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ABSTRACT 

This paper reviews the research program at LBL studying direct 
radiant heating for the production of fuels and chemicals. The research 
is investigating the use of gas-particl e suspensions to absorb concen
trated sunlight to supply energy for endothermic chemical reactions. The 
goal of the research is to understand the optical, thermodynamic, and 
chemical processes in solar heated particle suspensions through abal
anced program .of analytical and experimental investigations. The use of 
small particles as solar absorbers is discussed and spectral extinction 
efficiencies are calculated from Mie theory for various particle sizes. 
An equation for calculating the heat transfer from a particle to the 
surrounding gas at arbitrary Knudsen number is developed. The experimen
tal section outlines the current laboratory studies of direct radiant 
heating that utilizes a high intensity radiant source to simulate con
centrated sunlight. Some preliminary experimental results are 
presented. 

INTRODUCTIDtI 

LBL has Deen involved for the past seven 
years in the development of solar thermal 
receivers that util ize suspended Ilarticles as 
solar absorbers and heat exchangers to heat 
',lases for power and industrial process neat 
applications ( 1 ). This program resulted in 
the design, construction ( 2 ), and success
ful sol ar denonstration ( j:-4 ) of tne l'lark 
I, Sma 11 Parti cl e tlea t 'tXChange .\ecei ver 
(SPHER) at the solar test facil ity at Georgia 
Institute of Technology in 1982. 

Our present research extends the earl ier 
work to new methods of initiatin',l cnenical 
reactions. Tne unique comDination of hi']h 
direct solar flux density ana high tempera
tures in a gas-Iolarticle suspension offers a 
new and unexplored environment for chemi cal 
processes. uirect radiant heating of ',las
particle mixtures may be used for heating a 
working gas, processing chemical feedstocks 
or inducin',l Chemical reactions in the 
suspending gas. However, Defore efficient and 

*Thi s lIIork was supported Dy tne $olar Thermal 
Fue 1 sand Chemi ca 1 s Program i'lanaged by the 
San Francisco Operations Uffice under the As
sis tan t Secretary for Con serv a t i on an d Renew
aDl e Energy and Dy the Llirector's ui scretion
ary Fund tnrou',lh the U.$. uepartment of Ener
gy under Contract No. UE-~CU3-76SF00098. 
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effective receiver/reactor deSigns can be 
developed it is imperative to understand the 
underlying physical processes. The particles 
must be aosorDing in order to convert the 
radiant solar energy to thermal or chenical 
energy. The complex index of refraction, 
si ze, and snape of the particles have pro
found effects on the optical and thermal pro
perties of gas-particle mixtures. The choice 
of particle size and mass loading (mass of 
particles per unit volume) have important 
effects on tne size and shape of tne 
receiver, reaction time and process condi-
t ion s. Parti cl e en tra i nmen t methods and the 
particle suspension flow path are al so cri ti
cal to the successful operation of a direct 
aDsorption receiver. 

ANALYTICAL STuuIES 

To in i ti ate the study of chemi s try in 
radiantly heated gas-particle suspensions, a 
survey of chemi cal reactions in or oetween 
gases and aosorbing solids was performed. A 
number of sui taDle reactions were identi fied 
and optical, physical, and Chemical data were 
oDtained the for the sol ids involved. using 
this data, the optical properties of the par
ticle suspensions were calcul ated to deter
mine the energy aDsorbed by the particles. 
tlaving determined the heat input to the par
ticles, the heat transfer between the parti
cles and the surrounding gas was calculated 
to determine the temperatures and heating 
rates of the particles. To do thi s, a heat 



transfer model wa s developed that was sui t
able for all particle sizes treated in this 
work. 

The phenomena i nvo 1 ved ; n the di rec t 
radiant heating of small particle suspensions 
are oasica11y simil ar for a wide range of 
particle sizes. However, the importance of 
some effects can vary wi del y wi th partic1 e 
size and mass loading. This study is con
cerned with particles small enough to be 
entrained in flowing gases, e.g., having 
di ameters of a few hundred mi crometers down 
to submi cron si zes. The optimwn partic1 e 
loading per volume of gas depends on the 
app1 ication being considered. Very low par
ticle densities are sufficient for gas phase 
reactions in which the ~articles act as the 
radiant heat exchanger or catalyst for gas 
phase reactions. Un the other hand, if ther
ma 1 processi ng of a parti culate feed stock is 
desired, wherein the gas basically provides 
the transport system, much higher loading 
densities are appropriate. A case involving 
intermediate particle loading densities is 
encountered when it is desired to initiate 
reactions between the gas and particles. Une 
of the goals of this research is to define 
tne range of mass loading for var;ous app1 i
cations and its effect on receiver design. 

Optical Calculations 

The absorption and scattering of sun-
1 ight by spherical particles can be calcu
lated once tne wavelength-dependent complex 
refractive index and the particle size dis
tribution are determined. Tabulations of the 
refractive index were Obtained from a 1 itera
ture search, and incorporated in a computer 
data base for several material s identified in 
the chemical survey. Mie calculations were 
used to determine the absorption and scatter
ing efficiencies (cross sectional area for 
absorption or scattering divided by the 
geCllletric cross section of the particle). A 
computer program using a M1e subroutine was 
written to calculate the attenuation of mono
chrClllatic radi ation by a suspension of parti
cles witn a known size distribution. The 
calculation was limited to single scattering. 
A second computer program was wri tten to ca1-
cu1 ate tne attenuation of energy frClll radiant 
sources possessing a broad spectral di stribu
tion. In this program the spectral distribu
tion of an arc lamp or sunlight was convolved 
with the spectral attenuation of the particle 
distribution from the M1e calculation. 

In Figure la, the calculated extinction 
efficiency (sum of the absorption and 
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scattering efficiencies) is plotted versus 
wavelength for various particle sizes. 
Because of mu1 tipl e scattering in partic1 e 
suspensions, the effective attenuation in a 
reactor fall s between va 1 ues predi cted by 
extinction and absorption. In figure 1b the 
attenuation of polychromatic radiation (in 
this case the solar simulator) is plotted 
versus tne product of particle mass loading 
and path length for three particle size dis
tributions. This figure permits the rough 
determination of the size of the receiver 
required to absorb a desired fraction of 
1 ight wi tnin the particle suspension when tne 
particle mass loading is specified or vice 
versa. The information in tnis figure must be 
combined wi th the spatial dependence of the 
radiant flux pattern to determine the heat 
input to the particles. All graphs were ca1-
cu1 ~ted using the optical properties of mag
netlte. 

Heat Transfer Calculations 

As the particles absorb radiant energy 
they begin to heat and transfer energy to 
tneir surroundings by conduction, convection, 
radiation, and possibly through chemical 
reactions. Both the initial particle heating 
rate and the final steady state temperature 
wi 11 be determi ned by the hea t tran sfer 
rates. If the particle is small, natural con
vection is neg1 igib1e in most cases beca~e 
the Grashof nl.lllber ~s a1 so small (Gr"'-' d , 
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Figure lA. Graphs of the ex ti ncti on effi
ciency of a magnetite particle as a function 
of the wavelength of radiant flux. Grapns 
for several different particle sizes are 
shown . 
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Figure lb. Fraction of the energy absoroed 
from a Xenon arc-lamp as it passes through a 
suspension of maynetite particles as a func
tion of the optical depth (product of the 
mass of particles per unit volume and the 
path 1 enyth of the 1 ight). uraphs for three 
different gaussian distributions of particle 
si zes are Shown to illustrate the effects of 
particle size on the ability of the gas
particle suspension to absorb light. 

wnere d is tne particle diameter). Forced 
convec ti on is not importan t as long as there 
is no rel ative motion between the particle 
and gas, whiCh is usual~y the case ~or mi~ron 
sized particles. ASSlAn1ng the part1cle 1S 
not reacting, conduction is thus the only 
mechan ism oy whi Ch energy is tran sferred to 
the gas. (The gas is taken to De tran
sparent; only the particles interact radi
antly.) To complete an energy balance on the 
particle it is necessary to know this conduc
tive term; we propose a model for H that is 
app1icao1e regardless of the Knudsen number 
(5) • 

The characteri stics of conductive heat 
transfer from a particle to the surrounding 
gas may be broken into three regimes depend
ing on the value of the Knudsen numoer (Kn), 
defined aSi./d, where A is the gas molecule 
mean free path and dis the charac teri ~ji c 
dimension of the particle. For Kn < 10 the 
continull1l approximation for heat transfer 
applies. For Kn > 10 free molecular flow 
conditions prevail and expressions for the 
heat transfer based on molecular co11is;ons 
apply. In the transHion region, 10 < Kn < 
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10, analytical model ing of heat tr~nsfer is 
difficult because neither the cont1nuum nor 
the kinetic theory approach is strictly 
correct. 

The model we used for the conductive 
heat transfer is the following: a spherical 
particle witn radius a is stationary in an 
infinite gaseous medium with temperature 
T as r ~ (Xl (r is the radial coordinate 
w~h origin at the particle center). The 
regi on outside the parti c1 e is di vi ded into 
two zones. Beyond a spherical boundary of 
radius ,\ +a, continuum conduction is assll1led 
to ho1 d, where ) is the mean free path of the 
gas molecules. Within one mean free path of 
the surface it is assumed that the gas 
molecules collide only with the particle and 
not with one another. The molecules striking 
the particle are assumed to have a Maxwell ian 
velocity distribution at temperatur~ TR, ,the 
zone boundary temperature. The part1 c1 e 1 s 
maintained at a ~ixed te~perature Te; the 
required energy 1S supp11ed or remo ed by 
radiation or chemical reaction. 

To ootain the steady state heat flow, 
the Lap1 ace equation is solved in spherical 
coordinates for the temperature field outside 
the ooundary of radi us a+'\. The sol uti on, 
T = Air + T contains a constant A, deter-
mined by the atone boundary condition. ~ext, 
the energy carried to and from the part,lc1e 
is ca1cu1 ated from kinetic theory assum1ng a 
boundary temperature T. A is then deter
mined by equating ener~y flows at the boun
dary. With A known, the continuum .temperature 
distribution may be used to solve for TR and 
the resu1 ti ng express i on for the h4fa t 
transfer Q is: 

4 at a It t( T P - T (l) ) 

Kn + +ex 
(2Kn + l)w 

Q - (1) 

where a is the accommodation coefficient (a 
measure of how well the molecules thermally 
accommodate to particle temperature), k is 
the thermal conductivity of the gas, and ~ is 
a numerical constant which depends of the 
internal energy of the gas mo1ecu1 e ( .p =, 
34/7 5 for monatomi c ga sand 48/95 for a dla
tomic gas). 

A nondimensiona1 ized boundary tempera-
ture may be defined as: 

TS - T(l) 
;;---:-- - 8; 
Tp - T(l) 

(2) 



which resul ts in a quanti ty that varies 
between 0 and 1. ;:; 'Is. Kn is plotted in Fig. 
2. As Kn approaches 0, T approaches T and 
the continuum temperature °gradient (wi ttf no 
temperature jump) results. For air at STP 
tnis corresponds to a particle di~meter of ) 
15 ~m. As Kn increases toward infinity Ta -
goes to T and a temperature jump at the 
surface a~ears. This happens for particles 
of diameter less than .075 ~m in air at STP. 
By calculating Kn for a particle of interest, 
reference to thi s plot reveal s to what extent 
there is an effective temperature gradient 
around it. 

The Nusselt number as a function of Kn 
can al so be cal cul ated for the general case 
from the heat transfer equation and the 
result is plotted in Fig. 3. Again by find
ing the appropriate Kn, rlu can easily be 
determined from the graph. It is important 
to note that Nu decreases as Kn increases, 
and the heat flux per area from a particle is 
q = (Nuk/2a) (T - T ). Therefore, as the 
particle oecomej smal ~r, q increases since . 
Nu does not decrease faster than a. Thi s 
means that it is increasingly difficult for a 
small particle to be at a temperature whicn 
is di fferent from tne surrounding :las as the 
particle size decreases. 
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Figure 2. The non-dimensional ized boundary 
temperature as a function of the I<.nudsen 
numoer for both a monatomic and a diatomic 
gas. Graphs for values of the aCC()nmodation 
coefficient of U.S and lou are Shawn for each 
gas. 
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F;gure 3. The Nussel t numoer as a function 
of tne Knudsen numoer for a monatomic and a 
diatomic gas, respectively. l;iraph for val ues 
of the aCcommodation coefficient of u.s and 
1.U are snown for each gas. 

Shown in Fi g. 4 i s a compar i son of our 
resul t wi th those of two other workers ( 6 , 
7 ). The experimental points were taken by 
Takao using a sphere in a rarefied gas to 
achieve a mean free path on the order of 
sphere radi us (Kn r-J 1) . (In order for a par
ticle to have an equivalent Knudsen numoer at 
STP, its diameter would be about Q.07 .... m.) 
Our treatnent matches hi s data at 1 east as 
well as his analytic expression does, and 
ours is far simpler to apply outside regions 
not shown on the graph. Also plotted for 
comparison is Sherman's empirical formula. 

Because Equa ti on 1 can be used in an 
energy oalance to calculate the particle tem
perature for arbitrary Knudsen numbers, it is 
now possible to calcul ate particle tempera
tures for any radiant heating condition ( 8 
). The equation is limited to cases in which 
the particle size is not large enough to 
cause gravi tational settl ing which waul d 
induce an additional forced convection term. 
However, the present treatment provides an 
upper bound to radia~yely heated particle 
temperatures for fall ing particl es because 
the forced convection will tend to reduce the 
temperature di fference between parti cl es and 
gas. The primary value of the equa~on lies 
in its ability to predict the heat transfer 
at values of Kn.':""'·l where a useful expression 
with an analytic basis was not previously in 

'{ 
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use. The expression shou1 d find use in other 
areas where particle temperature is impor
tant, such as combustion or particle-gas heat 
transfer in the a~nosphere. 
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Figure 4. Tne non-dimensi ona1 i zed heat 
transfer coefficient as a function of the 
ratio of particle radius to mean free path of 
a gas molecule. The points shown are experi
mental data from Takao. ( 7 ) 

EXPERIMENTAL STUDIES 

In order to simu1 ate concentrated solar 
radiation in the laboratory, an arc-image 
furnace was constructed. A high intensity 
xenon arc 1 amp was ,noun ted at one focus of a 

~~~ ~~! i ~~~i dto t~~; ~~~1~C;~c~~g~i ~:i;,g, i p_ 
soi d. A two-dimen s i ona 1 trans1 ati ona 1 stage 
was constructed to provide stable mounting 
for the ellipsoidal reflector insuring repro-
ducible flux profiles. A similar, but 
three-dimensional trans1 ation stage was con
s truc ted to allow preci se posi ti on ing of the 
reactor vessel at the focus of the reflector. 
It a1 so serves as the mount for a scanning 
calorimeter used to make spatial measurements 
of the radiant flux. A spatial integration 
of these measurements was made to determine 
total power available in the reactor zone. 
These measurements indicate a ~ak f1 ux den
si ty on the order of 4000 kll/In and a total 
input power to the reactor of 490 Watts, 
asslJlling an aT. refl ection due to the vessel 
wi ndow. 
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The detail ed three-dimensi onal map of 
the flux density was a critical factor in the 
design of the receiver/reactor. In the 
reactor in current use, the gas-particle mix
ture enters the reactor vessel at the top, is 
swirled in a cyclone fashion toward the bot
tom and is exhausted through a central tube. 
Light from the solar simul ator passes through 
the bottom of a fl at quartz wi ndow and is 
focussed just below the exhaust tube to 
ensure that all particles pass through the 
high intensity portion of the beam (see Fig
ure 5). A number of experiments were con
ducted to observe the heating of particle-gas 
mixtures in the reactor. When the reactor was 
wrapped with insu1 ation, temperatures in 
excess of 12000 K were reached with particle 
mass loadings less than 10 grams per cubic 
meter of carrier gas. Temperatures were 
measured with a Chromel-Alumel thermocouple 
placed in the exhaust tube of the reactor 
chamber. 

Work was comp1 eted on a mechanical 
shaker and cyclone chamber for entraining 
small particles in a gas stream. Commercially 
available powders of carbon, hematite, and 
magnetite were successfully entrained in a 
gas stream and optical extinction measure
ments were performed on the parti cl e suspen
sions. These particle materials were chosen 
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Figure 5. Di agram of the reactor vessel 
pl aced at the focus of the arc- imaoJe sol ar 
simul ator. 



for initial experimentation because of their 
possible roles in various reactions of 
interest for the production of useful fuels 
and chemi cal s The mass loading of the par-
ticles in the suspension was detennined by 
drawing a known volume of the gas-particle. 
mixture through a filter and weighing the 
fi 1 ter. Sampl es were cut from the fi 1 ter and 
scanning el ectron micrographs were made to 
detennine particle size distributions. 

As another application of absorbing 
suspensions we have undertaken prel iminary 
studies of solar detoxification of hazardous 
chemical waste using the solar simulator. 
The toxic wastes most resi stant to destruc
tion by incineration are the polychlorobi
phenyls (PCB's). Dichlorobenzene was chosen 
as a surrogate for PCB because it is consid
erably less toxic but has chemically similar 
properties. An injection system for intro
ducing tne hazardous waste material into the 
particle-gas stream was installed and tested. 
In tests using carbon particles as the 
absorbing material and air as the carrier 
gas, temperatures near 1200 K were reached 
and the carbon particles were oxidized during 
passage through the reactor. Al though the 
carbon particle suspension was sufficiently 
dense to absorb enough of the radiation pass
ing tnrough the quartz window to reach this 
temperature, the mass of carbon oxidized was 
a Sinal 1 fraction of the fuel that woul d have 
been needed to achieve the detoxification by 
direct combustion. After leaving the reac
tor, the gases were passed through a water 
bubbler for chemical analysis. Equipment 
wi th the accuracy to detenni ne if 99.3991. 
destruction or removal efficiency (DRE) had 
been achieved was not available, so an ion 
se1 ective electrode was used to monitor the 
HCl content of the water from the bubbler. 
The measurement indicated that 108~ of the 
dichlorobenzene has been destroyed witn an 
instrument error of +10~. 

CONCLUS ICJN 

The use of a gas-particle mixture as a 
solar absorption medilJll for heating gas has 
already been demonstrated. In this paper we 
have di scussed research directed towards 
extending the small particle absorption con
cept to otner applications, including the 
solar production of fuels and chemicals, and 
the destruction of toxic wastes. The field 
is entirely new and many issues still need to 
be addressed. We have broken ground by iden
tifying and gathering data on possible reac
tions, cal cuI ating aosorption characteri stics 

of particle suspensions, developing asatis
factory particle to gas heat transfer model, 
and constructing a 1 aboratory system thdt 
will allow these reactions to be studied 
experimentally. 
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