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SUMMARY

This document is thevfinal technical report submitted under Contract
No. NASw-1697 on February 7, 1969, and covers work from February 13,
1968 through February 12, 1969. This report is cataloged by McDonnell
Douglas Astronautics Company--Western Division and the Donald W. Douglas
Laboratories as Report No. DAC-60779. To study the concept of radiantly
heated seeded aerosolsito temperatures at which the propellant for a gas-core
nuclear reactor would become opaque, was made using hydrogen and helium
gases seeded with micron-size particles and exposed to radiant energy from

a high-power (40 kilowatts/cmz) xenon flash tube.

The experimental apparatus consisted of an elliptical reflector which
had as its foci the xenon flashlamp and a 6 by 1/2 inch quartz cylinder con-
taining the aerosol. Temperature was determined by measuring the pressure
in the constant volume quartz cylinder. Tantalum-carbide particles produced
the highest temperatures, 5300° and 6600°K for hydrogen and helium re-

spectively.

The theoretical model consists of spheres of gas with solid particles
at their centers. The model includes reradiation from the particles, heat
losses from the gas to the container, temperature dependent values for 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 theoretical temperatures were too high. Two phenomena
were identified as the cause for the disagreement. These were evaporation

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



surface to silicon. Both phenomena reduce the incident energy on the
particles, thereby reducing the temperature of the gas. Two reasonable
analytical functions were assumed and included in the model with the result

that the theory and experiment agree quantitatively.
Nothing was found during this program to indicate that the temperatures

obtained in these flash heating experiménts could not be obtained in a nuclear

propulsion system radiantly transferring energy to a seeded gas.

vi



INTRODUCTION

Improvements in the performance of a propulsion system are, to a
large degree, achieved by increases in the exhaust velocity or specific im-
pulse. In a conventional chemical rocket engine, exhaust velocity is limited
by the temperature attainable by chemical reactionand the molecular weight
of the resulting reaction products. Use of nuclear energy not only offers
the potential of much higher temperature, but also allows an independent
choice of low-molecular-weight propellants, both of which increase the
specific impulse. One current nuclear-propulsion concept uses a fissioning
gas (or gaseous fuel) separated from a seeded hydrogen propellant. This
report documents a program by the Donald W. Douglas Laboratories to evaluate

the characteristics of radiantly heated suspensions of solid particles inhydrogen,

Heat transfer between fissioning gaseous fuel and a hydrogen propellant
is one of the major problem areas in a gas core nuclear propulsion system
(ref. 1). In current concepts, the fissioning fuel and propellant remain
separated, and energy must be transferred by thermal radiation at wave
lengths in the visible and ultraviolet spectrums. At temperatures below
6000°K, however, equilibrium hydrogen is transparent to radiation at these
wave lengths (ref. 2). Seeding the entering hydrogen with small absorbing
particles appears to offer a solution to this problem. The particles are
expected to absorb the thermal radiation and transfer this energy to the
hydrogen by conduction, thus heating the hydrogen to temperatures where

the hydrogen itself becomes opaque.

Since 1961, several groups have investigated radiant heat transfer to

an aerosol to evaluate this concept. Lanzo and Ragsdale (ref. 3)



experimentally investigated the steady-state absorption of suspended
particles as a function of material, size, and concentration; and investigated
(ref. 1) heat transfer from an arc to a flowing aerosol. Masser (ref. 4)
made an analytical study of radiant heating of an aerosol in a cavity reactor,
assuming constant absorption and negligible reradiation from the aerosol.
McAlister et. al. (ref. 5) reported on theoretical and experimental steady-
state heat transfer from a hot cylindrical wall to a flowing aerosol. These
results were in agreement with theory, but both experiments and theory
were limited to a thermal radiation flux of less than 1 kw/crn2 and aerosol
temperatures of less than 2000°K. In the gas core reactor, in contrast, the

flux is expected to be 40 kw/cmz, with aerosol temperatures above 6000°K.

In a previous study at McDonnell Douglas (refs. 6 and 7), techniques
were developed to extend these results to higher temperatures and thermal
fluxes, both experimentally and theoretically. The experimental technique
used a xenon flash tube and elliptical reflector to achieve 40 kw/cm?2flux on the
aerosol at the sacrifice 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 reradiation
from the aerosol at high temperatures by writing an energy-balance equation
around each particle and a unit cell of gas associated with that particle.

This led to a non-linear description of a two-temperature radiation-heated
aerosol. While the temperature profiles of the analytical model produced

qualitative agreement with experimental observations, the quantitative
difference was significant. These differences are related to the observation
that the energy absorptivity of the aerosol decreased more rapidly with
increasing time and temperature than is predicted by the model. No satisfying

explanation was found for this phenomenon.

With this background, the present investigation was undertaken, utiliz-
ing this flash-heating technique expanded to handle higher energies, to answer

two questions.

(1) What is the highest temperature obtainable with available flash-

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



(2) What is the reason for the decrease in energy absorptivity during

the flash as observed in the previous study.

Most of the initial effort was concentrated on obtaining an experimental
answer to the first question. The flash heating technique was extended to in-
crease the specific energy available to the gas from 250 to 7000 joules per

mg of hydrogen by:

(1) Increasing the flash tube output

(2) Transferring more of the flash energy to the test volume

(3) Increasing the optical density of the test aerosols

(4) Reducing the density of the gas in the test cell

This energy-density increase did not produce a corresponding tempera-
ture increase because of the increased radiation losses at high temperatures.
With this energy increase, however, hydrogen and helium temperatures of
5300° and 6600°K respectively were observed. The hydrogen temperature
is 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 part of Question 1.

The second question was answered only after aerosol interactions with
the quartz test cell and radiant heat transfer to the aerosol were considered.
The observed decrease in the fraction of available thermal radiation energy
absorbed by the aerosol was found to be the result of increased absorption
at the quartz wall, as well as decreased absorption by the aerosol resulting
from evaporation of the particles. The superheated aerosol particles
evaporate, thereby reducing aerosol absorption, Of more importance in the
flash-heating experiments, this particle vapor condenses and reacts
chemically with the quartz, thereby reducing the energy reaching the aerosol

and, consequently, reducing the overall rate of radiant heat transfer from



the flash-tube to the aerosol. The anomalous absorptivity observed in the
flash-heating experiments is important, therefore, in propulsion system

concepts based on a transparent partition.

The sections which follow present the information used to answer the
two questions. In the next section, the theoretical background is presented.
Four phenomena, quartz wall sorption, aerosol effective emittance, plasma
production and energy absorption, and radiant heat transfer to the aerosol
are important in explaining the experimental results. Theories were avail-
able for the first three of these phenomena. Since considerable development
was required to adequately describe the fourth, it is presented in more
detail. Following the theoretical presentation, experimental procedures and
data reduction techniques are discussed. Finally, experimental results and
the reasoning used to explain the observed energy absorptivity are presented,

followed by the conclusions which were drawn.

THEORY

Each of the four phenomena, quartz wall sorption, aerosol effective
emittance, plasma production, radiant heat transfer, which dominate the ob-
served experimental behavior has been studied under other conditions.
Langmuir and his successors investigated adsorption and chemisorption on
surfaces at cryogenic and room temperatures in high vacuums. FElectro-
magnetic theory provides a firm understanding of energy absorption by mono-
dispersions of small particles. Inverse bremsstrahlung energy absorption
by plasmas and plasma generation by thermionic emission from particles in
an aerosol are well established phenomena at temperatures respectively
higher and lower than temperatures encountered in the present experiments.
Similarly, radiant heat transfer through a participating medium has been

thoroughly studied, but only at low temperatures.




With the exception of heat transfer in an aerosol, it is beyond the scope
of this study to attempt to extend these theories to high density polydisper-
sions at 5000°K. The complexity of the calculations required makes this
extension a formidable task, and the experimental data required to quanti-
tatively confirm the theories was not obtained. As these stand, however,
the theories of wall sorption, particle-energy absorption, plasma creation,
and plasma energy absorption are sufficiently well developed to offer con-
siderable insight into the phenomena observed in the present experiments.

A brief summary of each follows.

Quartz Wall Sorption

In the flash-heated aerosol, even particles of refractory materials are
heated above their boiling point. Evaporation of this material (refs. 8 and 9)
creates a hot gas, bounded by relatively cold quartz walls. Vapor molecules

diffuse to and strike the walls at high velocity.

According to Langmuir (ref. 10), when gas molecules impinge against
a solid, they do not rebound elastically but condense on the surface, being
held by the field of force of the surface atoms. These molecules may sub-
sequently evaporate from the surface. The time that elapses between the
molecular condensation and subsequent evaporation depends on the intensity
of the surface forces and the temperatures of the surface. Adsorption is
the direct result of this time lag. If the surface forces are relatively intense,
as when a chemical reaction occurs between the gas and the surface, evapora-
tion occurs at a negligible rate, so that the surface becomes completely

covered.

The most widely used quantization of this hypothesis was derived by

Brunaur, Emmett, and Teller as:




P 1 . (c-y P ()
V(Po-P) V_C V_C Po’

where P is the partial pressure of the sorbed gas, Po its saturation pressure,
and V is the volume of gas adsorbed. Vm and C are both temperature-
dependent measures of the number of condensation or reaction sites and the
flux of vapor molecules to the surface. Figures 1 and 2 (ref. 10) show the
isobars and five types of isotherms (observed experimentally) which are

predicted by this equation.

This relation has been repeatedly verified (ref. 10). Experiments,
correlated by this equation, have separately demonstrated all of the surface
phenomena observed in the flash-heating experiments: multilayer condensa-
tion, chemisorption at higher temperatures with subsequent condensation at
lower temperatures, and desorption by increasing the temperature of the
surface. To use this relation to predict quartz wall sorption in the flash-
heating experiments, however, would require determination of the values
and the temperature dependence of Vm and C at the temperatures of interest
for each particle material. These data are not available, and the theory of
wall sorption can be used only qualitatively in connection with the flash-
heating experiments. As shown in the discussion of experimental results,
however, the type of behavior predicted by Equation 1 is consistent with the

flash-heating results,

Aerosol Emittance

The ability of a cloud of particles to absorb or emit electromagnetic
radiation has been extensively studied (ref. 11). For monodispersed (single
size) spheres, an exact theory is available for calculating the absorbance

(a)

and emittance from the particle absorption cross-section, Q' ’/, extinction



VOLUME
ADSORBED

TYPE II TYPE 111

VOLUME ABSORBED

({ MOLES/q)

VOLUME
ADSORBED

TYPE IV TYPE v

Figure 1. Five Isotherm Types Predicted by Equation 1

69-158

13000

800 mm

400 mm
\

2000

1000

-\

AN

3

200 300 400
TOK)

Figure 2. Isobars Correlated by Equation 1

500

69-161



cross section, Q(e), number density, N, thickness, x, and incident or
emitted wave length. For polydispersions of non-spherical particles, the
basic theory is valid, but exact calculations are 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 properties of a non-spherical polydispersion may be adequately
described (ref. 12) by assuming a superposition of monodispersed spherical
particles. This is the procedure used in the discussion which follows. Con-
sider a beam of light with cross-section AL passing through an aerosol. The

reduction in A —dAL) in distance dx is equal to the cross-section of parti-

1, ¢

cles in the volume AL dx, because these particles absorb or scatter from

the beam the light they intercept as

_ (e) .
~dAL = (2,0, = NOA; dx (2)

(e) _

le? = particle cross section, Qi = cross section of the it_h particle

where Q
size with number density per unit volume of Nj, and the sum is over all

particle sizes. For spherical particles, Q. Le) B?ra.2 = BAp./4, where Ap.
is the total surface area of the im particle.l Then, ile is thelsame for all '

particle sizes,

(8) ng - 9B _BAp
20, ') N, = T3 ApN, = (3)

where Ap is the total surface area of all the particles in volume Vg. Solving

Equations 2 and 3,

-’

where it was assumed the particle cross-sectional area/volume (BAp/4Vg)
was constant over distance x. In the flash-heating experiments, the distance
x is the cylinder diameter, which can be written in terms of the cylinder

surface area, Aw, and volume, Vg, as



2

Aw rx1,

which allows Equation 4 to be written as

A
L BA
= exp (-==2). (6)
At Ay

Coefficient B is not necessarily the same for all very small dielectric
particles because of resonance effects. For dielectric particles with a
radius, a, very much smaller than the wavelength of interest, A, coefficient
B varies as the fourth power of 2ra/\ ~ 1 to produce the resonance phenomena
of Mie scattering (ref. 11). However, only a small imaginary component to
the index of refraction is required to damp these resonances, as shown in
Figure 3 (ref. 11). The radius of the particles used in the experiments are
at least one tenth of the wavelengths of interest (usually a=~2\) and have
appreciable electrical conductivity, so the assumption that coefficient B is

independent of size is reasonable.
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As shown in Figure 3, the value of coefficient B to be used in Equation

(e)/ﬂ'az)

should be used in transmittance measurements; B = 1 (Q(a)/ﬂ az'} is the

6 depends on the quantity to be measured. Coefficient B = 2 (Q

correct value for calculating the energy absorbed by the particles. The
optical transmittance, «, and the fraction, FD’ of energy absorbed from

a beam of light are related, therefore, by
lna = 21n.(1—FD). (7)

In the flash heating experiments, all of the rays of light from the flash
tube do not traverse a full diameter. Some travel a much shorter distance,
througha chord of the cylindrical test chamber; others have a component along
the cylinder axis and traverse a longer distance. The net effect of this pro-
cess has been calculated (ref. 5) by assuming an isotropic source and, for
the cylinders used in the experiment (L /D = 13), is adequately described by

Equation 6 with a multiplicative correction as
= 0. 9294FD = 0.9294 [l - exp (—Ap/AW) ]. (8)

The fraction F', defined by Equation 8 can also be considered as the
aerosol-wall view factor. The view factor between two surfaces, Fl, > is
defined as the fraction of radiation leaving surface A1 (in all directions)
which is intercepted by surface AZ (ref. 13). The factor, F, is therefore
the view factor between the total particle surface area, AZEAp, and the
surface area of the test chamber wall, AIE AWe A simple derivation based
on the second law of thermodynamics (ref. 13) shows that these terms may
be used to define G, the fraction of the energy radiated by the particles which

reaches the wall as

A =FA .
G A w (9)
The remainder, 1-G, is then the radiant energy interchange between
the particles. The factor G is also the effective emittance of the aerosol
and can be related to the measured transmittance or to the particle total

surface area by combining Equations 6 through 9 as




A

. ) W
G=0.9294 5 [ - exp (AL Ay | (10A)

or P
~ -1.8588 1/2 o
G= "G (109, (10B)

Plasma Production and Energy Absorption

At the temperatures of the flash-heating experiments, each particle
thermionically emits electrons. Because the particles are electrically
isolated, however, each emitted electron leaves behind a positive charge on
the particle. This positive charge creates a potential well around the
particle, possibly trapping the electron into a closed orbit. As subsequent
electrons are emitted, the potential well deepens until an equilibrium is
reached where the rate of thermionic emission is equalled by the rate-of-

arrival of electrons trapped into closed orbits.

This equilibrium condition is described by Equations 11, 12, and 13
(ref. 14) as

T
2
Vi{r) = (Zpe/4Tr€ a) - (Zpe - 4TTeJa n r dr)/4wer, (1)
where V is the potential and r is measured from the center of the spherical
particle of radius a, Zp is the charge on the solid particle, e is the elec-
tronic charge, ¢ is the emissivity, and n is the electron density around the
particle. Assuming Maxwellian velocity distribution of these electrons,

their density is given by

ne(r) = neaexp(-eV/kT), (12)

11
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where k is the Boltzmann constant, T is the temperature of the particles,
and n_. is the density of electrons at radius a, which is given by equating
the thermionic current density to the current density of electrons in a cavity

as

n, =mn__exp [-¢/kT ], (13)
where ¢ is the thermionic potential energy and O is the density of conduc-
tion electrons in the solid phase. For a metal at high temperatures, n_ =
(total electron concentration in the solid) X exp(—eF/kT), where e is the

energy of the Fermi level. For an insulator, the number of free electrons

are fewer and their distribution is Maxwellian.

A typical solution to these equations is shown in Figure 4, (ref. 14) for
a one-micron zirconia particle at 3000°K in a bounded volume of radius 10
microns, Zp =206, Z 62/4-TrsakT =2.27, n =4,62x 1018/m3, and argon
20, 3 P ea

density of 107 /m™.
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Figure 4. Distribution around a Solid Particle in 3000°K Argon



The system appears as a large multiply (206 times) charged nucleus
surrounded by a cloud of orbiting electrons. These electrons, by momentum
exchange with the electric field, can capture and emit photons by inverse
bremsstrahlung (refs. 15 and 16).

The ionized particle system is similar to a fully ionized plasma (ref.

16) and the photon absorption coefficient is given by (ref. 15)

26
_ 4,27 \1/2 n.njZge -1
ky =3 G heme 3723 ™ - (14)
. . . 9 . 10
With a particle number density n; =10 /cc, a collision frequency v= 5x10° "/

sec, and a temperature of 3000°K, the ratio of the plasma absorption coef-

ficient, Kvp’ to the geometric absorption coefficient, Kvg’ is
K
_YP_oy.7x10 07 3. (15)
Kvg p

Because the thermionic emission from a particle depends exponentially
on the temperature, and Zp~ 200 at only 3000°K, it is reasonable to expect
plasma absorption to be significant compared to geometric absorption at the

particle temperatures of the flash-heating experiments.

Radiant Heat Transfer to an Aerosol

The following theory of radiant heat transfer to an aerosol was derived
to emphasize the role of reradiation by the particles. Attention is focused
on determining the time-dependent temperature of the particles to specify
the total energy radiated by the particles. The optically thin approximation
is unsuitable for this approach, despite the considerable simplification

which would result. A compromise was selected whereby the temperatures

13



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

uniform fluxes were modified by the real optical thickness of the aerosol.

The result of this approach is a two-temperature model of an aerosol

incorporating the mechanisms illustrated in Figure 5. The particles and

gas are not in equilibrium. The elevated particle temperature accentuates

the radiation loss from the aerosol and shows that previous treatments of

this problem, which neglect (refs. 4 and 17) or add reradiation as an after-

thought, seriously overestimate the net radiation absorptivity of an aerosol.
Especially at the high energy flux (~40 kW/cmZ) in a gas core reactor,

particle superheating must be considered.

The basis for this derivation are energy balances written around each
particle and around the entire volume of gas incorporating the mechanisms

illustrated in Figure 5. ZFor a given particle

P, t+P, +P, =P, (16)
RADIANT WALL, 69283,
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‘\%
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Figure 5. Heat Transfer Mechanisms in an Aerosol
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where the subscripts s, r, g, and a refer respectively to the rate of energy
stored, radiated, conducted to the gas, and absorbed from the radiation

field. For the gas

P +P_ =IP, (17)
sg W g

where the subscripts sg and w refer respectively to the rate of energy
storage in the gas and conduction to the wall, the sum over Pg is the rate

of energy conduction to the gas by all of the particles.

Four of the six terms in Equations 16 and 17 are easily defined. The

rate of energy storage in each particle and the gas is given by

4 3 daT
PS:? Ta pC-d—E- (ISA)
and
- c dig (18B)

where a is the particle radius, p and ¢ the density and mass specific heat
capacity of the particle, T and Tg respectively the particle and gas tempera-
tures, and Vg’ pg, and ¢ the gas volume, density, and mass specific heat
capacity at constant volume. Implicit in these definitions is the assumption
that the entire gas volume is at a single temperature. The rate of energy

loss by the gas to the wall and by a particle to the radiation field is given by

P E.HAW(T -T ) (19)
and

P =4ma’eT”, (20)

where Aw and TW are the wall area and temperature, H is an effective (con-
duction plus convection) heat transfer coefficient, ¢ is the particle emittance,
and othe Stefan-Boltzmann constant. Each of the material properties used
in these definitions may be functions of time or temperature, and the only
assumptions so far are that both materials may be satisfactorily described

by a single-state variable.

15



Additional approximations are used in defining the rate at which energy
is absorbed from the radiation field and conducted to the gas. In the case
of Pa’ these approximations are concerned with defining the radiation flux.
The rate at which radiant energy is incident on all of the particles may be

ertten as
ZI 21 EL.£¢., (21)
a 1 1

where the sum is over all particles and ¢, is the (isotropic) flux on the iic‘}‘l
particle. In accordance with the semi-optically thin assumption mentioned
above, it is assumed the ¢, are identical for all particles. Then Equation

21 may be rewritten as
EPa =g Ap, (22)

where Ap is the total particle area and ¢ is the particle absorbance (assumed

equal to the emittance).

The flux, ¢, incident on each of the particles has two components:
flux from the outside, ¢1’ and flux from all of the other radiating particles,

s Flux 21 is specified by the form factor F as

= £¢)WAWF, (23)

sApgbl = (3 Pa)l

where . and AW are the wall flux and area. Flux 9 is related to form

factor G by
eA ¢, = (ZP_), = (1 - G)Z4Tra2'£<TT4 (24)
p2 a’2 ’

where 1 - G is the fraction of the energy radiated by all of the other particles,
Z4Tra2£(TT4, which does not escape from the aerosol. Using the general
aerosol relation between F and G from Equation 9, the rate of energy ab-

sorption by a given particle from the total radiation field may be written as

Pa = 41Tazs(¢l + gbz) (25A)

16
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b [FA ¢ + (1 o Fy(Z4wa"eacT )y ], (25B)

where the sum extends over all particles except the particle in question.

The rate of energy transfer from a particle to the gas may be found
from the time-dependent conductive heat-transfer equation. The heat-
transfer equation for central heating of a spherical volume of gas with adia-

batic walls is

40 (Rr3 . 43
kdTg | cgPeFT(R® - 7). (26)
dI‘ 4.'”"1‘&

°

where K is the gas thermal conductivity, 6 the local rate of gas tempera-
ture change, and R the radius of the gas sphere. This equation, with 6
independent of position, is a reasonable description of the aerosol. Near
the particle, the temperature gradient will be large and probably time de-
pendent. At large distances from the particle, however, the finite amount
of heat is conducted through a much larger area, and the temperature
gradient associated with this conduction will be small. Further, only small
changes in the absolute value of the gradient are possible. At the test cell
walls, R is so large that it is reasonable to assume the wall to be adiabatic
and that 6 is independent of position. With these assumptions, and, in the

limit of large R Equation 26 may be integrated to yield,

dT

i1'rR3pg<:g—(?2'417a

- K p 1y, (27)

a a g

where a is any specified inner radius. Equating the radius, a, to the
particle radius and T, to the particle temperature, it is apparent that

Equation 27 gives the energy conducted to the gas for a single particle as

P =4ma’ X (1.7

g a g)’ (28)

17
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Combining Equations 16 through 20, 25, and 28 gives the desired set
of non-linear, coupled differential equations describing the time-dependent

behavior of a radiantly heated aerosol as

4 3 4T _ 2 2 4 4
3Tal pe g = 41a {s [FAW¢W +(1 - G) (4? 41rai echi Yy -oT 7] (29)
K
- (T - T
dT ) K
g_ = el - _ -
gpg ST: 141Ta1 al(Ti T) HAW(T TW) (30)

For N particles, there are N differential equations of Type 29 and one

of Type 30.

A computer program was written to integrate Equations 29 and 30 by
an iteration technique. Provisions were made to include a range of particle
sizes, step-wise temperature dependence of &, Cg’ c, and K to allow for the
effects of evaporation and dissociation. The quantity F (and G) is calculated
from the measured transmittance, @, according to Equations 7 through 10.
An arbitrary time dependence of the thermal radiation flux at the wall, ¢,

is acceptable.

The computer program was used to investigate the predicted effect of
material and aerosol properties on the gas and particle temperature
history. This investigation was not exhaustive, but several significant
conclusions were reached. First, with particles less than 0.1 micron in
diameter, the particles are tightly coupled to the gas. Both have essentially
the same temperature, even at 40 kw/crnZ input flux, and the whole problem
may be described more easily as an absorbent gas. Suspensions of particles
this finely divided is extremely difficult to obtain, however, so this behavior
is not common. In the flash-heating experiments, agglomeration increased
the particle radius from the fundamental crystal radii of about 0. 1 micron

to over 1 micron.



Superheating of the particles begins to be important in the size range
of 0.1 to |l micron in diameter. A typical computer plot of the solution to
Equations 29 and 30 for l-micron particlesis given in Figure 6. Particle
temperature is a few hundred degrees higher than the gas temperature, so
radiation loss is up ~20% and the net energy absorptivity is also ~20% lower
than would be calculated, assuming equal gas and particle temperatures.
Within this size range, higher gas heat conductivity or lower gas heat
capacity will bring the two temperatures closer togefher. Particle emittance,
particle heat capacity, and aerosol transmittance have little effect on the

particle-gas temperature difference,

Radiation losses are dominated by the largest particles in a size
distribution, and, if a measurable fraction of the particles are larger than
one micron, the particles are much hotter than the gas. The precise temp-
erature difference is strongly dependent on aerosol and material properties
and the radiation flux. With typical aerosols, however, particle tempera-
tures 20% greater than gas temperatures are common. In these cases,
calculations based on radiation at the gas temperature would overestimate
the net energy absorptivity by 100%. Most aerosols can be expected to con-
tain an appreciable fraction of particles or agglomerates with diameters
greater than one micron, and therefore, it will usually be necessary to use

a two-temperature theory in radiant heat transfer calculations.

EXPERIMENTAL PROCEDURES

The unique feature of the flash-heating experimental technique is its
ability to generate a high (~40 kw/cmz) flux of thermal radiation. The major
drawback of this technique is the short duration of the flash. The several-
milliseconds flash is sufficiently long for all of the physical processes in-
volved to reach steady state (refs. 9, 10, and 16) but measurement tech-

niques, especially for gas temperature, are a problem. This problem was
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solved by enclosing the aerosol in a constant-volume test cell and measuring
the gas-pressure history. This measurement can then be transformed to an

average gas-temperature history when the number of moles of gas is known.

Figure 7 shows the apparatus which was constructed to utilize this
technique in this program. Electrical energy, stored in capacitor banks, is
discharged through inductors to a xenon flash tube. The light from the flash
tube is focused by an elliptical reflector on a 6 by 1/2 in. test chamber.
During the period starting two hundred milliseconds before the flash, this
test chamber is filled with an aerosol by venting hydrogen or helium through
a particle-dispersion apparatus, through a check valve, and into the evacu-
ated test cell. A more complete description of the apparatus is given in

Appendix A.

The apparatus contains several improvements over the equipment used
in the previous investigations under Contract No. NASw-1310. The electrical
energy storage capacity has been doubled and, with the addition of the spark-
gap triggers to prevent spontaneous firing of the flash tube, the energy which
can be delivered to the flash tube has been increased from 8 820 to 49 000
joules. Four additional inductors are now available which, with the addition-
al capacity, have increased the available flash duration from 2. 2 to 12 milli-
seconds. Relatively less has been done with the particle-dispersion appa-
ratus but, by cleaning the gas passages, the achievable optical opacity (1-a)
was increased from ~0.50 to 0. 95 at an initial pressure of 5 atmospheres.

A surge tank was also added to the gas lines, allowing initial pressures of

less than one atmosphere.

Three time-dependent parameters are independently measured for each
flash test: pressure, transmittance, and flash power. The pressure history
is measured with a piezoelectric pressure transducer mounted in the bottom
of the test chamber. The transmittance is measured by passing a laser beam
through a diameter of the test cell and focusing the beam on the slits of a
spectrometer set at 6328 f‘i. The flash power history is measured by a photo-

diode viewing the flash lamp.
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In addition, five parameters are frequently measured to characterize
the aerosol and calibrate the time-~resolved measurements. Initial pressure
is measured both with the piezoelectric transducer and a thermocouple gauge.
Total flash energy is measured with a carbon rod calorimeter inserted in
the test cell. The mass of particles dispersed for a range of transmittances
is determined by weighing a sealed test cell before and after loading the
aerosol. Particle size distribution is determined by sampling the cold
aerosol with a clean vertical surface in the test chamber, obtaining electron
photomicrographs, and counting the image size distribution. Aerosol
uniformity is checked by measuring transmittance at three axial locations.
The procedures, equipment, and accuracy of these measurements are dis-~

cussed in Appendix A.

A mechanized procedure was established to analyze the large amount
of data obtained from over 500 flash tests. A line-follower feeding an
analog-to-digital converter was used to digitize the pressure and flash-power
history information from Polaroid photographs of the oscilloscope trace.

A computer program used these data and real gas properties to compute
the aerosol temperature and apparent absorptivity histories for all flash
tests. Appendix B describes the procedures and capabilities of these data

reduction proceedures in detail.

EXPERIMENTAL RESULTS

In this investigation, more than 2000 experiments were used to in-
vestigate the energy absorptivity properties of aerosols and to determine
the highest temperature attainable with the flash-heating apparatus modi-
fied. Most experiments involved tantalum carbide particles dispersed in
hydrogen or helium. Some data were also obtained for bromine gas, carbon

dioxide gas, and aerosols containing carbon, iron, sulfer, tungsten,
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aluminum, silica, talc, platinum, iron oxide, aluminum oxide, barium

carbonate, and calcium carbonate,

The results presented in this section represent that portion of the
experimental data directly pertinent to the main objectives of this investiga-
tion. First, a discussion of the role and timing of each of the four phenom-
ena, discussed in the Theory section, is presented together with experi-
mental results showing that these phenomena dominate the observed behavior.
This phenomenological picture, which is consistent with experimental
observations, explains the observed low energy absorptivity. A catalog of
the maximum gas temperatures is then presented as functions of flash
energy, flash duration, initial gas pressure, and aerosol transmittance.
These data show that no absorption window exists in heating a tantalum-
carbide-hydrogen aerosol with a high flux of thermal radiation. Finally,

a summary of aerosol properties measurements is presented.

Investigation of Aerosol Absorptivity

The effect of each of the four phenomena which dominate the observed
experimental behavior is clearly exhibited in Figure 8. These oscillograph
traces show the results of He-TaC Test No. 120 202. The top curve shows
the combined effect of time variations in the wall and aerosol transmittance,
as measured by a laser beam passing through a diameter. The center curve
shows the gas pressure time variations as the helium-tantalum-carbide
aerosol is heated by the fraction of the available radiant energy which it
captures. The lower curve indicates the rate at which thermal radiation

strikes the test cell (not the aerosol).

For the first millisecond after triggering the flash (as shown in

Figure 8), flash power and aerosol temperature are low. The transmittance
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Figure 8. Oscillograph of Results from Test 120202

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 all 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 is 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.
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Because the wall surfaces were doubled while the aerosol was, to some

extent, locally shadowed, this result indicated the wall was not a factor.

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

point showed a greater rate-of-increase in transmittance.

(5) Two-mil foil and 10-mil wires of tungsten and tantalum are
easily evaporated at this flash power, and therefore, it is reasonable to

assume that those particles fully illuminated by the flash are evaporated.

(6) After the test, the film of particle material on the wall appears

to be an evaporative coating, not deposited particles (Figure 9).

Particle evaporation, while extensive, is not complete. A sufficient
number of particles remain to absorb (to 5 msec) and radiate (to 11 msec)
as is shown by the slope of the pressure curve. Heat transfer rates of this

. 6
magnitude (~10° watts) from or to the wall by conduction or convection are

highly improbable.

69-171

BLACK CONDENSATION |
REGION i

YELLOW CHEMISORPTION
REGION

BLACK DOTS ARE PITS
FORMED BY HEATING
PARTICLES SETTLED
ON THE WALL BEFORE
FLASHING

THERMAL STRESS
SURFACE CRACKS.
ASSOCIATED WITH
CHEMISORB REGION
ONLY ‘

11X MAGNIFICATION |

" Figure 9. Photomicrograph of Test Cell Inner Surface after Flashing, |

26



As evaporation increases the partial pressure of tantalum-carbide
vapor in the test chamber (at about 2 msec), chemisorption and condensa-
tion occur on the inner wall of the test chamber (Figure 2, Type V). Con-
densation plays only a minor role at this time because the increased energy
absorption on the wall heats the surface, thereby reducing the equilibrium
adsorbed layer (ref. 10). Chemisorption, on the other hand, is nonreversi-
ble (ref. 10) and the limit on build-up is determined by the number of chemi-
cally active sites. That chemisorption is important after 2.2 msec. (Figure

8) is demonstrated by:

(1) Re-flashing the tube after the aerosol has been evacuated returns
the observed transmittance to the level {¢ = 0.4 in Figure 8) indicated from

2.2 to 10 msec.

(2) Analysis of the film left on the tube wall after a flash shows the
presence of products of a chemical reaction between the quartz and particle

material, e.g. silicon metal and copper oxide with copper aerosols.

(3) Surface cracks in the quartz wall (Figure 9) indicate extreme

thermal stresses generated by wall energy absorption during the flash.

(4) A dramatic change was observed in the transmittance history
and appearance of the tube after the flash when oxides, which will not

react with the quartz, were used as particles (Figure 10).

The small decrease in transmittance from 2. 2 to 6 msec is ascribed
to thermionic emission from the particles, creating an absorbing plasma.
This dip is regularly observed in dense aerosols. The only data tending to
confirm the existance of this phenomena are measurements of the electrical
conductivity of the aerosol during the flash. These measurements showed
the aerosols was conductive only for a short time around the maximum of
flash power, roughly corresponding to the observed dip in transmittance.
Experimental difficulties prevented measurement of the electron number
density for numerical comparison with theory. The observed conductivity
of ~20 mho/cm is sufficient, however, to argue that an energy absorptive

plasma exists.
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Shortly before 10 msec in Figure 8, flash power drops to zero and
transmittance abruptly decreases. This behavior is ascribed to condensa-
tion or physical adsorption of the vaporized particle material onto the wall.

This is well supported by:

(1) The reported behavior as shown in Figure 1, with the reasonable
assumption that only after the flash power is zero does increased wall con-
densation not cause increased wall energy absorption and consequently

higher wall temperatures.

(2) The transmittance increases (around 16 msec) when the ringing

discharge circuit causes a second, smaller flash.

(3) Condensed particle material appears on the test cell wall after

the flash (Figure 9).

(4) The observed transmittance decreases when an air-hydrogen

explosion is induced in a non-flashed test cell.

In this latter experiment, water condensed on the test chamber wall
during the time when pressure was rising as a result of HZ’ O2 chemical
reaction. This showed not only that wall condensation reduces transmit-
tance, but that this condensation is also very rapid and can occur while the

vapor is superheated above its saturation temperature.

These experiments demonstrate that the observed low radiant heat
transfer rate from the flash tube to the aerosol is caused by the presence of
the quartz wall. While the quartz is initially transparent to thermal radia-
tion, chemisorption and condensation reduce its transparency as soon (~2
msec) as a vapor is available. (No evidence is available one way or the
other but there is no apparent reason why hydrogen will not chemisorb on
quartz.) Radiant heating probably keeps the wall relatively clear of con-
densed vapor, but chemisorption appreciably reduces the energy flux to
the aerosol. The pressure histories and energy absorptivity observed in

the flash heating experiments can consequently be explained by three
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TEMPERATURE (°K)

phenomena: partial evaporation of the aerosol particles; reduction of the
incoming flux by an energy absorbing wall, and radiant heat transfer to a
two-temperature aerosol. A fourth phenomena, thermionic generation of a

plasma is probably also important.

Figure 11 shows a comparison between experiment and theory, neg-
lecting plasma absorption. The program listed in Appendix C was used to
compute the theoretical result. The flux incident on the aerosol was assum-
ed to be the flux from the flash lamp reduced by the theoretical wall trans-
mittance curve shown in Figure 11. The assumed aerosol transmittance
changes as a result of evaporation are shown. Figure 11 cannot be con-
sidered quantitative verification of theory because the separate wall and
aerosol contributions to the total transmittance were assumed, reasonably
on the basis of available evidence, but nevertheless assumed. Separate
measurements of these two contributions to the total transmittance are

extremely difficult but will be necessary for confirmation of the theories.
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Investigation of Maximum Aerosol Temperature

The purpose of these experiments was to obtain the highest hydrogen
aerosol temperature possible with the present apparatus and to investigate
the mechanisms which limit energy absorption in an aerosol. The first step was
to empirically identify the parameters which determine the magnitude of the
temperature maximum; the second was to optimize these parameters within
the limitations of the experimental apparatus. Achievement of a hydrogen
aerosol temperature approaching 6000°K was the goal. Unfortunately, the
wall effect prevented achievement of this goal, but a sufficiently high temp-
erature (5300°K) was achieved to indicate that, with more energy per unit
mass of hydrogen, there would be no difficulty in reaching 6000°K. However,
it is 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 temperature maximum. FEach
point represents the temperature maximum in a single test. With a constant
flash energy, pulse duration, and shape, and a constant aerosol transmittance
and initial pressure, the magnitude of the temperature maximum was repro -
ducible, indicating E, T, @, and Po are the most important parameters. The
error bars on Figure 12 represent the 75% confidence level that 75% of all
new data will fall within the indicated limits. These limits were obtained by
a least-squares fit of a straight line to the data. The existence of some
scatter in the data indicates the presence of undetermined parameters. The
scatter is worse at higher flash energies and lower pressures, and is prob-
ably a result of non-uniformities in the aerosol producing variations in

chemisorption at the wall.
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Figure 12 also shows the experimental dependence of the hydrogen
temperature maximum on total, initial transmittance. The broken line
shows the dependence predicted by radiant heat transfer theory, assuming
the walls remove a sufficient, constant fraction of available flash energy to
produce the temperatures observed. Equation 7 was used to relate trans-
mittance and the fraction of energy absorbed. The observed and predicted
shapes agree reasonably well, indicating at least a qualitative confirmation

of theory.

A plot similar to Figure 12 was required for each set of the parameters.
flash energy, E, flash duration, 7, and initial pressure, Po, because the
aerosol transmittance, «, could be controlled experimentally only within,
+100% . Determination of a constant «asurface in the four-dimensional
parameter space required, therefore, a set of measurements at each E, T,

and Po, followed by interpolation of the data to establish the value of the
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hydrogen temperature maximum expected at a given a. This procedure was
followed for five total-flash energies from 1800 to 7240 joules, four flash
durations from 2.2 to 12 msec, and four initial hydrogen pressures from

1/2 to 5 atmospheres.

Figure 13 shows the effect of increased flash duration on the hydrogen
temperature maximum. Each point and its associated 75%-75% error bars
is an interpolation of 3 to 10 measurements over a range of transmittances.
At low flash energies, the effect of flash duration on aerosol temperature is
smaller than at high flash energies. Qualitatively, this is reasonable because,
high flash energies cause higher gas and particle temperatures which increases
the rate of radiant energy loss from the aerosol. Therefore during the longer
flash duration, a larger percentage of the absbrbed energy is reradiated by

the aerosol before the gas reaches its peak temperature.

Figure 14 shows the results of an energy survey. Again, each point
represents interpolations from 3 to 10 tests. The abscissa is the flash

energy available up to the time when the maximum gas temperature occurs.
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This energy (about 60% of total flash energy) was chosen as the coordinate
to eliminate any bias introduced by the shape of the underdamped flash
pulse (Figures 15 and 16) at the longer flash durations. The maximum
flash energy available to the aerosol (7240 joules) exceeded expectations

but is still not sufficient to produce a hydrogen aerosol temperature above

6000 °K.

The 10w energy absorptivity of an aerosol at the high flux and tempera-
tures achieved in the flash-heating experiments is shown by a comparison
between predicted and experimental results (Figure 14). The theoretical
curves (broken lines) are based on the assumptions that the same fraction, I,
of the available flash energy is absorbed by the aerosol as the available
energy is increased, and equilibrium hydrogen dissociation occurs at the
aerosol temperature. The slope of these curves would be further reduced

by radiation loss from the aerosol. Two contradictions are apparent.
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First, the experimental temperatures roughly correspond to what would be
expected with aerosol transmittances ~0. 6, instead of the more dense
aerosol transmittance of 0. 2 which was measured. Second, at these energy
adsorptivities, only a small increase in temperature is expected with in-
creasing energy as soon as the hydrogen dissociation temperature is
achieved. Well-verified experimental results, in contrast, show a leveling
off, followed by a sharp increase at temperatures considerably lower than

required for complete dissociation.

The raw data for high and low energy flashes (Figures 15 and 16) explain
this discrepancy. At a high flash energy, the transmittance trace shows that
wall sorption blocks the flash energy from reaching the aerosol well before
the temperature maximum is achieved. The actual energy available to the
aerosol is considerably less than indicated on the abscissa of I'igure 14, In
contrast, appreciably less wall sorption is indicated by the transmittance
trace in Figure 16. A greater fraction of the flash energy penetrates the
wall and is available to the aerosol. The discrepancy between theory and
experiment indicated in Figure 13 is consequently the result of uncertainty

in assigning each data point to the proper abscissa.

A similar discrepancy is shown in Figure 17. Doubling the initial
pressure doubles the amount of hydrogen gas and, modified by dissociation,
roughly doubles the heat capacity. The experimental dependence of the
hydrogen temperature maximum on initial pressure is consequently expected
to be much greater (broken curve) than observed. As shown in the raw data
for a 1/2-atm test in Figure 18, in contrast with the 2-atm initial pressure
test of Figure 15, the pressure maximum exhibits a flat top. Studies with
helium-tantalum-carbide aerosols (Figure 8) have established that this
phenomena is associated with a marked decrease in the energy absorbed
by the aerosol resulting from either (or both) particle evaporation and wall

sorption.

Figures 19 and 20 summarize the optimization procedure used to find
the set of values of E, 7, PO, and which limit the maximum hydrogen

temperature obtained with the present apparatus. This limitation exists
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because of flash tube explosion and aerosol dispersion limitations in the
apparatus. Figure 19 indicates that maximum gas temperature is achieved
with 4500 joules of available flash energy in a 9-msec flash. Shorter flash
durations at the same energy or higher energies at the same flash duration
(shaded area) cause the flash tube to explode, while the converse results in
lower gas temperatures. Figure 20 indicates an optimum at 1 atmosphere
initial pressure with an optical transmittance of 0. 05. The unavailable
region shown on the left by shading is a consequence of less gas carry-
ing fewer particles into the test cell, which results in a higher transmittance
and less energy absorption. Alpha equal to 0. 05 represents a very opaque

aerosol and is the maximum available with the dispersion apparatus.

The survey of helium-tantalum-carbide aerosols was not as extensive.
These tests were used to check the hydrogen results by using an ideal, non-
dissociating, chemically inert gas with a high ~12 000°K ionization temp-
erature. Table 1 lists the temperature maxima for 15 of the helium tests.
As shown in Table 1, even without the optimization procedure used with
hydrogen, higher maximum temperatures were achieved because of the lower
helium heat capacity. All observed phenomena, except dissociation, were

common to both helium and hydrogen.

The principal value of the helium aerosol tests was that they exhibited
that a tantalum-carbide aerosol contained in a quartz cylinder can be heated
to above 6000°K with a flux of ~40 kw/cmz. This suggests that any limita-
tion in hydrogen aerosol temperatures is not caused by particle evaporation

alone.

Aerosol Properties

The properties of the aerosol formed by the flash-heating dispersion
apparatus were extensively studied. Experience and theory both indicated

these properties are very important in radiant heat transfer to an aerosol.
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TABLE 1
SELECTED HELIUM-TANTALUM CARBIDE TEST RESULTS

Maximum Flash Flash Initial

temperature, energy, duration, pressure, Optical
OK J L sec atm transmittance Test no.
2336 1212 3 1.8 0.93 0319-07
3237 1212 3 1.8 0. 66 0321-07
4210 1212 2.5 1.8 0. 62 0327-02
3434 1212 2.5 4.9 0.27 0327-04
2742 1212 2.5 10.0 0.22 0327-06
4047 1212 2.5 2.2 0.37 0410-02
4844 1212 2.5 1.8 0.16 0422-03
5858 3309 3 1.9 0.18 0426-02
3125 3309 14 1.9 0.23 0426-03
3476 4400 14 1.9 0.23 0426-06
6597 4667 2.5 1.8 0. 34 0423-02
6082 2959 2.5 1.8 0.14 0423-07
5702 3333 3.0 2.0 0.16 0820-05
5702 3600 3.0 2.0 0.23 0820-04
5302 3333 3.0 2.0 0. 29 0820-02

The results of particle-size measurements by two techniques are
summarized in Figures 21, 22, and 23. As shown in Figures 21 and 22,
the electron photomicrographs indicate an average particle radius of about
0.1 micron. A correlation of experimental measurements of mass dispersed
and transmittance, however, indicated appreciable agglomeration. Based on
Equation 6 and an assumed agglomerate density of 1/3 that of tantalum

carbide, the agglomerate particle radius is about 2 or 3 microns.

A comparison between the energy absorptivity early in the test and the
measured transmittance tends to confirm the aerosol property theories
discussed under Quartz Wall Sorption. Figure 24 shows the energy absorp -
tivity (ratio of power-~to-the-gas to the radiation power available) varies with
time as determined from the slope of the pressure curves (Appendix B). The
initial rise is a measure of the delay in transferring energy to the gas from

the particles and shows that the time of the system is short compared with
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the flash duration. At the top of the first peak, energy is being transferred
to the gas as rapidly as it is being absorbed by the particles. Particle

temperature is also still sufficiently low so that reradiation losses are not
important and wall sorption is at a minimum. This peak, therefore, gives

the energy absorptivity of the particles, YO.

After the YO peak, particle temperature continues to increase and
radiation losses from 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 also
reduces the energy available to the aerosol. The second peak shown in

Figure 24 is probably a result of increased plasma absorptivity.
After the second peak, Y falls monotonically to zero at the pressure

maximum. At this time, the energy loss rate equals the energy input rate

to the aerosol. This point and similar points, where the pressure is a
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maximum or minimum (Figure 8), can serve as a check on the assumed
energy loss and absorption mechanisms. For example: If reradiation
resulting from gas temperature causes the only heat loss, the particle
emittance and surface area cancel out, and the radiation from the aerosol,
Aw chf;, should equal the available flash power. A comparison of these
numbers, for a typical test, show the wall is absorbing energy at a rate of
~300 kw, because the incident power is ~700 kw while the radiated power

at the maximum gas temperature is ~400 kw.

Figure 25 shows a comparison between the energy absorptivity of the
particles, Y, as determined above and the optical transmittance, @. If the
scattering contribution to a was constant, these data would generate a
curved line passing through the origin according to Equation 7. The actual
data are scattered, indicating either the initial peak of Y is not consistantly

the energy absorptivity of the particles or inaccuracies in measuring @.
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RESULTS AND CONCLUSIONS

l. Aerosols of tantalum-carbide and hydrogen, contained in a quartz
wall, can be flash heated to temperatures of 5300°K. Nothing was found
during this program that indicates that these temperatures would not be

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

2. The analytic model used to correlate experimental results required
inclusion of aerosol reradiation and wall effects before general agreement
with observations was obtained., With the inclusion of wall effects qualitative
interpretation of experimental results was possible, However, quantitative

evaluation of wall phenomena has not yet been achieved.

3. In propulsion systems where transparent partitions are proposed,
consideration must be given to chemical compatibility of the aerosol with the
partition. The interpretation of wall interaction in the flash heating experi-
ments must be understood to be speculative and without strong confirming
evidence. However, generally satisfactory agreement between experiment
and theory was obtained only after appropriate representation of the wall effect

was included in the analytical model for flash heating experiments.

4, Measurable electrical conduction does occur in a hydrogen-
tantalum carbide aerosol as a result of exposure to a high radiant flux

~40 kw/cmz, indicating production of a significant level of ionization.

Donald W, Douglas L.aboratories

McDonnell Douglas Astronautics Company - Western Division

Richland, Washington, February 7, 1969
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Appendix A
FLASH HEATING EQUIPMENT AND PROCEDURES

The basic flash heating apparatus is shown in Figures A-1 and A-2. The
apparatus consists of four parts: (1) the energy-storage capacitors, 1A
charging power supply, 1B, and pulse shaping inductors, 1C; (2) the time
delay panel, 2A, flash-tube trigger circuits, 2B, and spark gap switch cir-
cuitry, 2C; (3) theelliptical reflector, 3A, flash tube, 3B, and test cell, 3C;
and (4) the gas gottles, 4A, surge tank, 4B, gas solenoid valve, 4C, and

particle dispersion apparatus, 4D.

68-1341A

Figure A1, Flash Heating Experimental Apparatus
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68-1339A

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

To flash heat an aerosol, a measured quantity (50 to 450 mg) of tantalum-
carbide powder is placed in the dispersion apparatus. The pressure-regulating
valve on the gas bottle (4A) is set to the desired initial pressure as indicated
on a Heise Model C-54011 pressure gauge, and the surge tank (4B) is filled
with gas. The Skinner Electric Model V520A1200 gas solenoid valve (4C) is
closed. The test cell (3C), dispersion apparatus (4D), and the gas line to the
solenoid valve is evacuated to less than 10 torr and isolated from the vacuum
pump. Four 960-mfd, h» Model 1210 CMI energy-storage capacitors (1A),

are charged to the desired voltage, as indicated by a Model 260 Simpson meter.

A switch on the time-delay panel is then depressed initiating the follow-~

ing sequence of events:

(1) The gas solenoid valve opens allowing gas to enter the dispersion
apparatus, form an aerosol with the powder, and enter the evacuated test

cell through a check valve.
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(2) After a selected time delay of ~200 msec, aerosol pressure in the
test cell is within 0. 5 psi of surge tank pressure, the check valve closes,
and the EG&G Model GP30B spark gap switch (near 1C) is triggered, applying
capacitor voltage to the flash tube (3B).

(3) Exactly 0.3 ms later, the hv Model 1210 TG-4 flash-tube trigger
(2B) applies a 20 000-volt pulse to the EG&G FX-47C flash tube (3B).

(4) Current flows from the energy storage capacitors through the in-
ductors (choice of 0. 14, 0.72, or 4.6 mh), spark-gap switch, and flash tube
which converts approximately 50% of the stored electrical energy to a flash

of thermal radiation, at a rate up to 10 megawatts.

The light flash generated at one focus of the elliptical cavity is reflected
onto the aerosol contained in the 17 x 1. 28 cm ID test cell at the other focus.
A fraction of the light, depending on the optical density of the aerosol, is
absorbed by the particles. The particles are heated and some energy is con-
ducted from the particles to the gas. The heated gas is all contained in the
test cell by the check valve so that the pressure increases, giving a measure

of the temperature and energy absorbed by the aerosol.

Instrumentation was designed to measure aerosol temperature and those
properties 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, thermal radiation power,
and optical transmittance determined as a function of time during the flash;
the initial pressure measured just before the flash for each flash test; and
auxiliary measurements of aerosol uniformity, mass of particles dispersed,
particles size distribution, and total flash energy obtained in separate blank

tests.
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AEROSOL PRESSURE (P)

The time-resolved aerosol pressure, P, is used to calculate the aero-
sol temperature history. It is measured with a Kistler Model 613M102
piezoelectric pressure transducer. The pressure-sensitive face of the trans-
ducer forms the bottom of the test cell. A loose-fitting metal cap is required
to shield the surface from heating by direct exposure to the flash., Output
from the transducer is converted to a voltage proportional to pressure by a
Kistler Model 566 amplifier, and this voltage is applied to the Y-axis of a
Tektronix 549 Memory oscilloscope. Polaroid photographs of the scope face

give a permanent record of the time-resolved pressure.

Precision of the system is better than 1% and response time is less
than 5 msec. The system is calibrated at 50-1b intervals from 0 to 1000 psi
with a Twin Seal Type R100 dead-weight pressure~test unit at least once a
month, Because output of the pressure gauge and associated amplifer is
linear, a single conversion factor is used in the calculations. After recent
difficulties with piezoelectric crystal fracture, the system is also checked,
for accuracy in place, once a day, against the Heise Model C-54011 gas-

pressure gauge.

THERMAL RADIATION POWER (W)

Time-resolved flash power, W is a measure of the rate at which energy
is made available to the aerosol. It is measured with a back-biased SGDI00
photo diode with a S1 + S4 response curve., The diode produces an output
voltage linearly 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
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the light from the flash tube through a small hole in the reflector. Response
time is less than 0.1 msec. The output of the diode is connected to the
Tektronix memory oscilloscope, and Polaroid photography is used to provide
a permanent record of the flash power history. The flash curve is calibrated
in power units for each test by equating the area under the flash curve (jgoWdt)

to the previously obtained calorimeteric flash energy, K.

AEROSOL OPTICAL TRANSMIT TANCE (o)

Transmittance, o, is a measure of the ability of the aerosol to absorb
thermal radiation. It is measured for each flash test using the apparatus
shown in Figure A3. An Optics Technology Model 170 He-Ne laser (1) pro-

jects a monochromatic 3-mm diameter beam through holes in the elliptical

68-1343A

Figure A3. Equipment for Measuring Time-Dependent Optical Transmittance
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reflector and through a diameter of the test cell (2). The test cell acts as a
cylindrical lens so that the exiting diverging laser beam is focused by a lens
{(not shown) and a parabolic {9 mirror (3) on the entrance slit of a Jarrell Ash
Model 78-492 scanning monochrometer (4). The output of the monochrometer
photomultiplier is connected to the memory oscilloscope. The monochrometer
and large distances are used to increase the signal (columnated monochro-
matic, low-power laser beam) to noise (high~intensity, diffuse white light
from the flash) ratio. In operation, the blocked, IO, and unblocked, I1 laser
signal intensity is recorded before the flash to provide =0 ande= 1 references.
The intensity, I, of the signal is then recorded at the beginning and during the

flash, and the ratio of (I—IO)/(I —IO) is the time-dependent transmittance.

1
The contribution of white light from the flash tube to the measured trans-
mittance was found to be neglibible. This was determined by chopping the
laser beam prior to entry into the ellipse and test cell with a rotating slotted
disc which produced a chopping frequency of ~4000 Hz. The accuracy of the
transmittance before the flash is limited by the readout error of the o = 0,
@ =1, and «(t) traces on the photographs to about +£0. 05. During the flash,
the explosive flash causes movement of the test cell, laser, and mirror,
causing the laser beam to move across the monochrometer entrance slit.
The barrels of sand and concrete shown in Figure A3 reduced, but did not
eliminate, this source of random noise. This noise caused a £10% error in

measurement of the transmittance.

INITIAL PRESSURE (P,)

The initial pressure of the aerosol, Po, in the test cell is a measure of
the quantity of gas present and is used to calculate the heated gas temperature
and energy content. It is determined by measuring gas pressure in the lines

and surge tank (Figure Al, 4A and 4B) with a Heise Model C-54011 pressure
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gauge before the gas is introduced into the dispersion apparatus and test cell,
The test cell initial pressure at the time of the flash (~200 msec after the
solenoid valve admits gas to the test cell) is equal to this line pressure. The
Heise gauge is calibrated against a laboratory standard and has a maximum
error of 0.1 psi., Comparisons between the time-resolved test cell and line
pressures have established that the 200-msec delay is adequate to allow

aerosol pressure to reach within 0. 5 psi of line pressure.

AEROSOL UNIFORMITY [a(z)]

Aerosol uniformity is important in obtaining the maximum gas tem-
perature, The axial uniformity of an aerosol is measured by simultaneous
determination of the optical transmittance, o, at three axial positions. The
equipment, shown in Figure A4 consists of an Optics Technology Model 170
He-Ne laser (not shown), two 1/3 beam spitters and one front surface mirror
to split the laser beam into three parallel beams (1), lenses (2) to focus the
beams through a test cell (3) (at locations 1/4, 1/2, and 3/4 of the way from
the top of the test cell) onto three EG&G SGD 100 photo-diodes (4), a particle-
dispersion apparatus (5), the memory oscilloscope, and a Polaroid camera.
In operation, the three laser beams are focused to pass exactly through the
test cell diameter by superimposing reflections, and the zero (@ = 0) and 100%
(o= 1) light levels are recorded on the oscilloscope. The aerosol is then
introduced into the test cell, and the transmittance is recorded at the three
positions as a function of time., Measured at the center of the tank, the
uniformity is %20% from top to bottom. The basic accuracy of the system is

the accuracy of the components, ~2%.
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Figure A4. Static Test Apparatus

PARTICLE MASS DISPERSED (mg)

The mass of particles dispersed in the aerosol, together with the size
distribution, determines the optical opacity. Mass is measured using the
apparatus shown in Figure A4 and a Mettler Type B6 balance. The tare
weight of the test cell, sampling grid, and bottom plug is determined, and
the test cell is mounted in the apparatus shown in Figure A4. The aerosol is

then introduced into the test cell. After sufficient time has elapsed for all of

the particles to have settled out, the test cell and particles are reweighed.

The increase in weight is recorded as the mass dispersed, m_.

Reproducibility and accuracy of these measurements is 0. 5 mg or

about 10% of m._. Achievement of this level of accuracy required considerable
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care and the use of electrostatic shields to prevent the charged quartz from

affecting the balance.

PARTICLE SIZE DISTRIBUTION (Ni)

Mean particle size and size distribution was determined by collecting a
sample of the particle on an electron micrograph grid mounted near the center
of the test cell. The grid's surface was parallel to the axis of the test cell.
Photographs were then taken of the sample in an electron microscope. These
photographs were placed on a Zeiss particle analyzer and a size distribution

was determined.

Accuracy of the counting and sizing technique is determined by the
experience of the operator. The counting and sizing was done by Battelle

Northwest Laboratories in Richland, Washington. The estimated error was

:I:S%.
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Appendix B
DATA REDUCTION

Extensive calculations are required to reduce raw data to quantities
which describe behavior of the aerosol during and after exposure to the high-
level radiation field. These data are recorded in the form of Polaroid photo=
graphs and numerical values for such parameters as total flash energy and
initial pressure. In addition, instrument settings and calibration parameters

are available for interpreting the data.

There are three sets of time-dependent data produced by each experi-

ment:
(1) A photovoltaic representation of the flash
(2) A pressure profile of the gas
(3) The optical transmittance of the aerosol
These data are used to produce the following functions:
(1) Wf(t), time~dependent flash power
(2) Tg(t), time-dependent gas temperature

(3) vY(t), time-dependent energy absorptivity of the gas

The first step in obtaining these functions is to digitize the photovoltaic

profile of the flash power and the pressure profile. This was done by using a
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Moseley Model F-3B Line Follower in conjunction with a Honeywell S3084
Data Logging System and a Teletype Model 33 printer and paper tape punch
unit for recording the digitized data. The paper tape was then read onto

magnetic tape and converted into meaningful data for the Univac 1108 computer.
All independent experimental and instrument parameters were recorded

on computer code sheets, transcribed onto IBM cards, and merged with the

digitized data on a single magnetic tape.

TIME-DEPENDENT FLASH POWER

The photodiode output is proportional to the intensity of the flash.
Therefore, the photodiode scope trace is the time-dependent rate at which
energy is available to the aerosol multiplied by an appropriate constant, k, as

Wf(t) = kw(t) (B1)
where,

Wf(t) = Flash power (watts)

w (t) = Diode output (volts).

Integrating Equation Bl yields

fwf(t)dt =E_=kfw(t)dt, (B2)

where Ec is the calorimeter measurement in joules.
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Therefore, k is defined as
k 2 Ec/fw(t)dt. (B3)

Substitution into Equation Bl yields

w(t)

W(t) = E_ fw(—t)dE . (B4)

This is the equation used in the computer program to calculate time-
dependent flash power. EC is fed into the computer as an independent para-

meter and w(t) is available as a digitized scope trace.

GAS TEMPERATURE AND ENTHALPY

Gas temperature is calculated from the digitized pressure trace P(t),

initial pressure PO, and necessary scale factors as
T, (1) = £(P, P(t)). (B5)

The equation-of-state for an ideal gas is used in calculating helium
temperatures as

T (it = 3009K P(t)/P_. (B6)

He

For hydrogen at the range of test pressures covered in these experiments -
the ideal gas law is 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 as

PV_

RTg

= Z(P,T (From NACA TN 3270, 1955) (B7)

g):
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where Z(P, Tg)is the compressibility factor, given by

Z(P, Tg) = 1 + x, (From NACA TN 3270, 1955) (B8)
and x is the degree of disskociation (0—1), given by

x = JK/(K + 4P) , (B9)

where K is the equilibrium constant determined for the reaction HZT—:ZH. For

hydrogen
LOgIOK = 6,20 - 2. 354(104/Tg) (From NASA SP 3005, 1963). (B10)

Equation B7 then becomes

ﬁ{: =1+ JK/(K + 4P) (B11)

g

for n_ initial moles

PV _
RT, {1+ VK/(K+4P) }n_, (B12)
where
_ PV (B13)
"6 TRT_

Rearrangement yields

E lo o)+ JK/K+4P) . (B14)
=
O
Defining
y = 10%/Ty, (B15)
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produces

PT,

1074 =1+ VE(y)/(K(y) + 4P) (B16)

A value of y (and hence Tg) can be found by iterating the functions of
Equation B16. The computer program calculates the gas temperature of

hydrogen in this manner.

Once the temperature of the gas has been determined, the change in

specific enthalpy, Ah, for helium can be calculated from

I

Ah C Tg = Cp(Tg-?)OO), (B17)

300 p

where Cpis the specific heat capacity at constant pressure.

However, with hydrogen, the latent heat of dissociation, £ and the

D’
degree of dissociation, x, must be considered. Thus, for hydrogen

Ah = (1 —X)AhHZ + ZXAhH + XID (B18)
Tg cp.. (T)dT
Ahy =f H, g (B19)
2 300
Te Cp. AT, = Cp.(Ty -300) (B 20)
Ah. = f Pr“-g Prit-g .
H 390

For Equation B19, CpHZ appears in the computer as an algebraic
equation. Once the change in specific enthalpy has been calculated, the total
change is found (for both gasses) by multiplying Ah by the initial number of

moles of gas, n_s as

AH(Tg)= n Ah(Tg) , (B21)
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where

n, = (VIVgpp) (P U/ Pgrp) (300/Tg 0 p)
V = volume of test cell (cn13)
A% = 22 400 m3

STP ~ ¢

PO = initial pressure (atm)

P

STP 1 atm

T 273°K

STP

Gas temperature and change in enthalpy for both hydrogen and helium

is calculated and stored as part of the data reduction program.,

ABSORPTIVITY

Time=-resolved absorptivity, vy, is defined as

YE) = W0/ Wilt) (B22)
where Wg(t) is the rate at which energy is entering the gas and Wf(t) is the
rate at which flash energy is available to the aerosol. The latter, Wf(t), has
been calculated as outlined in the Time-Dependent Flash Power section of this
appendix, The former, Wg(t), is calculated by differentiating Equation B2l

with respect to time as

W (1) = d(AH)/dt . (B23)
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From a computational standpoint, the process is simple because AH(t)
and Wf(t) had already been calculated; thus, the time-resolved absorptivity

is part of the computer reduction routines.
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Appendix C
COMPUTING PROGRAMS

This appendix describes the numerical techniques used to solve the

flash-heating temperature history.

ANALYTIC MODEL

Differential Equations 29 and 30 have undergone several program modi-
fications to appraise the contribution of its component factors. The final form

of these equations is:

_ 3 2 4
ATi = dTi = b0 {eAwaawag/A + E(Ej4waj schJ. W1-G) ozg/A
(C1)
ceeT e B (T, -7 yb.oat (i=1,2,...,N)
i7g a; i g
and
At = dt = —1t {T4ma’ 2= (T, - T ) - HA (T - T ).At (C2)
& & Vgégcg j 7 & .

The transmittance terms @ and ozg are arbitrary time-dependent

functions. For the case where no seed evaporation occurs, these are:
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a = F (geometric view factor) (C3)

and,

o =1,0. (C4)

In the case with evaporation of seed and subsequent wall deposition these

were given values of

1

0.6 -
@ =1.0- " [—T-;-u tan” " (1. 1-500t)] (C5)
and,
@ =0.1+(F - 0.1) [—Tzl-t:m‘1 (1200t - 2.4)] /w. (C6)

Equation Cl and C2 can be generalized as functions of seed temperatures

and gas temperature and written as

(T, Tg) (C7)

m

AT, = F(T,, T ).At
i i’ T g

and,

n

At =G(T,, T ). at=G(T,T ), (i=1,2,...,N). C8
g = GlT, T) (T, T,), (i ) (C8)

The numerical technique chosen to compute the temperature at t+ At,
given TO and Tgo at time t, was a mixture of Fuler's method and Euler's
modified method (ref. 18). The value of seed temperature was given a first

estimate of

1

T, =T, + F(TO, Tgo), (C9)

where the superscript is the estimation order. Then subsequent estimates

were given by

T jF1

JeT ot {F(TO, Tgo) + (T, Tgo) }/2.0. (C10)
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It was found that an estimation order of 2 gave good agreement with
other numerical techniques. This gives a modified Euler's approximation
for the seed temperature. Gas temperatures were given by a simpler single~

step Euler's method as

_ jt1
Tgl = Tgo + G(T1 , Tgo) .

FKquations Cl and C2 were also programmed using a Runge-Kutta method
and Milne's method. All three methods gave good agreement with cases
checked. The described method was chosen to run the case because of

shorter computing time.

RAW DATA

Figure Cl is a representation of the steps involved in reducing and
storing raw data. All programs for the Univac 1108 are written in Fortran.
The hydrogen and helium data were processed separately. Six tapes contain
the digitized data, three for each gas. These tapes, with the program oper-
ation instructions and data formats, will be stored for two years by the

Donald W. Douglas Il.aboratories for any future reference.
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