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SUMMARY 

J em. . . 
:= - . 

- 

This document is the final technical repor t  submitted under Contract 

No. NASw-1697 on Februa ry  7, 1969, and covers  work f r o m  February  13, 

1968 through February  12, 1969. This report  i s  cataloged by McDonnell 

Douglas Astronautics Company--Western Division and the Donald W. Douglas 

Laborator ies  a s  Report No. DAC-60779. To study the concept of radiantly 

heated seeded aerosols i to  temperatures a t  which the propellant fo r  a gas-core  

nuclear reactor  would become opaque, was made using hydrogen and helium 

gases  seeded with micron-s ize  par t ic les  and exposed to  radiant energy f r o m  
2 a high-power (40 kilowatts / c m  ) xenon f lash tube. 

The experimental apparatus consisted of an elliptical reflector which 

had as i ts  foci the xenon flashlamp and a 6 by 1/2 inch quartz cylinder con- 

taining the aerosol.  Tempera ture  was determined by measuring the p r e s s u r e  

in the constant volume quartz cylinder. Tantalum-carbide part ic les  produced , 

the highest tempera tures ,  5300" and 6600°K f o r  hydrogen and helium r e -  

spectively. 

The theoret ical  model  consis ts  of spheres  of gas  wi th  solid par t ic les  

a t  their  centers.  The model includes reradiat ion f r o m  the particles,  heat  

l o s ses  f r o m  the gas to the container, t empera ture  dependent values f o r  the heat 

capacities (seed and gas),  and thermal  conductivity (seed and gas).  Qualita- 

tive agreement  between this model and the experiment was good, but 

quantitatively, the theoret ical  temperatures  were  too high. Two phenomena 

were  identified a s  the cause for the disagreement.  These were  evaporation 

of the particles,  and the chemical reduction of the quartz cylinder inner 



s u r f a c e  to s i l icon,  Both phenomena reduce  the inc ident  e n e r g y  on the 

pa r t i c l es ,  the reby  reducing the t e rnpera tu r  e of the gas ,  Two reasonab le  

analyt ica l  functions w e r e  a s s u m e d  and included in the model  with the r e s u l t  

tha t  the  t h e o r y  and e x p e r i m e n t  a g r e e  quanti tat ively.  

Nothing w a s  found dur ing t h i s  p r o g r a m  t o  indicate  tha t  the  t e m p e r a t u r e s  

obtained i n  t h e s e  f l a s h  heat ing e x p e r i m e n t s  could not  b e  obtained i n  a  n u c l e a r  

propuls ion s y s t e m  rad ian t ly  t r a n s f e r r i n g  e n e r g y  t o  a  seeded  gas .  



INTRODUCTION 

Improvements  in the  per formance  of a propulsion s y s t e m  a r e ,  to a 

l a r g e  degree ,  achieved by i n c r e a s e s  in the exhaust  velocity o r  specific i m -  

pulse. In a conventional chemica l  rocke t  engine, exhaust  velocity i s  l imi ted 

by the  t empe ra tu r e  at tainable by chemica l  reac t ion  and the  molecu la r  weight 

of the  resul t ing reac t ion  products. Use of nuclear  energy  not only offers 

the potential of much  higher t empe ra tu r e ,  but a l so  al lows an  independent 

choice of low-molecular  -weight propellants,  both of which i nc r ea se  the 

specific impulse.  One c u r r e n t  nuclear-propuls ion concept u s e s  a f issioning 

gas ( o r  gaseous  fuel)  separa ted  f r o m  a seeded hydrogen propellant .  This  

r e p o r t  documents a p rog ram by the Donald W. Douglas Labo ra to r i e s  to evaluate 

the  cha rac t e r i s t i c s  of radiantly heated suspensions  of solid par t i c les  inhydrogen.  

Heat t r ans f e r  between fissioning gaseous fuel  and a hydrogen propellant  

i s  one of the m a j o r  p rob lem a r e a s  in a gas  c o r e  nuclear  propulsion s y s t e m  

( r e f  1) .  In c u r r e n t  concepts, the f issioning fuel  and propellant  r e m a i n  

separa ted ,  and energy  mus t  be t r a n s f e r r e d  by t he rma l  radiat ion a t  wave 

lengths in the vis ible  and ul t raviole t  spec t rums .  At t empe ra tu r e s  below 

6000°K, however,  equi l ibr ium hydrogen i s  t r anspa ren t  to radia t ion a t  t he se  

wave lengths ( re f .  2). Seeding the  enter ing hydrogen with s m a l l  absorbing 

par t i c les  appea r s  to offer a solution to th is  problem. The par t i c les  a r e  

expected to abso rb  the t he rma l  radia t ion and t r ans f e r  th is  energy  to the 

hydrogen by conduction, thus heating the  hydrogen t o  t empe ra tu r e s  whe re  

the  hydrogen itself becomes  opaque. 

Since 1961, s eve ra l  groups  have investigated radiant  heat  t r ans f e r  t o  

an a e r o s o l  to evaluate this  concept. Lanzo and Ragsdale ( r e f .  3) 



experimentally investigated the steady- s tate absorption of suspended 

particles a s  a function of mater ia l ,  s ize ,  and concentration; and investigated 

(ref. 1)  heat t r ans fe r  f r o m  an a r c  to a flowing aerosol .  Masser  (ref.  4) 

made an  analytical study of radiant heating of an aerosol  in a cavity r eac to r ,  

assuming constant absorption and negligible reradiat ion f r o m  the aerosol .  

McAlister et. al. (ref.  5)  reported on theoretical and experimental s teady-  

state heat  t ransfer  f r o m  a hot cylindrical wall  to  a flowing aerosol. These  

resu l t s  were  in agreement  with theory, but both experiments and theory 
2 

were l imited to  a the rma l  radiation flux of l e s s  than 1 kw/cm and ae roso l  

temperatures  of l e s s  than 2000°K. In the gas c o r e  reac tor ,  in contrast ,  the 
2 

flux is expected to be 40 kw/cm , with aerosol  tempera tures  above 6000°K 

In a previous study a t  McDonnell Douglas ( re fs .  6 and 7),  techniques 

were developed to extend these resu l t s  to higher tempera tures  and the rma l  

fluxes, both experimentally and theoretically. The experimental technique 

used a xenon f lash tube and elliptical reflector to achieve 40 kw/cm2flux on the  : 

aerosol  a t  the sacr i f ice  of steady-state conditions. Temperature was 

measured in a constant volume gas thermometer  containing the aerosol.  

Temperatures  of 3700° and 6000°K were  achieved in hydrogen and helium 

respectively. The theoretical development included thermal  reradiat ion 

f r o m  the aerosol  a t  high tempera tures  by  writing a n  energy-balance equation 

, &round each particle and a unit cel l  of gas associated with that particle. 

This led to a non-linear description of a two-temper atur e radiation-heated 
aerosol.  whiie t h e  tempera ture  profiles of the analytical model produced 

qualitative agreement  with experimental observations, the quantitative 

difference was significant. These differences a r e  related to  the observation 

, r, 
( that the energy absorptivity of the ae roso l  decreased m o r e  rapidly with 

increasing t ime and tempera ture  than i s  predicted by the model. No sat isfying 

explanation was  found f o r  this 'phenomenon. 

With this background, the present  investigation was undertaken, uti l ik- 

ing this flash-heating technique expanded to handle higher energies ,  to answer  

two questions - 

( 1 )  What is the highest tempera ture  obtainable with available f lash-  

heating apparatus,  and is this high enough to cause ionization? 

- 
I 

- - - -  - - - 



( 2 )  What i s  the reason  f o r  the decrease  in energy absorptivity during 

f lash  a s  observed in  the previous study. 

Most of the initial effort  was concentrated on obtaining an experimental  

5answer to the f i r s t  question. The f lash heating technique was extended to ir- 

c rease  the specific energy available to the gas f r o m  250 to 7000 joules per 

mg of hydrogen by: 

( 1) Increasing the f lash tube output 

( 2 )  Transferr ing m o r e  of the f l a sh  energy to the t e s t  volume 

(3)  Increasing the optical density of the t e s t  aerosols  

(4) Reducing the density of the gas in the t e s t  ce l l  

This energy-dens ity increase  did not produce a corresponding temper  a -  

ture  increase  because of the increased radiation losses  a t  high temperatures .  

With this energy increase,  however, hydrogen and helium temperatures  of 

5300° and 6600°K respectively were  observed. The hydrogen temperature 

i s  sufficiently high to produce some ionization and plasma absorption, even 

in equilibrium hydrogen. Ionization was observed in helium by measuring 

the conductance of the aerosol  during the flash. Thus, an affirmative answer 

is  given to the second par t  of Question 1. 

The second question was answered only af ter  aerosol  interactions with 

the quartz t e s t  cell  and radiant heat t ransfer  to  the aerosol  were  considered. 

The observed dec rease  in the fraction of available the rma l  radiation energy 

absorbed by the aerosol  was found to be the r e su l t  of increased absorption 

a t  the quartz wall, a s  well a s  decreased absorption by the aerosol  resulting 

f rom evaporation of the particles.  The superheated aerosol  particles 

evaporate, thereby reducing aerosol  absorption. Of m o r e  importance in  the 

flash-heating experiments,  this particle vapor condenses and r eac t s  

chemically with the quartz,  thereby reducing the energy reaching the ae roso l  

and, consequently, reducing the overal l  r a t e  of radiant heat t ransfer  f r o m  



the f lash-tube to the ae roso l ,  The anon~a lous  absorpt ivi ty  observed in the  

f lash-heating experiments i s  important ,  the re fore ,  in propulsion s y s t e m  

concepts based on a t r anspa ren t  part i t ion.  

The sections which follow presen t  the  information used to answer  the 

two questions.  In  t he  next section,  the  theore t ica l  background i s  presented.  

F o u r  phenomena, quar tz  wall sorption,  a e ro so l  effective emit tance,  p lasma 

production and energy  absorption,  and radiant  hea t  t r a n s f e r  to the a e r o s o l  

a r e  important  in explaining the exper  imental  r e su l t s .  Theor ies  we re  ava i l -  

able  for the f i r s t  t h r e e  of these  phenomena. Since considerable  development 

was  requ i red  to adequately de sc r ibe  the  fourth,  it i s  presented in m o r e  

detai l .  Following the theore t ica l  presenta t ion,  exper imenta l  p rocedures  and 

data  reduction techniques a r e  discussed.  Final ly ,  exper imenta l  r e su l t s  and 

the  reasoning used to  explain the  observed energy  absorpt ivi ty  a r e  presented,  

followed by the conclusions which we re  drawn. 

THEORY 

Each  of the four phenomena, quar tz  wal l  sorption,  a e ro so l  effective 

emit tance,  p lasma production, radiant  heat  t r ans f e r ,  which dominate the  ob- 

s e rved  exper imenta l  behavior ha s  been studied under other  conditions. 

Langrnuir and h i s  s u c c e s s o r s  investigated adsorpt ion and chemisorpt ion on 

su r f ace s  a t  cryogenic and r o o m  t empera tu r e s  in  high vacuums. E l ec t ro  - 
magnet ic  theory provides a f i r m  understanding of energy  absorpt ion by  mono- 

d i spers ions  of s m a l l  pa r t i c les .  Inverse  b r emss t r ah lung  energy absorpt ion 

by  p lasmas  and p lasma generation by thermionic  emiss ion  f r o m  par t i c les  in 

an  ae roso l  a r e  well established phenomena a t  t empe ra tu r e s  respect ively  

higher and lower than t empera tu r e s  encountered in the  p resen t  exper iments .  

S imi la r ly ,  radiant  hea t  t r ans f e r  through a part icipating medium has  been 

thoroughly studied, but  only a t  low t empera tu r e s .  



With the ~ x c e p t i o n  of hea t  t r ans f e r  in an  ae roso l ,  i t  i s  beyond the scope 

of th is  study to a t t empt  to extend these  theor ies  to high densi ty  polydisper - 

s ions  a t  500O0K.. The  complexity of the calculations requ i red  makes  th is  

extension a formidable  task,  and the exper imenta l  data  requ i red  to quanti-  

tat ively conf i rm the theor ies  was  not obtained. As  t he se  stand, however,  

the theor ies  of wall  sorption,  par t ic le  -energy  absorption,  p lasma creat ion,  

and p lasma energy  absorpt ion a r e  sufficiently wel l  developed to offer con-  

s iderab le  insight into the phenomena observed in  the p resen t  exper iments .  

A br ief  s u m m a r y  of each  follows. 

Quar tz  Wall Sorption 

In the  f lash-heated ae roso l ,  even par t i c les  of r e f r a c t o r y  ma te r i a l s  a r e  

heated above thei r  boiling point. Evaporat ion of th is  m a t e r i a l  ( r e f s .  8 and 9 )  

c r e a t e s  a hot gas,  bounded by  re la t ively  cold quar tz  wal ls .  Vapor molecules  

diffuse to  and s t r i ke  the  walls  a t  high velocity. 

According to Langmui r  ( ref .  l o ) ,  when gas molecules  impinge aga ins t  

a solid,  they do not rebound e las t ical ly  but  condense on the sur face ,  being 

held by the field of f o r ce  of the  su r f ace  a toms.  These  molecules  may sub-  

sequently evaporate  f r o m  the  surface .  The t ime  that  e lapses  between the  

molecu la r  condensation and subsequent evaporation depends on the intensity 

of the  sur face  f o r c e s  and the  t empe ra tu r e s  of the sur face .  Adsorption i s  

the d i r e c t  r e su l t  of th i s  t ime  lag. If the sur face  fo r ce s  a r e  re la t ively  intense,  

a s  when a chemical  react ion occu r s  between the gas  and the surface ,  evapora-  

tion occurs  a t  a negligible r a t e ,  s o  that  the sur face  becomes  completely 

covered.  

The mos t  widely used quantization of th is  hypothesis  was  der ived by 

Brunaur ,  Emmet t ,  and Te l le r  a s :  



where  P is  the par t i a l  p r e s s u r e  of the sorbed  gas,  P o  i t s  sa tu ra t ion  p r e s s u r e ,  

and V i s  the volume of gas adsorbed.  V and C a r e  both t empe ra tu r e -  
m 

dependent m e a s u r e s  of the number  of condensation o r  reac t ion  s i t e s  and the 

flux of vapor molecules  to the su r f ace .  F igu re s  1 and 2 ( ref .  10) show the 

i soba r s  and five types of i so the rms  (observed  exper imental ly)  which a r e  

predicted by this  equation. 

This  re la t ion has  been repeatedly  ver i f ied  ( r e f .  10). Exper iments ,  

co r r e l a t ed  by th is  equation, have s epa ra t e ly  demons t ra ted  a l l  of the  su r f ace  

phenomena observed in  the f lash-heating exper iments :  mul t i layer  condensa.- 

tion, chemisorpt ion a t  higher t empe ra tu r e s  with subsequent condensation a t  

lower t empe ra tu r e s ,  and desorpt ion by increas ing  the  t empe ra tu r e  of the 

sur face .  To u se  th is  re la t ion to p red ic t  quar tz  wall  sorpt ion in the f l ash-  

heating exper iments ,  however,  would r equ i r e  determinat ion of the values  

and the  t empe ra tu r e  dependence of V and C a t  the t empe ra tu r e s  of i n t e r e s t  m 
for  e ach  par t ic le  mate r ia l .  These  data  a r e  not available,  and the theory of 

wall sorpt ion can  be used only quali tat ively in connection with the  f l ash-  

heating exper iments .  As shown in the  discuss ion of exper imenta l  r e su l t s ,  

however,  the type of behavior predic ted by Equation 1 i s  consis tent  with the 

f lash-heating resu l t s .  

Aeroso l  Emi t tance  

The abil i ty of a cloud of par t i c les  to absorb  o r  emi t  e lect romagnet ic  

radia t ion ha s  been extensively studied ( re f .  11). F o r  monodispersed (s ingle  

s i ze )  sphe re s ,  an  exact  theory i s  available fo r  calculat ing the absorbance  

and emit tance f r o m  the par t ic le  absorpt ion c r o s s  -sect ion,  extinction 



-- 

, ' Figure I. Five Isotherm - Types Predicted by Equation I 

L g u r e  2. Isobars Correlated by Eq 
I - - 

- 
v .  
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c r o s s  section, Q ( ~ ) ,  number density, N, thickness, x, and incident o r  

emitted wave length. F o r  polydispersions of non-spherical particles,  the 

basic  theory i s  valid, but exact calculations a r e  impractical because of the 

required integration over the source wavelength distribution. When the de  - 
pendence of Q on the wavelength of the incident light is not important, the 

radiation propert ies  of a non-spherical polydispersion may be  adequately 

descr ibed (ref.  12) by assuming a superposition of monodispersed spherical  

particles.  This i s  the procedure used in the discussion which follows. Con- 

s ider  a b e a m o f  l igh twi thc ross - sec t ion  AL passing through an aerosol.  The 

reduction in A (-dAL) in  distance dx i s  equal to the c r o s s  -section of par t i -  
L 

cles  in  the volume AL dx, because these part ic les  absorb o r  sca t te r  f r o m  

the b e a m  the light they intercept a s  

e )  th  where Q( = particle c r o s s  section, Q i ( e ) =  c r o s s  sect ionof  the i-particle 

s ize with number density per unit volume of Ni, and the s u m  i s  over a l l  

particle s izes .  F o r  spherical  particles,  
4 

Qi 
Bna = BApi/ , where Ap 

th  
i i 

i s  the total  surface a r e a  of the i- particle. Then, if  B i s  the same for  a l l  

particle s izes ,  

where Ap i s  the total  surface a r e a  of a l l  the par t ic les  in volume Vg. Solving 

Equations 2 and 3, 

- -- exp (-9 XI, 

A ~ o  g 

where it was assumed the particle cross-sect ional  area/volume (BApl4Vg) 

was constant over distance x. In the flash-heating experiments, the distance 

x is  the cylinder diameter ,  which can be written in t e r m s  of the cylinder 

surface a rea ,  Aw, and volume, Vg, a s  



which allows Equation 4 to be written as 

A~ - -- B AP exp ( - K ) .  
*LO TV 

Coefficient B is not necessar i ly  the same f o r  a l l  very  sma l l  dielectr ic  

par t ic les  because of resonance effects.  F o r  dielectric particles with a 

radius,  a ,  v e r y  much smal le r  than the wavelength of interest ,  h, coefficient 

B va r i e s  a s  the four th  power of 2 *a/), - 1 to produce the resonance phenomena 

of Mie scat ter ing ( re f .  11). However, only a sma l l  imaginary component to 

the index of refract ion i s  required to damp these resonances,  a s  shown in  

F igure  3 ( re f .  11). The radius of the particles used in the experiments a r e  

a t  l eas t  one tenth of the wavelengths of in te res t  (usually a -  -2 X ) and have 

appreciable e lec t r ica l  conductivity, s o  the assumption that coefficient B is  

independent of s ize i s  reasonable. 



A s  show11 in F igu re  3, the value of coefficient B to be used in Equation 
2 

6 depends on the quantity to be measured.  Coefficient B = 2 ( ~ ( ~ ' / n a  ) 
2 

should be used in t ransmit tance measu remen t s ;  B = 1 ( ~ ' ~ ) / n  a ) is  the 

c o r r e c t  value for calculating the energy absorbed by the par t ic les ,  The 

optical t ransmit tance,  cu, and the fraction,  FD,  of energy absorbed f r o m  

a beam of light a r e  related,  therefore ,  by 

In the f lash  heating experiments ,  a l l  of the r ays  of light f r o m  the f lash 

tube do not t r a v e r s e  a full d iameter .  Some t r ave l  a much shor te r  distance,  

through a chord of the cyl indr ical  t e s t  chamber  ; others  have a component along 

the cylinder axis and t r a v e r s e  a longer distance.  The net effect of this  p ro-  

c e s s  has  been calculated (ref .  5 )  by assuming an  isotropic source  and, for  

the cylinders used in the experiment ( L I D  = 13), i s  adequately descr ibed  by 

Equation 6 with a multiplicative cor rec t ion  a s  

F = 0. 9 2 9 4 F D  = 0. 9 2 9 4  11 - exp ( -Ap/AW) I .  ( 8 )  

The fraction F, defined by Equation 8 can a l so  be considered a s  the 

aerosol-wal l  view factor ,  The view factor  between two surfaces ,  
F1, 2' 

i s  

defined a s  the f ract ion of radiation leaving sur face  A ( in  a l l  d i rect ions)  
1 

which is intercepted by surface A 2  ( re f .  13). The factor ,  F ,  i s  therefore  

the view factor  between the total  par t ic le  sur face  a r ea ,  A =Ap, and the 2- 
surface a r e a  of the t e s t  chamber wall, A -A  A simple derivation based 

1 w' 
on the second law of thermodynamics ( re f .  13) shows that  these t e r m s  may 

be used to define G, the f ract ion of the energy radiated by the par t ic les  which 

reaches  the wall  a s  

The remainder ,  1 -G, i s  then the radiant energy interchange between 

the par t ic les ,  The factor G i s  a lso the effective emittance of the ae roso l  

and can be re la ted to the measured t ransmi t tance  or to the particle total  

sur face  a r e a  by combining Equations 6 through 9 a s  



P l a s m a  Product ion and Ene rgy  Absorption 

At the t empe ra tu r e s  of the f lash-heat ing exper iments ,  e ach  par t i c le  

thermionical ly  emi t s  e lect rons .  Because  the par t i c les  a r e  e lec t r i ca l ly  

isolated,  however, each  emit ted e lec t ron  leaves  behind a positive cha rge  on 

the par t ic le .  This  positive charge  c r e a t e s  a potential wel l  around the 

par t ic le ,  possibly trapping the e lec t ron  into a closed orbit .  As subsequent 

e lect rons  a r e  emit ted,  the  potential well  deepens unti l  an  equi l ibr ium i s  

reached where  the  r a t e  of thermionic  emi s s ion  i s  equalled by the ra te-of-  

a r r i v a l  of e lect rons  t rapped into c losed orb i t s .  

This equi l ibr ium condition i s  descr ibed  by Equations 11, 12, and 13 

( re f .  14) a s  

whe re  V i s  the potential and r i s  measu red  f r o m  the cen te r  of the  sphe r i ca l  

par t ic le  of rad ius  a ,  Z i s  the  charge  on the solid par t ic le ,  e i s  the  e l ec -  
P 

t ron ic  charge,  E i s  the emiss ivi ty ,  and n i s  the e lec t ron  densi ty  around the  

part icle.  Assuming Maxwellian velocity dis t r ibut ion of these  e lec t rons ,  

thei r  density i s  given by 



where k i s  the Boltzmann constant, T i s  the tempera ture  of the particles,  

and n is the density of electrons a t  radius a, which is given by equating 
ea  

the thermionic cu r ren t  density to the cu r ren t  density of electrons in a cavity 

a s  

n = n exp [ -$ /kTl ,  
ea  e s  

where 9 i s  the thermionic potential energy and n e s  i s  the density of conduc- 

tion electrons in the solid phase. F o r  a metal  a t  high temperatures ,  n e s e 

( total  electron concentration in the solid) X exp(-E F /kT),  where E F i s  the 

energy of the F e r m i  level. For  an insulator,  the number of f r e e  electrons 

a r e  fewer and their  distribution i s  Maxwellian. 

%- 
A typical solution to these equations i s  shown in F igure  4, (ref.  14) for  1. 

a one -micr  on zirconi 

microns,  Zp = 206 , 
density of 10 2Olm3 . 

a particle a t  3000°K in a bounded volume of radius  10 
2 18 3 Z e / 4 ~ r ~ a k T  = 2. 27, n = 4. 62 x 10 / m  , and argon 

P ea 

rla 
- 

C - :- Figure 4.1 Distribution around a Solid Particle in 3000°i. .*or. , 
I 



The s y s t e m  appea r s  a s  a l a r g e  mult iply ( 2 0 6  t i n ~ e s )  charged nucleus 

surrounded by a cloud of orbit ing e lec t rons ,  These  e lec t rons ,  by momen tum 

exchange with the e l e c t r i c  field, can cap ture  and e m i t  photons by i n v e r s e  

b r emss t r ah lung  ( r e f s .  15 and 16). 

The ionized par t i c le  s y s t e m  i s  s im i l a r  to  a fully ionized p lasma ( r e f .  

16) and the photon absorp t ion  coefficient  i s  given by ( r e f .  15) 

9 With a par t i c le  number  dens i ty  ni=10 /cc ,  a  col l i s ion f requency v = 5 ~ 1 0 ~ ~ 1  

sec ,  and a t e m p e r a t u r e  of 3000°K, the r a t i o  of the p lasma absorpt ion coef-  

f icient ,  K to  the geomet r ic  absorpt ion coefficient, K is 
VP' vg ' 

Because  the the rmion ic  emi s s ion  f r o m  a par t i c le  depends exponentially 

on the  t empe ra tu r e ,  and Z - 200 a t  only 3000°K, it is reasonab le  to expect  
P 

p l a sma  absorpt ion t o  be  significant  compared  to geomet r ic  absorpt ion a t  the  

pa r t i c le  t e m p e r a t u r e s  of the f lash-heat ing exper iments .  

Radiant  Heat  T r a n s f e r  to a n  Aeroso l  

The following theory  of rad ian t  hea t  t r a n s f e r  t o  a n  a e r o s o l  was  de r i ved  

to  emphas ize  the r o l e  of reradia t ion by  the par t i c les .  Attention i s  focused 

on de te rmin ing  the  t ime-dependent t e m p e r a t u r e  of the pa r t i c les  to speci fy  

the to ta l  energy  rad ia ted  by  the par t i c les .  The optical ly thin approximat ion 

i s  unsuitable for  th is  approach,  despi te  the cons iderab le  s impl i f ica t ion 

which would resu l t .  A compromise  was  se lected whereby the t e m p e r a t u r e s  



and radiation fluxes were  assumed uniform throughout the volume, but these 

uniform fluxes were  modified by the r e a l  optical thickness of the aerosol.  

The resu l t  of this  approach i s  a two-temperature model of an aerosol  - /' 
j' 

incorporating the mechanisms il lustrated in  Figure 5. The particles and -.C 

gas a r e  not in  equilibrium. The elevated particle tempera ture  accentuates 1 

the radiation loss  f r o m  the aerosol  and shows that previous t reatments  of 
\ 

this problem, which neglect ( refs .  4 and 17) o r  add reradiation a s  an af te r -  

thought, seriously over est imate the net radiation absorptivity of an aerosol.  
2 

Especially a t  the high energy flux (-40 kw/cm ) in a gas core  reactor ,  

particle superheating must  be considered. 

The bas is  for this derivation a r e  energy balances wri t ten around each 

part ic le  and around the ent i re  volume of gas incorporating the mechanisms 

il lustrated in F igure  5. Fo r  a given particle 

-- 

QUARTZ WALL . 1 T O W A L L  ! 

I Figure 5.1 Heat Transter ~Meehanisms in an Aerosol 
I-- 



where  the subscr ip t s  s ,  r ,  g ,  and a r e f e r  respect ively  to the r a t e  of ene rgy  

s to red ,  radia ted,  conducted to the gas,  and absorbed f r o m  the radia t ion 

field,  F o r  the gas 

whe re  the subscr ip t s  sg  and w r e f e r  respect ively  to the  r a t e  of energy 

s to rage  in the gas  and conduction to the wall,  the s u m  over  P i s  the r a t e  
g 

of energy  conduction to the gas by  a l l  of the par t ic les .  

Four  of the  s i x  t e r m s  in  Equations 16 and 17 a r e  eas i ly  defined. The 

r a t e  of energy s to rage  in each  par t i c le  and the gas  i s  given b y  

4 3 dT P r- na  pc- 
s  3 dt 

whe re  a i s  the par t ic le  radius ,  p and c the densi ty  and m a s s  specific hea t  

capaci ty  of the par t ic le ,  T and T respect ively  the par t i c le  and gas  t e m p e r a -  
g 

t u r e s ,  and V 
g' Pg' 

and c the gas  volume, density, and m a s s  specific hea t  
g 

capaci ty  a t  constant  volume. Impl ic i t  in these  definitions i s  the a s  sumption 

that  the en t i re  gas  volume i s  a t  a  single t empe ra tu r e .  The r a t e  of ene rgy  

l o s s  by the gas  to the wal l  and by a par t ic le  to the radia t ion field i s  given by 

P -HA ( T  - Tw) 
W w g 

and 
2 4 

P = 4 n a  EFT , r 

whe re  A and T a r e  the wal l  a r e a  and t empera tu r e ,  H i s  an effective (con-  
W W 

duction plus convection) heat  t r a n s f e r  coefficient, E i s  the par t ic le  emit tance,  

and u the Stefan-Boltzmann constant .  Each  of the m a t e r i a l  p roper t i es  used 

in these  definitions may  be functions of t ime  o r  t empe ra tu r e ,  and the  only 

assumptions s o  f a r  a r e  that  both m a t e r i a l s  may  be sa t is factor i ly  descr ibed  

by a single - s ta te  var iable .  



Additional approximations a r e  used in defining the r a t e  at which energy 

is  absorbed f r o m  the radiation field and conducted to the gas,  In the ca se  

of Pa, these approximations a r e  concerned with defining the radiation flux, 

The r a t e  a t  which radiant  energy is  incident on a l l  of the par t ic les  may  be 

wri t ten a s  

t h  
where the s u m  i s  over a l l  par t ic les  and $. i s  the ( isotropic)  flux on the i- 

1 

particle.  In accordance with the semi-optically thin assumption mentioned 

above, i t  i s  assumed the $. a r e  identical for a l l  par t ic les .  Then Equation 
1 

2,l may be rewri t ten a s  

where A is the total par t ic le  a r e a  and E i s  the particle absorbance (assumed 
P 

equal to the emittance).  

The flux, 9 ,  incident on each of the par t ic les  has two components: 

flux f r o m  the outside, yj1, and flux f r o m  a l l  of the other radiating par t ic les ,  

P2. Flux $ i s  specified by the f o r m  factor  F a s  
1 

&Appl = ( Z P  a ) 1 = &qiWAwF, 

where q5 and Aw a r e  the wall  flux and a rea .  Flux $ i s  re la ted to f o r m  
W 2 

factor  G by 

4 
EAp$2 = ( Z P  ) = ~ ( 1  - G ) Z ~ T ~ ~ E F T  , 

a 2 ( 2 4 )  

where 1 - G is the f ract ion of the energy radiated by a l l  of the other par t ic les ,  
2 4 

Z4na EFT , which does not escape f r o m  the aerosol ,  Using the genera l  

ae roso l  relation between F and G f r o m  Equation 9,  the r a t e  of energy ab-  

sorption by a given particle f r o m  the total  radiation field may be wri t ten a s  



L 
- - 4rra t A 2 4 

*P 
[ F A  t ( 1  - 2 F )  (24rra  E F T  ) I ,  

W W  
*P 

where  the s u m  extends over  a l l  pa r t i c les  except the  par t ic le  in question. 

The r a t e  of energy  t r ans f e r  f r o m  a par t ic le  to the gas may  be found 

f r o m  the t ime-dependent conductive hea t - t rans fe r  equation. The hea t -  

t r ans f e r  equation fo r  cen t ra l  heating of a sphe r i ca l  volume of gas  with ad ia -  

bat ic  wal ls  i s  

where  K i s  the  gas  t he rma l  conductivity, 8 the loca l  r a t e  of gas  t e m p e r a -  

t u r e  change, and R the radius  of the  gas  sphere .  This equation, with 8 

independent of position, i s  a reasonable  descr ipt ion of the ae roso l .  Nea r  

the par t ic le ,  the t empe ra tu r e  gradient  wil l  be  l a rge  and probably t ime  d e -  

pendent. At l a rge  dis tances  f r o m  the  par t ic le ,  however,  the f ini te amount  

of hea t  i s  conducted through a much  l a r g e r  a r ea ,  and the  t empe ra tu r e  

g rad ien t  assoc ia ted  with this  conduction will  be  smal l .  F u r t h e r ,  only smal l  

changes in  the absolute value of the  gradient  a r e  possible. At the t e s t  c e l l  

wal ls ,  R i s  s o  l a r g e  that  i t  i s  r easonable  to a s s u m e  the  wal l  to be  adiabatic 

and that  8 i s  independent of position. With these  assumptions ,  and, i n  the  

l imi t  of l a rge  R Equation 26 may  b e  in tegrated to yield, 

where  a i s  any specified inner rad ius .  Equating the radius ,  a, to the  

par t i c le  radius  and Ta to the par t ic le  t empe ra tu r e ,  i t  i s  apparent  that  

Equation 27 gives  the energy  conducted to the gas  fo r  a single par t ic le  a s  



Combining Equations 16  through 20,  25,  and 2 8  gives the d e s i r e d  s e t  

of non- l inear ,  coupled di f ferent ia l  equations descr ib ing  the t ime-dependent  

behavior of a radiant ly  heated a e r o s o l  a s  

dT 
A= 74,a2 ( T .  - T ) - HA ( T  - T ) 

Vg PgCg d t  1 i a i  1 g w g  w 

F o r  N par t i c les ,  t he r e  a r e  N di f ferent ia l  equations of Type 29 and one 

of Type 30. 

A computer  p r o g r a m  was  wr i t t en  to in tegrate  Equations 29 and 30 by  

an  i tera t ion technique. Prov is ions  w e r e  made  to  include a range  of par t ic le  

s i z e s ,  step-wise temperature dependence of^, c c ,  a n d K t o a l l o w f o r t h e  
g' 

effects  of evaporat ion and dissociat ion.  The quantity F (and G )  i s  calculated 

f r o m  the measu red  t ransmi t tance ,  c r ,  according to Equations 7 through 10. 

An a r b i t r a r y  t ime  dependence of the t h e r m a l  radia t ion flux a t  the wall,  qjW, 

i s  acceptable.  

The computer  p r o g r a m  was used to  investigate the predicted effect  of 

m a t e r i a l  and a e r o s o l  p roper t i es  on the gas  and par t ic le  t empe ra tu r e  

his tory .  This  investigation was not exhaustive, but  s eve ra l  significant  

conclusions w e r e  reached.  F i r s t ,  with par t i c les  l e s s  than 0. 1 mic ron  in 

d iamete r ,  the par t i c les  a r e  tightly coupled to the gas .  Both have essen t ia l ly  
L, 

the s a m e  t empera tu r e ,  even a t  40 k w / c m  input flux, and the  whole problem 

m a y  be descr ibed  m o r e  eas i ly  a s  an absorbent  gas.  Suspensions of par t i c les  

this  finely divided i s  ex t remely  difficult to obtain, however, s o  this  behavior 

i s  not  common. In the f lash-heating exper iments ,  agglomerat ion increased  

the par t ic le  rad ius  f r o m  the fundamental c r y s t a l  rad i i  of about 0. 1 mic ron  

to over  1 micron .  



Superheating of the par t ic les  begins to be  important  in the s ize  r a n g e  

of 0. I to I mic ron  in d i ame te r ,  A typical  computer  plot of the solution t o  

Equations 29 and 30 for  1 -micron  par t ic les  is given in  F igu re  6. P a r t i c l e  

t empe ra tu r e  i s  a few hundred deg ree s  higher  than the  gas t empe ra tu r e ,  s o  

radiat ion l o s s  i s  up  -20% and the net  ene rgy  absorpt ivi ty  i s  a l so  -2070 lower 

than would be  calculated,  assuming  equal gas  and par t ic le  t empe ra tu r e s .  

Within th is  s i z e  range,  higher gas  hea t  conductivity o r  lower gas  hea t  

capacity wil l  br ing the  two t empera tu r e s  c lo se r  together.  P a r t i c l e  emit tance,  

pa r t i c l e  heat  capacity, and ae roso l  t r ansmi t t ance  have l i t t le  effect on the  

par t i c le -gas  t e m p e r a t u r e  difference.  

Radiation l o s s e s  a r e  dominated by the l a r g e s t  pa r t i c les  in a s i z e  

distr ibution,  and, if a  measurab le  f rac t ion  of the par t i c les  a r e  l a r g e r  than 

one micron ,  the par t i c les  a r e  much hot ter  than the  gas .  The p r ec i s e  t emp-  

e r a t u r e  di f ference i s  s t rongly dependent on a e r o s o l  and ma te r i a l  p roper t i es  

and the radia t ion flux. With typical  a e ro so l s ,  however,  par t ic le  t e m p e r a -  

t u r e s  2070 g r e a t e r  than gas t empe ra tu r e s  a r e  common. In these  c a s e s ,  

calculat ions based  on radiat ion a t  the gas  t empe ra tu r e  would ove re s t ima te  

the net  energy  absorpt ivi ty  by 10070. Most a e roso l s  can be expected to  con- 

tain an appreciable  f ract ion of par t i c les  o r  agg lomera tes  with d i ame te r s  

g r ea t e r  than one micron ,  and there fore ,  i t  wil l  usual ly  be n e c e s s a r y  to  u s e  

a two - t empera tu r e  theory in rad ian t  hea t  t r ans f e r  calculat ions.  

EXPERIMENTAL PROCEDURES 

The unique fea ture  of the f lash-heating exper imental  technique i s  i t s  
L 

ability to genera te  a high (-40 k w / c m  ) f lux of t h e r m a l  radiation. The  ma jo r  

drawback of th is  technique i s  the s h o r t  durat ion of the f lash.  The s e v e r a l -  

mi l l i seconds f l a sh  i s  sufficiently long fo r  a l l  of the physical p roces se s  in-  

volved to r each  s teady  s ta te  ( r e f s .  9, 10,  and 16)  but measu remen t  t ech-  

niques, especia l ly  f o r  gas t empe ra tu r e ,  a r e  a problem. This  p rob lem was  





solved by enclosing the ae roso l  in a constant-volume t e s t  ce l l  and measu r ing  

the g a s - p r e s s u r e  his tory .  This  measu remen t  can  then be t r ans fo rmed  to an 

average  ga s - t empera tu r e  h i s to ry  when the number of moles  of gas is  known, 

F igu re  7 shows the appara tus  which was constructed to ut i l ize  th is  

technique in this  p rogram.  E l ec t r i c a l  energy,  s t o r ed  in capaci tor  banks ,  i s  

d ischarged through inductors  to a xenon f l a s h  tube. The light f r o m  the  f l ash  

tube i s  focused by a n  el l ipt ical  ref lector  on a 6 by 112 in. t e s t  chamber .  

During the period s ta r t ing  two hundred mil l i seconds before  the f lash,  th i s  

t e s t  chamber  i s  filled with an a e r o s o l  by  venting hydrogen o r  hel ium through 

a par t i c le -d i sper  sion appara tus ,  through a check valve, and into the  evacu-  

ated t e s t  cell.  A m o r e  complete descr ip t ion  of the apparatus  i s  given in 

Appendix A. 

The appara tus  contains s e v e r a l  improvements  over the equipment used 

in the previous investigations under  Cont rac t  No. NASw- 1310. The e l ec t r i c a l  

energy s to rage  capaci ty  has  been doubled and, with the addition of the s p a r k -  

gap t r i g g e r s  to prevent  spontaneous f i r ing  of the f l a s h  tube, the ene rgy  which 

can  be  del ivered to the f l ash  tube ha s  been increased  f r o m  8 820 to 49 000 

joules. Four  additional inductors a r e  now available which, with the  addition- 

a l  capacity,  have increased  the available f l ash  durat ion f r o m  2. 2 to  12 mil l i -  

seconds.  Relatively l e s s  ha s  been done with the  par t ic le  -dis  pers ion  appa - 

r a tu s  but, by cleaning the gas  passages ,  the  achievable optical  opacity ( 1 - 4  

was i nc r ea sed  f r o m  -0. 5 0  to 0. 95 a t  an  init ial  p r e s s u r e  of 5 a tmosphe re s .  

A s u r g e  tank was a l s o  added to the gas  l ines ,  allowing initial p r e s s u r e s  of 

l e s s  than one a tmosphere .  

Th ree  t ime-dependent p a r a m e t e r s  a r e  independently measu red  fo r  each  

f l ash  tes t :  p r e s s u r e ,  t r ansmi t tance ,  and f l ash  power. The p r e s s u r e  h i s t o ry  

i s  measu red  with a piezoelect r ic  p r e s s u r e  t r ansduce r  mounted in the bot tom 

of the t e s t  chamber .  The t ransmi t tance  i s  measu red  by passing a l a s e r  b e a m  

through a d i ame te r  of the t e s t  c e l l  and focusing the  b e a m  on the s l i t s  of a 
0 

spec t rome te r  s e t  a t  6328A. The f l a s h  power h i s to ry  i s  measu red  by a photo- 

diode viewing the f l a sh  lamp. 
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In addition, five pa rame te r s  a r e  frequently measu red  to cha rac t e r i ze  

the ae roso l  and ca l ib ra te  the t ime--resolved measu remen t s ,  Initial p r e s s u r e  

is measu red  both with the piezoelect r ic  t r ansduce r  and a thermocouple  gauge, 

Total  f l ash  energy  i s  measu red  with a ca rbon  rod ca lo r ime te r  i n se r t ed  in  

the t e s t  cell.  The m a s s  of par t i c les  d i spe r sed  for  a range of t r ansmi t t ances  

i s  determined by weighing a sealed t e s t  ce l l  be fore  and af ter  loading t h e  

aerosol .  P a r t i c l e  s i z e  dis t r ibut ion i s  de te rmined  by  sampling the cold 

a e r o s o l  with a c lean  ver t i ca l  su r f ace  in  the t e s t  chamber ,  obtaining e l ec t ron  

photomicrographs,  and counting the  image  s i z e  distr ibution.  Aeroso l  

uniformity i s  checked by measur ing  t ransmi t tance  a t  t h r ee  axial  locations.  

The procedures ,  equipment, and accu racy  of t he se  measu remen t s  a r e  d i s  - 
cussed  in Appendix A. 

A mechanized procedure  was es tabl ished to  analyze the  l a r g e  amount  

of data  obtained f r o m  over  500 f l ash  t es t s .  A l ine-follower feeding an  

analog-to-digital  conver te r  was  used to digit ize the  p r e s s u r e  and f lash-power  

h i s to ry  informat ion f r o m  Polaroid  photographs of the  oscil loscope t r a c e .  

A computer  p r o g r a m  used these  data  and r e a l  gas p roper t i es  to compute  

the  a e r o s o l  t empe ra tu r e  and apparent  absorpt ivi ty  h i s t o r i e s  fo r  a l l  f l a s h  

t es t s .  Appendix B desc r ibe s  the p rocedures  and capabil i t ies of these  da ta  

reduction proceedures  in  detai l .  

EXPERIMENTAL RESULTS 

In th is  investigation, m o r e  than 2000 exper iments  we re  used to in-  

ves t igate  the  energy  absorpt ivi ty  p roper t i es  of a e roso l s  and to  de t e rmine  

the highest  t e m p e r a t u r e  at tainable with the  f lash-heat ing apparatus  modi -  

fied. Most  exper iments  involved tanta lum carb ide  par t i c les  d i spe r sed  in  

hydrogen o r  heliu-m, Some data  w e r e  a l so  obtained for bromine gas ,  ca rbon  

dioxide gas,  and ae roso l s  containing carbon,  i ron,  su l fe r ,  tungsten, 



aluminum, silica, talc, platinum, i ron  oxide, aluminul-n oxide, bar jrrxn 

carbonate ,  and ca lc ium carbonate ,  

The r e su l t s  p resen ted  in this sect ion r e p r e s e n t  that  port ion of t he  

exper imental  data  d i r ec t l y  pert inent to  the  ma in  objectives of th is  invest iga-  

tion. F i r s t ,  a  d i scuss ion  of the ro l e  and t iming of each  of the  four  phenom- 

ena, d i scussed  in  the Theory  section,  i s  presented together  with exper i -  

menta l  r e su l t s  showing that  these  phenomena dominate the observed behavior.  

This  phenomenological picture,  which i s  consis tent  with exper imenta l  

observat ions ,  explains the observed low energy  absorptivity.  A catalog of 

the  max imum gas t empe ra tu r e s  i s  then presented a s  functions of f l ash  

energy,  f l ash  duration,  ini t ial  gas p r e s s u r e ,  and a e r o s o l  t ransmit tance.  

These  data  show that  no absorpt ion window ex is t s  in  heating a tanta lum- 

carbide-hydrogen a e r o s o l  with a high flux of t h e r m a l  radiation. Final ly ,  

a  s u m m a r y  of a e r o s o l  p roper t i es  measu remen t s  i s  presented.  

Investigation of Aeroso l  Absorptivity 

The effect of each  of the four phenomena which dominate the observed  

exper imenta l  behavior i s  c l ea r ly  exhibited i n  F i g u r e  8. These  osci l lograph 

t r a c e s  show the r e su l t s  of He-TaC T e s t  No. 120 202. The top curve  shows 

the combined effect  of t ime  var ia t ions  in the  wal l  and ae roso l  t ransmi t tance ,  

a s  measu red  by  a l a s e r  b e a m  passing through a d iamete r .  The cen te r  cu rve  

shows the gas p r e s s u r e  t i m e  var ia t ions  a s  the  hel ium-tanta lum-carbide 

a e r o s o l  i s  heated by the  f rac t ion  of t he  avai lable  radiant  energy  which i t  

captures .  The lower  curve  indicates the  r a t e  a t  which t he rma l  radia t ion 

s t r i ke s  the t e s t  c e l l  (not  the aerosol j .  

F o r  the f i r s t  mill isecond a f te r  t r igger ing  the  f l ash  ( a s  shown in 

F igu re  81, f l ash  power and ae roso l  t empe ra tu r e  a r e  low. The t ransmi t tance  
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remains constant and the experimental behavior is  described by Equations 

29 and 30 for radiant heat transfer to an aerosol. 

After the gas has been heated to approximately 1000°K, the appreciably 

hotter particles begin to evaporate, increasing the measured transmittance. 

This phenomenon is  observed in almost al l  experiments. That this increase 

in transmittance is  evaporation is  substantiated by several observations. 

(1) When the aerosol is not flash heated, no such change in transmit- 

tance i s  observed. 

( 2 )  A comparison of the flash power observed inside and outside of 

the flash tube during this time showed no change in the wall transmittance. 

( 3 )  When a thin sheet of quartz was placed in the test chamber before 

flashing, the observed change in transmittance during this time decreased. 



Because the wall  su r f ace s  w e r e  doubled while the a e r o s o l  was,  to  s o m e  

extent, loca l ly  shadowed, th is  r esu l t  indicated the wall was  not a fac tors  

(4 )  An aerosol  using aluminum particles which have a lower boiling 

point showed a grea ter  r a t e -o f - inc rease  in transmittance. 

(5) Two-mil foil and 10-mi l  wires  of tungsten and tantalum a r e  

easi ly  evaporated a t  this f l a sh  power, and therefore ,  i t  i s  reasonable to  

assume that those part ic les  fully illul-ninated by the f lash a r e  evaporated. 

( 6 )  After the test ,  the film of par t ic le  ma te r i a l  on the wall  appears  

to be an evaporative coating, not deposited part ic les  (F igure  9). 

Par t i c l e  evaporation, while extensive, i s  not complete. A sufficient 

number of par t ic les  r e m a i n  to a b s o r b  ( to  5 rnsec) and radiate (to 11 m s e c )  

a s  i s  shown by the slope of the p r e s s u r e  curve. Heat t ransfer  ra tes  of this 
6  magnitude (-- 1 0  wat t s )  f r o m  o r  t o  the  wall  by conduction or convection a r e  

highly improbable, 
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As evaporation i nc r ea se s  the par t i a l  p r e s s u r e  of t an ta lum-carb ide  

vapor in the t e s t  chamber  ( a t  about 2 m s e c ) ,  chernisorption and condensa- 

tion occur on the inner  wall  of the t e s t  chamber  ( F i g u r e  2, Type V ) ,  Con- 

densation plays only a minor  ro l e  a t  th is  t ime  because  the  increased  energy  

absorption on the  wal l  hea t s  the sur face ,  the reby  reducing the equi l ibr ium 

adsorbed layer  ( r e f .  10). Chemisorption,  on the  other hand, i s  non reve r s i -  

ble ( re f .  10) and the  l imi t  on build-up i s  de te rmined  by the number  of chemi-  

cal ly  active s i t es .  That  chemisorpt ion i s  important  a f te r  2. 2 msec .  ( F i g u r e  

8)  i s  demonstra ted by: 

(1 )  Re-flashing the  tube a f te r  the  ae roso l  has  been  evacuated r e t u r n s  

the observed t ransmi t tance  to  the  level  (Q - 0.4 in  F igu re  8)  indicated f r o m  

2. 2 to 10 msec .  

( 2 )  Analysis  of the film left on the  tube wal l  a f te r  a f l ash  shows the  

p resence  of products of a chemical  reac t ion  between the  quar tz  and par t ic le  

ma te r i a l ,  e. g. s i l icon me ta l  and copper oxide with copper  ae roso ls .  

( 3 )  Surface  c r acks  i n  the quar tz  wal l  ( F i g u r e  9)  indicate e x t r e m e  

t h e r m a l  s t r e s s e s  generated by wall energy  absorpt ion dur ing the f lash.  

(4)  A d rama t i c  change was observed in  the t ransmi t tance  h i s t o ry  

and appearance  of the  tube a f t e r  the f l ash  when oxides,  which will  not 

r e a c t  with the quar tz ,  w e r e  used a s  par t i c les  ( F i g u r e  10). 

The  s m a l l  d e c r e a s e  i n  t ransmi t tance  f r o m  2. 2 to 6 m s e c  i s  a sc r ibed  

to thermionic  emi s s ion  f r o m  the  par t i c les ,  c rea t ing  an absorbing plasma.  

This  dip i s  regu la r ly  observed in  dense  ae roso ls .  The only data  tending to 

conf i rm the  exis  tance of th is  phenomena a r e  measu remen t s  of the e l ec t r i c a l  

conductivity of the  ae roso l  during the  f lash.  These  measu remen t s  showed 

the  ae roso l s  was  conductive only for a sho r t  t ime  around the  max imum of 

f l ash  power, roughly corresponding to the  observed dip in  t ransmi t tance .  

Exper imenta l  diff icult ies prevented m e a s u r e m e n t  of the e lec t ron  number  

densi ty  fo r  numer ica l  comparison with theory,  The observed conductivity 

of -20 mho/c rn  i s  sufficient, however,  to a rgue  that  an  energy  absorpt ive  

p lasma exis ts .  





Shortly before  10 m s e c  in F igu re  8, f l ash  power d rops  to z e r o  and 

t ransmi t tance  abruptly dec rea se s ,  Th is  behavior i s  asc r ibed  to condensa-  

tion o r  physical  adsorption of the vapor ized par t ic le  m a t e r i a l  onto the wall.  

This  i s  well  supported by: 

( 1) The repor ted  behavior a s  shown in  F i g u r e  1, with the  reasonable  

assumption that  only af ter  the f l a sh  power i s  z e r o  does increased  wal l  con- 

densat ion not c ause  increased  wall  energy  absorpt ion and consequently 

higher wall  t empera tures .  

( 2 )  The t ransmi t tance  i nc r ea se s  (around 16 m s e c )  when the r inging 

d i scharge  c i r cu i t  causes  a second, s m a l l e r  f lash.  

( 3 )  Condensed par t ic le  m a t e r i a l  appea r s  on the  t e s t  ce l l  wa l l  a f t e r  

the  f l a sh  ( F i g u r e  9) .  

(4) The observed  t ransmi t tance  d e c r e a s e s  when an a i r  -hydrogen 

explosion i s  induced in a non-flashed t e s t  cell .  

In th is  l a t t e r  experiment,  wa te r  condensed on the t e s t  chamber  wal l  

dur ing the  t ime  when p r e s s u r e  was r i s i ng  a s  a r e su l t  of H 0 chemica l  
2' 2 

reaction.  This  showed not only that  wa l l  condensation reduces  t r a n s m i t -  

tance,  but  that  th i s  condensation i s  a l so  v e r y  rap id  and can occur  while the 

vapor  i s  superheated above i t s  sa tu ra t ion  tempera ture .  

These  exper iments  demons t ra te  tha t  the observed low rad ian t  hea t  

t r a n s f e r  r a t e  f r o m  the f l ash  tube t o  the  a e r o s o l  i s  caused by the  p r e sence  of 

the quar tz  wall. While the  quar tz  i s  ini t ial ly t r anspa ren t  to t h e r m a l  r a d i a -  

tion, chemisor  ption and condensation reduce  i t s  t r anspa rency  a s  soon (-2 

m s e c )  a s  a vapor i s  available. (No evidence i s  available one way o r  the  

o ther  but t h e r e  i s  no apparent  r ea son  why hydrogen will  not chemiso rb  on 

quar tz .  ) Radiant heating probably keeps  the  wall  re la t ively  c l ea r  of con-  

densed vapor,  but chernisorption appreciably  reduces  the energy flux to 

the  ae roso l .  The  p r e s s u r e  h i s t o r i e s  and energy  absorpt ivi ty  observed  in 

the f l a sh  heating exper iments  can consequently be explained by t h r e e  



phenomena: par t ia l  evaporation of the aerosol  par t ic les;  reduction of the 

incoming flux by an energy absorbing wall, and radiant heat t r ans fe r  to  a 

two - temperatur  e aerosol.  A fourth phenomena, thermionic generation of a 

plasma i s  probably a l so  important. 

F igure  11 shows a comparison between experiment  and theory, neg- 

lecting plasma absorption. The program listed i n  Appendix C was used to  

compute the theoret ical  result. The flux incident on the aerosol  was a s s u m -  

ed t o  be  the flux f r o m  the f lash  lamp reduced by the theoretical wall t r a n s  - 
mittance curve shown in Figure 11. The assumed aerosol  t ransmit tance 

changes a s  a resu l t  of evaporation a r e  shown. F igure  11 cannot be con- 

s ide red  quantitative verification of theory because the separate  wall and 

a e r o s o l  contributions to the total  t ransmit tance were  assumed, reasonably 

on the  bas is  of available evidence, but nevertheless  assumed. Separa te  

measuremen t s  of these two contributions to the total  t ransmit tance a r e  

ex t r emely  difficult but will be necessary  for confirmation of the theories .  
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Figure 11. Comparison between Observed and Predicted Helium Temperatures (Test 120202) 

with Assumed Transmittance Components 



Investigation of Maximum Aerosol  Temperature 

The purpose of these  experiments was to  obtain the highest hydrogen 

aerosol  tempera ture  possible with the present  apparatus and to  investigate 

the mechanisms which limit energy absorption in an aerosol.  The f i r s t  s tep was  

to empirically identify the parameters  which determine the magnitude of the 

tempera ture  maximum; the second was to  optimize these parameters  within 

the limitations of the experimental apparatus. Achievement of a hydrogen 

aerosol  tempera ture  approaching 600 0 OK was the goal. Unfortunately, the 

, 'L wall effect prevented achievement of this goal, but a sufficiently high temp- 

e ra tu re  (5300 OK) was achieved to indicate that, with m o r e  energy per uni t  

m a s s  of hydrogen, the re  would be no difficulty in reaching 6000°K. However, 

it i s  apparently beyond the capability of the present  flash-heating technique 

to achieve the required energy. 

Figure 12 shows the successful identification of the most  important  . 

parameters  determining the magnitude of the tempera ture  maximum. Each 

point represents  the tempera ture  maximum in a single test. With a constant 

f lash energy, pulse duration, and shape, and a constant aerosol  t ransmi t tance  

and init ial  pressure ,  the magnitude of the tempera ture  maximum was r e p r o  - 
ducible, indicating E, T, a, and Po  a r e  the mos t  important parameters .  The 

e r r o r  b a r s  on Figure  12 represent  the 75% confidence level that 7570 of a l l  

new data will fa l l  within the indicated l imits.  These  l imits  were  obtained by 

a leas t - squares  f i t  of a s t raight  line to the data. The existence of some 

sca t te r  in  the data indicates the presence of undetermined parameters .  The 

sca t te r  i s  worse a t  higher f lash energies and lower pressures ,  and i s  prob- 

ably a resu l t  of non-uniformities in  the aerosol  producing variations in  

chemis or  ption at the wall. 



Po = 5 ATM 

P 
0.2 

TRANSMITTANCE (a 

Figu re  12 a l s o  shows the exper imenta l  dependence of the  hydrogen 

t empera tu r e  m a x i m u m  on total,  ini t ial  t r ansmi t tance .  The broken l ine  

shows the  dependence predicted by radiant  hea t  t r a n s f e r  theory,  assuming  

the  walls  r emove  a sufficient, constant  f rac t ion  of avai lable  f l a sh  energy to 

produce t he  t e m p e r a t u r e s  observed.  Equation 7 was  used  to r e l a t e  t r a n s -  

mi t t ance  and the f r ac t i on  of energy absorbed.  The  observed  and predicted 

shapes  a g r e e  reasonably  well, indicating a t  l e a s t  a quali tat ive confirmation 

of theory.  

A plot s i m i l a r  to F igu re  12 was  r equ i r ed  f o r  each  s e t  of the  p a r a m e t e r s  

f l a s h  energy,  E ,  f l a s h  duration,  T, and ini t ia l  p r e s s u r e ,  Po ,  because  the 

a e r o s  01 t r ansmi t t ance ,  cr , could b e  controlled exper imental ly  only within, 

*1000/o. Determinat ion of a constant  cr su r f ace  i n  the  four-dimensional  

pa r ame te r  space  requ i red ,  the re fore ,  a s e t  of m e a s u r e m e n t s  a t  each E, T ,  

and Po ,  followed by interpolation of the da ta  to es tab l i sh  the value of t he  



hydrogen tempera ture  maximum expected a t  a given CY. This procedure was 

followed for  five total-flash energies f r o m  1800 to 7240 joules, four f lash 

durations f r o m  2. 2 to 12 msec ,  and four initial hydrogen p res su res  f r o m  

112 to 5 atmospheres ,  

F igure  13 shows the effect of increased f lash  duration on the hydrogen 

tempera ture  maximum. Each point and i t s  associated 75010-7570 e r r o r  b a r s  

i s  an interpolation of 3 to 10 measurements  over a range of t ransmit tances.  

At low f lash  energies,  the effect of f lash duration on aerosol  temperature is 

smal le r  than a t  high f lash energies.  Qualitatively, this i s  reasonable because, 

high f lash energies  cause higher gas  and particle tempera tures  which increases  

the ra te  of radiant energy loss  f r o m  the aerosol .  Therefore during the longer 

f lash duration, a l a rge r  percentage of the absorbed energy i s  reradiated by 

the aerosol  before the gas reaches i t s  peak temperature.  

Figure 14 shows the resu l t s  of an energy survey, Again, each  point 

represents  interpolations f r o m  3 to 10 tests .  The absc issa  i s  the f lash 

energy available up to the t ime when the maximum gas tempera ture  occurs ,  
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This  energy  (about 60% of to ta l  f l a s h  energy)  was  chosen a s  the coordinate  

t o  e l iminate  any  b i a s  introduced by the shape  of the  underdamped f l a s h  

pulse ( F i g u r e s  15 and 16) a t  the  longer  f l a s h  durat ions .  The m a x i m u m  

f l a s h  energy  ava i lab le  t o  the a e r o s o l  (7240 joules)  exceeded expectations 

but  i s  s t i l l  not suff ic ient  to  produce a hydrogen a e r o s o l  t empe ra tu r e  above 

6000°K. 

The  low ene rgy  absorpt ivi ty  of an  a e r o s o l  a t  the  high flux and t e m p e r a -  

t u r e s  achieved i n  the f lash-heat ing expe r imen t s  i s  shown by a compar i son  

between predicted and exper imenta l  r e su l t s  ( F i g u r e  14). The theore t ica l  

c u r v e s  (broken l i ne s )  a r e  based  on the  assumpt ions  that  the s a m e  fract ion:  F, 

of the  avai lable  f l a sh  energy  i s  absorbed by the a e r o s o l  a s  the avai lable  

ene rgy  i s  i nc r ea sed ,  and equi l ibr ium hydrogen dissocia t ion occu r s  a t  t he  

a e r o s o l  t e m p e r a t u r e ,  The  slope of these  c u r v e s  would be fu r ther  reduced 

by  radia t ion l o s s  f r o m  the  ae roso l ,  Two contradic t ions  a r e  apparent .  
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F i r s t ,  the exper imenta l  t empe ra tu r e s  roughly cor respond  to what would be 

expected with ae roso l  t ransmi t tances  - 0, 6, ins tead of the m o r e  dense  

ae roso l  t ransmi t tance  of 0. 2 which was measu red ,  Second, a t  these  energy 

adsorpt ivi t ies ,  only a s m a l l  i nc r ea se  in  t empe ra tu r e  i s  expected with in -  

c reas ing  energy a s  soon a s  the  hydrogen dissocia t ion t empera tu r e  i s  

achieved. Well-verif ied exper imenta l  r e su l t s ,  in  con t ras t ,  show a leveling 

off, followed by a s h a r p  i n c r e a s e  a t  t empe ra tu r e s  considerably  lower than 

requ i red  fo r  complete  dissociat ion.  

The r aw  da ta  fo r  high and low energy f l a shes  ( F i g u r e s  15 and 16) explain 

this  d iscrepancy.  At a high f l ash  energy,  the  t ransmi t tance  t r a c e  shows that  

wall  sorpt ion blocks the f l a sh  energy  f r o m  reaching the  ae roso l  wel l  be fore  

the t empe ra tu r e  m a x i m u m  i s  achieved. The ac tua l  energy  available t o  the  

ae roso l  i s  considerably  l e s s  than indicated on the  a b s c i s s a  of F igu re  14. In 

con t ras t ,  appreciably  l e s s  wal l  sorpt ion i s  indicated by  the  t ransmi t tance  

t r a c e  in  F igu re  16. A g r e a t e r  f ract ion of the  f l ash  energy penetra tes  the  

wal l  and i s  avai lable  to  the  ae roso l .  The d i sc repancy  between theory and 

exper iment  indicated i n  F igu re  13 i s  consequently the  r e su l t  of uncer ta inty  

in assigning each  da t a  point to  the  proper  absc i s s a .  

A s i m i l a r  d i sc repancy  i s  shown in  F igu re  17. Doubling the  in i t ia l  

p r e s s u r e  doubles the  amount of hydrogen gas and, modified by dissocia t ion,  

roughly doubles the  heat  capacity. The  exper imenta l  dependence of t he  

hydrogen t empera tu r e  m a x i m u m  on init ial  p r e s s u r e  i s  consequently expected 

to  be  much g rea t e r  (broken cu rve )  than observed.  As shown in the r a w  da ta  

for a 1 / 2-a tm  t e s t  i n  F igu re  18, in  con t ras t  with the  2 - a tm  init ial  p r e s s u r e  

t e s t  of F igu re  15, the  p r e s s u r e  max imum exhibits  a f la t  top. Studies with 

hel ium-tanta lum-carbide ae roso l s  ( F i g u r e  8)  have es tabl ished that  th i s  

phenomena i s  assoc ia ted  with a marked  d e c r e a s e  in  the energy absorbed 

by the  a e r o s o l  resul t ing f r o m  ei ther  ( o r  both) par t i c le  evaporation and wal l  

sorption.  

F igu re s  19 and 20 s u m m a r i z e  the optimization procedure  used t o  find 

the  s e t  of values  of E, T, Pot and which l imi t  the  max imum hydrogen 

t empera tu r e  obtained with the p resen t  appara tus ,  This  l imitat ion ex i s t s  
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beca~1.s e of f lash tube explosion and a e r o s o l  d i spers ion  l imi ta t ions  in the 

appara tus ,  F igure  19 indicates that  max imum gas t empe ra tu r e  i s  achieved 

with 4500  joules of available f l ash  energy  in a 9 -msec  flash.  Shor te r  f l a sh  

durat ions  a t  the  s a m e  energy or  h igher  energ ies  a t  the  s a m e  f l a sh  durat ion 

(shaded a r e a )  cause  the  f l a sh  tube to  explode, while the  conve r se  r e su l t s  in  

lower  gas t empera tures .  F igu re  20 indicates an  opt imum a t  1 a tmosphe re  

in i t ia l  p r e s s u r e  with a n  optical  t r ansmi t tance  of 0. 05. The unavailable 

region shown on the  left  by shading i s  a consequence of l e s s  gas  c a r r y -  

ing fewer  par t i c les  into the  t e s t  ce l l ,  which r e su l t s  in  a h igher  t ransmi t tance  

and l e s s  energy absorption. Alpha equal to 0. 05 r ep re sen t s  a v e r y  opaque 

a e r o s o l  and i s  the  m a x i m u m  available with the d i spers ion  apparatus .  

The survey  of hel ium-tanta lum-carbide ae roso l s  was  not a s  extensive.  

T h e s e  t e s t s  w e r e  used to check the  hydrogen r e su l t s  by using an  ideal ,  non- 

d i s s o c i a t i n g ,  chemical ly  i n e r t  gas  with a high -12 0 0 0 ' ~  ionization t e m p -  

e r a tu r e .  Table  1 l i s t s  the  t e m p e r a t u r e  maxima fo r  15 of the  he l ium t e s t s .  

As  shown in  Table 1, even without the  optimization procedure  used with 

hydrogen,  higher max imum t e m p e r a t u r e s  w e r e  achieved because  of the  lower 

he l ium hea t  capacity. All  observed  phenomena, except dissociat ion,  w e r e  

common to both hel ium and hydrogen. 

The pr incipal  value of the  he l ium a e r o s o l  t e s t s  was  that  they exhibited 

that  a tanta lum-carbide a e r o s o l  contained in a quar tz  cylinder can  be  heated 
2 

t o  above 6000°K with a flux of -40 k w / c m  . This  suggests  that  any l im i t a -  

t ion i n  hydrogen a e r o s o l  t empe ra tu r e s  i s  not caused by par t i c le  evaporat ion 

alone. 

Ae roso l  P r o p e r t i e s  

The proper t i es  of the a e r o s o l  fo rmed  by the  f lash-heating d i spers ion  

appara tus  w e r e  extensively studied. Exper ience and theory  both indicated 

t he se  p roper t i es  a r e  v e r y  impor tan t  in radiant  hea t  t r ans f e r  to an  ae roso l .  



TABLE 1 
SELECTED I--I.ELIUM-TANTALUM CARBIDE TEST RESULTS 

Maximum F l a s h  F l a s h  Init ial  
t empe ra tu r e ,  energy,  duration,  p r e s s u r e ,  Optical  

OK J p s e c  a t m  t r ansmi t t ance  T e s t  no. 

The r e s u l t s  of pa r t i c le - s ize  m e a s u r e m e n t s  by two techniques a r e  

s u m m a r i z e d  in  F i g u r e s  21, 22, and 23. As  shown i n  F i g u r e s  21 and 22, 

the e lec t ron  photomicrographs  indicate a n  ave rage  par t i c le  rad ius  of about 

0. 1 mic ron .  A co r r e l a t i on  of exper imenta l  m e a s u r e m e n t s  of m a s s  d i s p e r s e d  

and t ransmi t t ance ,  however,  indicated apprec iab le  agglomeration.  Based  on 

Equation 6 and a n  a s sumed  agg lomera te  densi ty  of 113 that  of t an ta lum 

carb ide ,  the  agg lomera te  pa r t i c le  r ad iu s  i s  about 2 or  3 m ic rons .  

A compar i son  between the  ene rgy  absorpt iv i ty  e a r l y  in  the t e s t  and the  

m e a s u r e d  t r an smi t t ance  tends  t o  con f i rm  the  a e r o s o l  p roper ty  t heo r i e s  

d i scussed  under Quar tz  Wall Sorption.  F igu re  24 shows the  energy  a b s o r p  - 

t ivi ty ( r a t i o  of power - to- the-gas  t o  the  radia t ion power avai lable)  v a r i e s  wi th  

t i m e  a s  de te rmined  f r o m  the slope of the  p r e s s u r e  cu rve s  (Appendix B) .  T h e  

in i t ia l  r i s e  i s  a  m e a s u r e  of the delay in t r a n s f e r r i n g  ene rgy  to  the gas f r o m  

the par t i c les  and shows that  the t i m e  of the  s y s t e m  i s  s h o r t  compared  with 



Figure 21. Electron Micrograph of Tantalum ~arb-/ 
- - - - -- - - -  -- 

PARTICLE €31 A W l E T E R  (MICRONS) 

--  - - --  

Figure 22. Tantalum Ca-Cde Particle Size Distribution 



Figure 23. Beers Law Correlation of Aerosol Properties . . -- 
- -  - - - -  - 
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Figure 24. Fraction of Available Energy Absorbed in the Gas, 7, as a Function of Time 

the f l a sh  duration. At the top of the f i r s t  peak, energy i s  being t r ans fe r red  

to the gas a s  rapidly a s  i t  i s  being absorbed by the particles.  Pa r t i c l e  

temperature i s  a lso s t i l l  sufficiently low s o  that reradiation losses  a r e  not 

important and wall sorption i s  a t  a minimum. This peak, therefore,  gives 

the energy absorptivity of the particles,  Yo' 

After the Y peak, particle tempera ture  continues to inc rease  and 
0 

radiation losses  f r o m  the particle become appreciable, and Y ,  the energy 

absorptivity of the gas,  decreases  even if  the fraction of available energy 

absorbed by the particles,  Yo, remains constant. Wall sorption a lso  

reduces the energy available to the aerosol.  The second peak shown in 

Figure 24 i s  probably a resu l t  of increased plasma absorptivity. 

After the second peak, Y fal ls  monotonically to ze ro  a t  the p res su re  

maximum, At this t ime, the energy loss  r a t e  equals the energy input r a t e  

to the aerosol.  This point and s imilar  points, where the p res su re  i s  a 



maximum or minimum (Figure  8), can se rve  a s  a check on the assumed 

energy 10s s and absorption mechanisms. F o r  example: If reradiat ion 

resulting f r o m  gas tempera ture  causes the only heat  loss ,  the particle 

emittance and su r face  a r e a  cancel out, and the radiation f r o m  the aerosol ,  

A O - T ~  should equal the available f lash power. A comparison of these 
P, 

numbers ,  for a typical tes t ,  show the wall  i s  absorbing energy a t  a r a t e  of 

" 3 0 0  kw, because the incident power is -700 kw while the radiated power 

at t h e  maximum gas tempera ture  is -400 kw. 

Figure  25 shows a comparison between the energy absorptivity of the 

Part ic les ,  yo, as determined above and the optical transmittance, 0. If the 

sca t t e r ing  contribution to  a: was constant, these data  would generate a 

cu rved  line passing through the origin according to Equation 7. The actual  

d a t a  a r e  scattered, indicating either the initial peak of Y i s  not consistantly 

the  energy absorptivity of the par t ic les  or inaccuracies  in measuring a- 



RESULTS AND CONCLUSIONS 

1. Aerosols of tantalum-carbide and hydrogen, contained in a quartz  

wall, can be f lash heated to tempera tures  of 5300 OK. Nothing was found 

during this program that indicates that these temperatures  would not be  

attainable in a nuclear propulsion sys tem using the seeded-gas concept. 

2. The analytic model used to corre la te  experimental resul ts  requi red  

inclusion of aerosol  reradiation and wall  effects before general agreement  

with observations was obtained. With the inclusion of wall effects qualitative 

interpretation of experimental resul ts  was possible. However, quantitative 

evaluation of wall phenomena has not yet been achieved. 

3. In propulsion systems where t ransparent  partitions a r e  proposed, 

consideration mus t  be given to chemical compatibility of the aerosol  with the  

partition. The interpretation of wall  interaction in the f lash heating experi-  

ments  mus t  be understood to  be speculative and without strong confirming 

evidence. However, generally sat isfactory agreement between experiment 

and theory was obtained only after appropriate representation of the wall  effect  

was included in the analytical model f o r  f lash heating experiments. 

4. Measurable electr ical  conduction does occur in a hydrogen- 

tantalum carbide aerosol  as a resul t  of exposure to a high radiant flux 
2 -40 kw/crn , indicating production of a significant level of ionization. 

Donald W. Douglas Laboratories  

McDonnell Douglas Astronautics Company - Western Division 

Richland, Washington, Februa ry  7, 1969 
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Appendix A 

FLASH HEATING EQUIPMENT AND PROCEDURES 

The  b a s i c  f l a s h  heating appara tus  i s  shown in F i g u r e s  A-1 and A-2. The 

appa ra tu s  cons i s t s  of four  pa r t s :  ( 1 )  the  ene rgy - s to r age  capac i to r s ,  1A 

charging power supply,  lB ,  and pulse  shaping induc tors ,  1C; ( 2 )  the  t ime  

delay panel ,  2A, f l a sh- tube  t r i gge r  c i r cu i t s ,  2B, and s p a r k  gap swi tch c i r -  

cui t ry ,  2C; ( 3 )  theel l ip t ica l  r e f l ec to r ,  3A, f l a s h  tube, 3B, and t e s t  cell,  3C; 

and (4 )  the  gas  got t les ,  4A, s u r g e  tank, 4B, g a s  solenoid valve, 4C, and 

pa r t i c l e  d i spers ion  appara tus ,  4D. 

1 A 

Figure A l ,  Fiash Hea"ling ExperimenQal Apparatus 



Figure A2. Elliptical Reflector, Flash Lamp, and Test Cell 

To  f l a sh  heat  a n  ae roso l ,  a  m e a s u r e d  quantity (50 t o  450 n ~ g )  of tanta lum- 

ca rb ide  powder i s  placed in the  d i spers ion  appara tus .  The  pressure - regu la t ing  

valve  on the  gas  bot t le  (4A) i s  s e t  t o  the  d e s i r e d  in i t ia l  p r e s s u r e  a s  indicated 

on a He i se  Model C-54011 p r e s s u r e  gauge, and the  su rge  tank (4B)  i s  f i l led 

with gas .  The Skinner E l e c t r i c  Model V520A1200 gas  solenoid valve (4C)  i s  

closed.  The t e s t  ce l l  ( 3 C ) ,  dispers ion  appara tus  (4D), and the ga s  line to  the 

solenoid valve i s  evacuated to l e s s  than 10 t o r r  and isolated f r o m  the vacuum 

pump. F o u r  960-mfd, h v  Model 1210 CMI energy-s to rage  capac i to rs  ( l A ) ,  

a r e  charged to the  d e s i r e d  voltage, a s  indicated by a Model 260 Simpson meter .  

A switch on the  t ime-delay panel  i s  then depressed  init iat ing the follow- 

ing sequence of events :  

( 1 )  The  gas  solenoid valve opens allowing gas  to  en te r  the  d i spers ion  

appara tus ,  f o r m  an a e r o s o l  with the  powder, and enter  the evacuated t e s t  

c e l l  through a check valve .  



(2) After a selected t ime delay of -200 msec ,  aerosol  p res su re  in the 

t e s t  cell  is  within 0. 5 ps i  of surge tank pressure ,  the check valve closes ,  

and the EG&G Model GP30B spark  gap switch (nea r  1C) i s  tr iggered, applying 

capacitor voltage to  the f lash tube (3B). 

(3) Exactly 0. 3 ms later ,  the hv Model 1210 TG-4 flash-tube t r igger  

(2B) applies a 20 000-volt pulse to  the EG&G FX-47C f lash tube (3B) .  

(4)  Current  flows f r o m  the energy s torage capaci tors  through the in- 

ductors (choice of 0. 14, 0. 72, o r  4.6 mh), spark-gap switch, and f lash tube 

which converts approximately 50% of the s tored e lec t r ica l  energy to  a f l a sh  

of thermal  radiation, a t  a r a t e  up to  10 megawatts. 

The light f lash generated a t  one focus of the elliptical cavity i s  reflected 

onto the aerosol  contained in  the 17 x 1. 28 c m  ID t e s t  cel l  a t  the other focus. 

A fraction of the light, depending on the optical density of the aerosol,  is 

absorbed by the particles.  The part ic les  a r e  heated and some energy is con- 

ducted f r o m  the part ic les  to  the gas. The heated gas i s  a l l  contained in the 

t e s t  cel l  by the check valve so  that the p res su re  increases ,  giving a m e a s u r e  

of the t empera tu re  and energy absorbed by the aerosol .  

Instrumentation was designed to measure  ae roso l  tempera ture  and those 

propert ies  of the aerosol  and thermal  radiation field which were  believed to  

determine aerosol  temperature.  On this basis ,  instrumentation was developed 

to measure  eight parameters :  aerosol  pressure ,  t he rma l  radiation power, 

and optical t ransmit tance determined a s  a function of t ime  during the f lash;  

the initial p res su re  measured  just before the f lash f o r  each f lash tes t ;  and 

auxiliary measurements  of aerosol  uniformity, m a s s  of par t ic les  dispersed, 

par t ic les  s ize  distribution, and total  f lash energy obtained in separate  blank 

tests .  



A E R O S O L  P R E S S U R E  ( P ) 

The time-resolved aerosol  pressure ,  P, i s  used to calculate the a e r o -  

sol  tempera ture  history. It i s  measured  with a Kistler Model 613M102 

piezoelectric p res su re  t ransducer .  The pressure-sensi t ive face of the t r ans -  

ducer f o r m s  the bottom of the tes t  cell. A loose-fitting me ta l  cap i s  required 

to shield the surface f r o m  heating by direct  exposure to  the flash. Output 

f r o m  the transducer is  converted to a voltage proportional to p res su re  by a 

Kistler Model 566 amplifier,  and this voltage i s  applied to  the Y-axis of a 

Tektronix 549 Memory oscilloscope. Polaroid photographs of the scope face 

give a permanent record  of the t ime-resolved pressure .  

Prec is ion  of the sys tem i s  better than 1% and response t ime i s  l e s s  

than 5 msec .  The sys tem i s  calibrated a t  50-lb intervals f r o m  0 to 1000 psi 

with a Twin Seal Type RlOO dead-weight pressure- tes t  unit a t  l eas t  once a 

month. Because output of the p res su re  gauge and associated amplifer i s  

l inear ,  a single conversion factor  i s  used in the calculations. After recent 

difficulties with piezoelectric c rys ta l  f rac ture ,  the sys tem i s  a lso checked, 

for  accuracy in place, once a day, against  the Heise Model C-54011 gas-  

p res su re  gauge. 

THERMAL RADIATION POWER ( w )  

Time-resolved f lash power, W i s  a m e a s u r e  of the ra te  at  which energy 

i s  made  available to the aerosol.  It i s  measured  with a back-biased SGDlOO 

photo diode with a S1 + S4 response curve. The diode produces an output 

voltage l inearly proportional to the light power over a range of seven decades 

of incident light and is  mounted to remain well within this range by observing 



the light f r o m  the f l ash  tube through a srnal l  hole in  the r e f l e c to r ,  Response  

tirile i s  l e s s  than 0, 1 m s e c ,  The output of the diode is connected to the 

Tektronix  m e m o r y  osci l loscope,  and Po l a ro id  photography i s  used t o  provide 

a pe rmanent  r e c o r d  of the  f l a s h  power h i s to ry .  The f l ash  cu rve  i s  ca l ibra ted 

in power units  f o r  e a c h  t e s t  b y  equating the  a r e a  under  the  f l a sh  curve  ( C w d t )  

t o  the  previously  obtained ca lo r  i m e t e r i c  f l a s h  energy,  E. 

AEROSOL OPTICAL TRANSMITTANCE (cr) 

T r ansmi t t ance ,  cr, is a m e a s u r e  of t he  abi l i ty  of the  a e r o s o l  t o  ab so rb  

t h e r m a l  radiat ion.  I t  i s  m e a s u r e d  f o r  e ach  f l a s h  t e s t  us ing the  appara tus  

shown in F i g u r e  A3. An Optics Technology Model 170 He-Ne l a s e r  ( 1 )  p r o -  

j e c t s  a monoch roma t i c  3 - m m  d i ame te r  b e a m  th rough  holes  in  the  e l l ip t ica l  



ref lector  and through a diameter  of the t e s t  cell (21, The t e s t  cell acts  a s  a 

cyl indr ical  lens so  that  the exiting diverging l a s e r  beam i s  focused by a lens 

(not shown) and a parabolic f 9  m i r r o r  ( 3 )  on the entrance s l i t  of a J a r r e l l  Ash 

Model 78-49 2 scanning monochrometer  (4) .  The output of the monochrometer  

photomultiplier i s  connected to  the m e m o r y  oscilloscope. The monochrometer  

and l a rge  distances a r e  used t o  i nc rease  the signal (columnated monochro-  

mat ic ,  low-power l a s e r  beam)  to  noise (high-intensity, diffuse white light 

f r o m  the f lash)  ratio. In operation, the blocked, Io, and unblocked, I1 l a s e r  

s ignal  ecorded before the f lash  to providea=O anda= 1 re fe rences .  

The  intensity, I, of the signal i s  then recorded  a t  the  beginning and during the 

flash,  and the ra t io  of ( I - Io) / ( I  -I ) i s  the  time-dependent t ransmit tance.  
1 0  

The contribution of white light f r o m  the f lash  tube to  the measu red  t r a n s -  

n ~ i t t a n c e  was  found to  be neglibible. This  was determined by chopping the  

l a s e r  beam pr ior  to entry  into the e l l ipse  and t e s t  cel l  with a rotating slotted 

d i sc  which produced a chopping frequency of -4000 Hz. The accuracy  of the 

t ransmi t tance  before the f lash  i s  l imited by the readout e r r o r  of the CY = 0, 

@ = 1, and ~ ( t )  t r a c e s  on the photographs to  about *0. 05. During the flash,  

the explosive f lash causes  movement of the t e s t  cell,  l a se r ,  and m i r r o r ,  

causing the l a s e r  beam to move a c r o s s  the monochrometer  entrance sl i t .  

The b a r r e l s  of sand and concrete  shown in  F igure  A3 reduced, but did not 

el iminate,  th is  source  of random noise. This noise caused a *lo70 e r r o r  in 

measu remen t  of the t ransmit tance.  

INITIAL PRESSURE ( P, ) 

The init ial  p r e s s u r e  of the aerosol ,  Po, in the tes t  cell  i s  a m e a s u r e  of 

the quantity of gas  present  and i s  used  to  calculate the heated gas t empera tu re  

and energy content. It i s  determined by measur ing  gas p r e s s u r e  in the l ines  

and su rge  tank (F igu re  A l ,  4A and 4 B )  with a Heise Model C-54011 p r e s s u r e  



gauge before  the gas i s  in t rod~rced into the dispers ion apparatus and t e s t  cel l ,  

The t e s t  cell  initial p r e s s u r e  a t  the t ime  of the f lash ( - 2 0 0  m s e c  af ter  the 

solenoid valve admits  gas  to the t e s t  cel l )  i s  equal to this line p re s su re ,  The 

Heise  gauge i s  cal ibrated against  a laboratory s tandard and has  a n ~ a x i i ~ ~ u m  

e r r o r  of 0. 1 psi. Con~par i sons  between the t ime-resolved t e s t  cel l  and l ine 

p r e s s u r e s  have established that  the 200-msec delay i s  adequate to  allow 

ae roso l  p r e s s u r e  to  r each  within 0. 5 psi  of l ine p re s su re .  

AEROSOL UNIFORMITY [a ( z ) ]  

Aerosol  uniformity i s  important  in obtaining the maximum gas t em-  

perature .  The axial  uniformity of an ae roso l  i s  measu red  by simultaneous 

determination of the optical t ransmit tance,  cr, a t  t h ree  axial  positions. The 

equipment, shown in F igu re  A4 consis ts  of an Optics Technology Model 170 

He-Ne l a s e r  (not shown), two 113 beam sp i t te rs  and one front  surface m i r r o r  

to spli t  the l a s e r  beam into th ree  paral le l  beams ( l ) ,  l enses  (2)  t o  focus the 

beams through a t e s t  cel l  ( 3 )  ( a t  locations 114, 112, and 3 14 of the way f r o m  

the top of the t e s t  cell)  onto th ree  EG&G SGD 100 photo-diodes (4),  a par t ic le -  

dispers ion apparatus  (5), the m e m o r y  oscilloscope, and a Polaroid c a n ~ e r a .  

In operation, the t h ree  l a s e r  beams a r e  focused to pass  exactly through the 

t e s t  cel l  d iameter  by superimposing reflections,  and the ze ro  ( a =  0) and 10070 

(a= 1) light levels a r e  recorded on the oscilloscope. The ae roso l  i s  then 

introduced into the t e s t  cell,  and the t ransmi t tance  i s  recorded a t  the t h ree  

positions a s  a function of t ime. Measured a t  the center  of the tank, the 

uniformity i s  &20$ f r o m  top to  bottom. The bas ic  accuracy of the sys t em i s  

the accuracy  of the components, -270. 



k - 
Figure A4. Static Test Apparatus 

PARTICLE MASS DISPERSED ( m s )  

The m a s s  of par t ic les  dispersed in the aerosol,  together with the s ize 

distribution, determines the optical opacity. Mass  i s  measured  using the 

apparatus shown in F igure  A4 and a Mettler Type B6 balance. The t a r e  

weight of the t e s t  cell, sampling grid, and bottom plug i s  determined, and 

the t e s t  cell  i s  mounted in the apparatus shown in F igure  A4. The aerosol  i s  

then introduced into the t e s t  cell. After sufficient t ime has elapsed for  a l l  of 

I The increase in weight i s  recorded a s  the m a s s  dispersed,  m . 
I s 

Reproducibility and accuracy of these measurements  is  kO. 5 m g  o r  

about 10% of ms .  Achievement of this level of accuracy required considerable 



c a r e  and the u s e  of e lectrosta t ic  shields to  prevent the charged quar tz  f r o m  

affecting the balance, 

PARTICLE SIZE DISTRIBUTION (Ni) 

Mean particle s ize  and s ize distribution was determined by collecting a 

sample of the particle on an electron micrograph grid mounted near  the center 

of the t e s t  cell. The gr id 's  surface was parallel  to the axis of the t e s t  cell. 

Photographs were  then taken of the sample in an electron microscope. These 

photographs were  placed on a Zeiss  particle analyzer and a s ize distribution 

was determined. 

Accuracy of the counting and sizing technique i s  determined by the 

experience of the operator.  The counting and sizing was done by Battelle 

Northwest Laboratories in Richland, Washington. The estimated e r r o r  was 

*5?&. 
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Appendix B 

DATA REDUCTION 

Extensive calculations a r e  required to reduce raw data to quantities 

which descr ibe behavior of the aeroso l  during and af ter  exposure to  the high- 

level radiation field. These  data a r e  recorded in the f o r m  of Polaroid photo- 

graphs and numer ica l  values f o r  such pa rame te r s  a s  total  f l ash  energy and 

init ial  p ressure .  In addition, ins t rument  sett ings and calibration p a r a m e t e r s  

a r e  available f o r  interpret ing the data. 

There  a r e  t h r e e  s e t s  of time-dependent data produced by each experi -  

ment:  

(1 )  A photovoltaic representat ion of the f lash 

(2)  A p r e s s u r e  profile of the gas  

(3 )  The optical  t ransmit tance of the ae roso l  

These data a r e  used to  produce the following functions: 

(1)  Wf(t), t ime  -dependent f lash power 

(2 )  T ( t ) ,  t ime-dependent gas t empera tu re  
g 

(3 )  ~ ( t )  , time-dependent energy absorptivity of the gas 

The f i r s t  s t ep  in obtaining these functions i s  to  digitize the photovoltaic 

profile of the f lash power and the p r e s s u r e  profile. This was done by using a 



Moseley Model F -3B Line Follower in conjunction with a Honeywell S3084 

Data Logging Systein and a Teletype Model 33 pr inter  and paper tape punch 

unit fo r  recording the digitized data. The paper tape was then read onto 

magnetic tape and converted into meaningful data for  the Univac 11 08 computer.  

All independent experimental  and inst rument  pa rame te r s  w e r e  recorded  

on computer code sheets ,  t ranscr ibed  onto IBM cards ,  and merged  with the 

digitized data on a single magnetic tape. 

TIME-DEPENDENT FLASH POWER 

The photodiode output i s  proportional to the intensity of the flash.  

Therefore ,  the photodiode scope t r a c e  i s  the time-dependent r a t e  a t  which 

energy i s  available to  the ae roso l  multiplied by an  appropria te  constant, k, a s  

where,  

W (t) = F l a s h  power (wat ts)  
f 

w ( t)  = Diode output (volts) .  

Integrating Equation B1 yields 

where  E i s  the ca lor imeter  n ~ e a s u r e m e n t  in joules. 
C 



Therefore, k i s  defined a s  

k 2 E /lw(t)dt. 
C 

Substitution into Equation B 1 yields 

This i s  the equation used in the computer program to calculate time- 

dependent flash power. E i s  fed into the computer a s  an independent para- 
C 

meter  and w(t) i s  available a s  a digitized scope trace.  

GAS TEMPERATURE AND ENTHALPY 

Gas temperature is calculated f rom the digitized pressure  t race  P(t) ,  

initial pressure  P and necessary scale factors a s  
0' 

The equation-of-state for  an ideal gas i s  used in calculating helium 
- temperatures a s  

F o r  hydrogen a t  the range of test  pressures  covered in these experiment 

the ideal gas law i s  invalid above 2000°K because of the dissociation of the Hz 

molecule. The equation-of-state for one mole of a dissociating gas can be 

written a s  

( F r o m  NACA TN 3270, 1955) 



w h e r e  Z ( P ,  Tg) is the cor~~pressibility factor: given by 

Z ( P ,  Tgl = 1 i x, (From NACA TN 3270, 1955) fB8) 

and x is the  degree  of d issocia t ion (0 - - l ) ,  given by 

d 

w h e r e  K i s  the  equi l ibr ium constant  de te rmined  f o r  the  react ion H -2H. F o r  2 
hydrogen 

4 
Loglo  

K = 6. 20 - 2.354(10 ITg) ( F r o m  NASA S P  3005, 1963). (B10)  

Equation B7 then b e c o n ~ e s  

f o r  n in i t ia l  mo le s  
0 

w h e r e  

Rea r r angemen t  yields 

Defining 



A value of y (and hence Tg)  can be found by i terat ing the functions of 

Equation B 16. The computer p rog ram calculates the gas tempera ture  of 

hydrogen in this manner .  

Once the t empera tu re  of the gas has  been determined, the change in 

specific enthalpy, Ah, fo r  helium can be calculated f r o m  

where  C i s  the specific heat capacity a t  constant p re s su re .  
P 

However, with hydrogen, the latent heat of dissociation, QD, and the 

degree  of dissociation, x, m u s t  be  considered.  Thus,  fo r  hydrogen 

Tg CpHdTg = CpH(Tg - 3 0 0 )  . 
Ah, = J 

3 0 0  

F o r  Equation B 19, CpH2 appears  in the computer a s  an a lgebraic  

equation. Once the change in specific enthalpy has been calculated, the total  

change i s  found ( f o r  both gas ses )  by multiplying Ah by the initial number of 

moles  of gas,  n a s  
0' 



w h e r e  

3 V = volume of tes t  cell  ( c m  ) 

P = initial p res su re  ( a tm)  
0 

P~~~ 
= 1 a tm 

T~~~ = 2'73OK 

Gas tempera ture  and change in enthalpy fo r  both hydrogen and helium 

i s  calculated and s tored a s  par t  of the data reduction program. 

ABSORPTIVITY 

Time-resolved absorptivity, y ,  i s  defined a s  

where W ( t )  i s  the rate  a t  which energy i s  entering the gas and Wf(t) i s  the 
g 

ra te  a t  which f lash energy is  available to the aerosol.  The la t ter ,  Wf(t), has  

been calculated a s  outlined in the Time-Dependent F lash  Power section of this 

appendix. The fo rmer ,  Wg(t), i s  calculated by differentiating Equation B21 

with respect  to t ime as  



F r o n ~  a  con~puta t iona l  standpoint, the  p roces s  i s  s imple  because  AH(t) 

and W ( t )  had a l ready  been calculated;  thus,  the t ime- reso lved  absorpt ivi ty  
f 

is p a r t  of the computer  reduction routines.  
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Appendix C 

COMPUTING PROGRAMS 

This appendix descr ibes  the numerical  techniques used to solve the 

flash-heating temperature history. 

ANALYTIC MODEL 

Differential Equations 29 and 3 0 have undergone severa l  program modi- 

fications to appra ise  the contribution of i t s  component factors .  The final forni  

of these equations i s :  

2 4 
1 

{ E A , Q , ~ , ~ ~ / A  t ~ ( ~ . 4 n a .  CUT.  ) ( I -G)  r r g / ~  AT. dT. = - 
1 a.bc 

1 J J J  

and 

The t ransmit tance t e r m s  a;ci and cu a r e  a rb i t r a ry  time-dependent 
g 

functions. F o r  the case  where no seed evaporation occurs ,  these a r e :  



ff - F (geon~etric view factor) 
W 

and, 

In the case  with evaporation of seed and subsequent wall deposition these 

were  given values of 

and, 

Equation C1 and C2 can be generalized a s  functions of seed tempera tures  

and gas temperature and wri t ten a s  

AT. = F(Ti ,  T ).At = F(T ,  T ) 
1 g g 

and, 

At = G(T T ). At - G(T, T ), ( i  = 1, 2 , .  . . , N ) .  
€5 i' g g 

The numerical  technique chosen to compute the temperature a t  t t  At, 

given T and T a t  t ime t, was a mixture of E u l e r ' s  method and E u l e r ' s  
0 go 

modified method (ref .  18). The value of seed tempera ture  was given a f i r s t  

es t imate of 

where the super scr ip t  i s  the estimation order .  Then subsequent est imates  

were  given by 



I t  w a s  found tha t  an es t ima t ion  o r d e r  of 2 gave good a g r e e m e n t  with 

o t h e r  n u m e r i c a l  techniques ,  Th i s  g ives  a  modif ied  E u l e r ' s  approx imat ion  

f o r  the  seed t e m p e r a t u r e ,  Gas  t e m p e r a t u r e s  w e r e  given b y  a  s i m p l e r  s ing le -  

s tep Eu le r ' s  method a s  

Equations C1 and C 2  were  a lso  programmed using a Runge-Kutta method 

and Milne's method. All th ree  methods gave good agreement  with cases  

checked. The described method was chosen to run the case  because of 

shor te r  computing time. 

RAW DATA 

Figure  C1 i s  a representation of the steps involved in reducing and 

storing raw data. All programs f o r  the Univac 1108 a r e  writ ten in For t r an .  

The hydrogen and helium data were  processed separately.  Six tapes contain 

the digitized data, th ree  f o r  each gas. These tapes,  with the program oper-  

ation instructions and data formats ,  will be s tored for  two years  b y  the 

Donald W. Douglas Laboratories fo r  any future reference. 



T3aTm- 
CODE- 

- 

4 , 3ureC-1.   runo on at* hcsr Umd in Raduction and -- -- - -- 
- - - - -- - - 

- - -- - - - - - - - - 



R E F E R E N C E S  

Lanzo ,  C. D. ; and  R a g s d a l e ,  R. G. : H e a t  T r a n s f e r  t o  a  S e e d e d  F l o w i n g  

G a s  f r o m  a n  A r c  E n c l o s e d  b y  a  Q u a r t z  Tube .  P r o c e e d i n g s  of t h e  H e a t  

T r a n s f e r  a n d  F l u i d  M e c h a n i c s  In s t i t u t e ,  1964. 

K r a s c e l l a ,  N. L. : T a b l e s  of t h e  Compos i t i on ,  Opaci ty ,  a n d  T h e r m o -  

d y n a m i c  P r o p e r t i e s  of Hydrogen  a t  H i g h  T e m p e r a t u r e s .  NASA S P - 3 0 0 5 ,  

1963. 

Lanzo ,  C. D. ; a n d  R a g s d a l e ,  R. G. : NASA TND- 1405, S e p t e m b e r  1962. 

M a s s e r ,  C. C. : NASA TND 3197, J a n u a r y  1965. 

M c A l i s t e r ,  J. A. ; Keng, E. Y . H .  ; a n d  O r r ,  C. J r .  : H e a t  T r a n s f e r  t o  a 

G a s  Conta in ing  a  Cloud of P a r t i c l e s .  NASA P r o j e c t  A-635-002,  N s G -  

273-62,  J u n e  1965. 

B u r k i g ,  V. W. : T h e r m a l  A b s o r p t i o n  i n  S e e d e d  G a s e s .  C o n t r a c t  NASw- 

1 3  10, McDonne l l  Douglas  R e p o r t  DAC- 59985, J a n u a r y  1967. 

Knapp,  D. E. ; Burk ig ,  V. C. ; a n d  C o r y ,  J. S. : F l a s h  Hea t ing  of 

S e e d e d  G a s e s .  P r e s e n t e d  a t  AIAA 3 r d  p r o p u l s i o n  Confe rence ,  1967,  

AIAA p a p e r  67-501. 

M a s a t a k a ,  0. ; a n d  Zung,  J. T. : E v a p o r a t i o n  Condensa t ion  Coeff ic ien t  

f o r  S m a l l  D r o p l e t s .  J. Chan P h y s i c s  Vol. 46 No, 5, 1962, pp. 1580-1585,  



Mollchiclc, L; and R e i s s ,  I-$. : Studies of Evaporation of Slrlall Droplets, 

JCF V o l ,  22 No, 5, 1954, pp. 831-836, 

Dushnian, S. ; and Lafferty,  3. M. : Scientific Foundations of Vacuum 

Techniques.  Wiley 2nd ed. ,  1962, Chapter 6. 

Born  and Wolf. P r inc ipa l s  of Optics,  3 rd  ed. Pe rgamon  (1965), 

pp. 659-573. 

Cadle, R. D. : P a r t i c l e  Size. Reinhold, 1965, pp. 52-65. 

Sparrow,  E.  M. : Radiation Heat  T rans f e r .  Brooks,  1966. 

Soo, S. L. : Gas-Solid Suspensions a t  High Tempera tu r e s .  J A P  Vol. 34 

No. 6 (63),  pp. 1689-1696. 

Spi tzer ,  Lyman:  Phys ics  of Ful ly  Ionized Gases .  In te r sc ience  2nd ed. , 

1965, pp. 148. 

Visvanathan, S. : F r e e  C a r r i e r  Absorption Aris ing f ro1-n Impur i t i es  in 

Semiconductors.  Phys ica l  Rev. Vol. 120 No. 2, 1960, pp. 379-380. 

Sle icker ,  C. A. ; and Churchill,  S. W. : Radiant Heating of D i spe r sed  

Pa r t i c l e s .  Indus. & Engr .  Chem. Volume 48 No. 10, 1956, pp. 1819- 

1824. 

Scarbough, J. B. : Nunier ical  Mathemtaical  Analysis .  Fou r th  ed . ,  

The John Hopkins P r e s s ,  Bal t imore ,  1958, pp. 248-254. 


