mm arc column is reportedly 7.68kw, with an input of 24.8kw 

when operated with argon.  A unit similar to this has recently been 

31 
developed which operates with input powers up to 150 kw. 

This source, as shown in figure 16, has a spherical secondary collectc 

and a paraboloidal primary collector.  Thus, the exit beam will be mostly 

parallel rays with a diameter equal to the paraboloidal diameter. (Finite 

source size will introduce some convergence and divergence.)  No 

concentrator is specified, although it would be either a second 

paraboloid or a lens.  In the first case, higher flux would be obtained 

at the expense of experimental flexibility.  The light-collection 
-17- 
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efficiency appears to be^O.6, and the transmission efficiency is—O.7 

for the specified elements. A concentrator will reduce this somewhat. 

The flux delivered to a sample will depend upon the concentrator chosen 

and will be a function of the desired working distanc; however, it is 

2 
estimated to be up to 2 kw/cm for sufficiently short working distances. 

2. A different approach is utilized in the device shown 

29 
schematically in figure 17.  In most plasma generators the two electrodes 

are aligned on the axis of the unit.  Thus, radiation can emerge only 

radially.  This single-ended arc has a ring-shaped anode surrounding the 

cathode, which protrudes from the anode plane.  The cathode region of the 

arc at the tip of the cathode is unobstructed over'a solid angle of 

approximately 280 degrees.  The reported operating conditions are: Input 

power 25 kw (units capable of operation at power levels up to 50 kw are 

under development), 0-300psig chamber pressure, and a 6-mm diameter luminous 

sphere with a radiant efficiency of 35 percent when operated with argon at 

25 kw. 

No optics have been specified for this system, however, it should be 

noted that it differs from the previous system (optically) only by having 

the anode on the same side as the cathode. Apart from effects this may 

have on the intrinsic source brightness, there does not appear to be any 

clear optical advantage or drawback to this arrangement.  Roughly, the 

fraction of the radiation intercepted by the electrodes is the same. 

3.  A very useful device that has been used as a single unit combined 

radiative and convective heating source has been referred to as a modified 

22 tandem Gerdienfarc.   in this source, the test gas, air or other gases of 

interest, is heated in an arc column which is partially constricted by 

vortex flow and by mechanical orifices, figure 18.  The test model is 

-18- 

1 



":A^:     -'&■;■ 

positioned in close proximity of the arc column which provides the radiant 

energy.  Previous column temperature measurements made on an arc of this 

o  32 
|type indicated peak temperatures between 16,200 - 18,000 K. 

The temperature profile of the column aas not been reported.  Slightly 

[less than 800 BTU/ft -sec radiative heat transfer from air was measu ed by 

[a radiation cavity gage at a distance of approximately 1 cm from the column 

boundary, with an input of 2 50 KW and one atmosphere chamber pressure.  A 

unit is currently under development will allow operation at pressures up 

I to 5 atmospheres and will permit adjustment of model position to vary tha 

radiant energy transfer. 

This source does not appear to be well suited for imaging without 

further arc modification.  A particular value of this source is that the 

spectral distribution and flux can be made to match the gas and flight 

conditions of interest.  It does, however, limit model size and is some- 

what nonuniform.  Most of the models tested have been char formers which 

has tended to nullify the nonuniformity effects. 

4.  The fourth plasma arc generator source of intrest is shown in 

figure 10.  This device has produced a radiation flux of over 5 kw on a 

target area of 10 cur when operated at about 100 kw, 25 atmospheres chamber 

pressure with argon as the radiating media.  A major difference between 

this source and the first source discussed is the inclosure of both of 

the collection reflectors within the arc chamber envelope.  The optics of 

this source are shown in figure 15.  The flexibility of this type of 

source is shown in figures 11 and 19 where 4 units have been installed 

in conjunction with a several megawatt convective arc heater  (the AVCO RAD 

ROVERS facility).  The moderately long, 21 inc>es, working distance between 

the  target and the condensing lens permits the multiple mounting 
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arrangement with only a moderate cosine loss (a function of the source 

angle with normal incidence at the target).  The gimballed source 

mounting and adjustable lens positioning system permitts near optimum 

radiation testing of models from 1*5 (fluxes of over 1 kw/cm2) to 

approximately 4 inches in diameter. 

The potential flux uniformity of a source of this type is reflected 

in the data shown in figure 20.  This data was taken with a single source 

operating at an input power of 80 kw.  The flux was measured with a 

blackened water cooled copper calorimeter.  No attempt was made to 

correct the data for the calorimeter emissivity.  (Subsequent measurements 

taken with the condensing lens have demonstrated fluxes of over 500 watts/ 

cm over similar areas.)  By replacing the lens with a second paraboloidal 

mirror, thus appreciably shortening the working distance, a flux of 

2 
several kw/cm may be achieved. 

5.  One other type of plasma arc radiation source is starting to 

show promise but lacks definitive data at the present time.  This source 

is similar to the first type discussed but features a significantly 

longer arc column.  This type of device is being studied by several 
33 

laboratories; one has been operated at AVCO RAD.at 300 kw and soon will 

be run at power levels over a megawatt. 

SUMMARY 

An attempt has been made to define the requirements for simulation 

of radiant heating attendant to atmospheric entry.  At the higher super- 

orbital velocities, uncertainty factors of over 2 exist in the radiative 

heat flux estimates.  In particular there is a great uncertainty in the 

levels of UV radiation and its effect on the vehicle.  Due to a 

significant lack of data, it is dificult to relate the environment 
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parameters to simulation requirements.  *The most promising source 

to meet the radiation heating simulation requirements is the plasma 

arc generator.  This type of source coupled with an appropriate convective 

heating system will provide the extension of entry simulation capability 

required to determine the effects of radiatiative and combined radiative- 

convective heating on entry vehicles and materials. 
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FRONT VIEW 

BACK VIEW 

Figure 11  MULTIPLE MOUNT OF PLASMA GENERATOR RADIATION SOURCES 
WITH ASSOCIATED OPTICS, AVCO RAD ROVERS FACILITY 
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