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Rapid Heating of Gas/Small 
Particle Mixture 
The concept of using a mixture of particles and air as a medium to absorb radiative 
energy has been proposed for various applications. In this paper, carbon particles 
mixed with gas form a medium that absorbs radiation from sources such as concen
trated solar energy. A single-particle, two-temperature model is used to study the 
transient temperature of the particle/gas mixture as it undergoes a constant pressure 
expansion process. The results indicate that for particles smaller than 1 jxm in 
diameter, the surrounding air can be heated as quickly as the particles, while for par
ticles larger than 1 mm in diameter, the air temperature stays relatively unchanged 
and the particles are heated to a very high temperature. The scattering albedos from 
the particles are also calculated, revealing that their contribution from scattering to 
the heating process is insignificant for particles with diameter less than 1 \s,m. 

Introduction 
The study of heat transfer for a mixture of particles and gas 

has been of interest in areas such as airborne aerosol in pollu
tion problems, particle formation in clouds, fluidized beds in 
combustion chambers, etc. Hunt (1978) proposed the concept 
of using small particles suspended in a gas to directly absorb 
solar energy in a cavity for power generation. A later work 
(Hunt and Brown, 1983) demonstrated in a field test that air 
temperatures of about 750 °C can be achieved when a mixture 
of air and 0.1- .̂m-diameter carbon particles are blown 
through a focal point with 30-kW solar input. More recently, 
Hruby and Steele (1985) studied the fundamental 
characteristics of a solid-particle receiver with intensive radia
tion input. The free-falling particles with sizes ranging from 
300 to 1000 fim were observed to achieve a temperature rise of 
more than 1000°C in a distance about 10 m and a power densi
ty of 0.5 MW/m2. The particle temperature was measured by 
thermocouples inserted into an insulated bucket that collects 
particles. The basic concept of a solid-particle receiver is il
lustrated in Fig. 1. 

The purpose of the present study is to quantify the thermal 
performance of such a particle/gas mixture as a function of 
system parameters such as particle size, density, and flux level. 
Particular interest is paid to study the maximum gas heating 
rate. In contrast to many existing works (Houf and Greif, 
1985, Evans et al., 1985) which consider only the steady state 
phenomenon, the present work analyzes the transient heat 
transfer characteristics of the mixture. Specifically, results of 
the present work illustrate that a small particle/gas mixture 
has a unique characteristic that it can achieve an extremely fast 
rate of temperature increase under direct radiant heating. This 
characteristic is extremely important in many current applica
tions of small particle/gas mixture in which a chemically reac
tive mixture is used as a working fluid for direct solar energy 
conversion (Hunt et al., 1985). 
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Analysis 
The physical configuration of the system under considera

tion is shown in Fig. 2. A single-direction, uniformly 
distributed radiation source with intensity Q, is incident on a 
cloud of particles. It is assumed that the particles are uniform
ly suspended in the gas phase and have an average diameter 
dp. The characteristic dimension of the cloud is dc, and dc 
> > dp. The particles are far apart from each other (typical 
solid volume fraction/,, < < 1), and the effects of cloud emis
sion on the energy balance of a single particle is neglected. An 
analysis which supports the validity of this assumption is 
presented in the Appendix. To further simplify the analysis, 
the convective heat transfer due to the relative motions be
tween particles and gas are not considered. The present model 
is thus valid for a cloud of particles in which the particles are 
stationary relative to the gas. Similar to Yuen et al. (1986), 
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Fig. 1 Solid-particle solar central receiver 
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Fig. 2 Physical configuration of the gas and particle mixture receiving 
radiative input 

each particle is considered to be surrounded by an adiabatic 
unit-cell of gas with diameter dp/fv. 

A two-temperature model is adapted to analyze the thermal 
performance of the mixture. It is assumed that both the gas 
and the particles are at separate temperatures, yet temperature 
variation in either phase is neglected. The governing equation 
for the temperature in gas phase Tg is 

dT. 6h fv 

dt 1 
(TP-TK), (1) 

dt 
p _ 6/i 

^p ± ~Jv 

and the governing equation for the temperature in the solid 
phase Tp is 

(Tt-Tp)—^-qR. (2) 

In equations (1) and (2), h is the heat transfer coefficient 
which is due only to the conductive heat exchange between the 
particle and the gas. Since the particle is assumed to be sta
tionary relative to the gas, and the gas expands as it is heated, 
the solid volume fraction /„ is a function of temperature. As 
the mixture is heated under a constant pressure condition, /„ 
can be expressed as 

/ » = • 

G T,(t = 0) 
(3) 

PP Tg(t) 

where G is the initial mass loading of the mixture, defined as 
the ratio of total solid mass to total mixture volume, and pp is 
the density of the particle. The ideal gas law is utilized in the 
development of equation (3). To illustrate the heat transfer 
characteristics, the solid particles are assumed to be carbon in 
all numerical calculations described in the present work. Their 
properties (Hunt, 1978, Eckert and Drake, 1973) are 

p„=2000kg/m3 

c/, = 712J/gKat300K. 

The properties of air are used to represent those for the gas 
phase. The radiative energy absorbed and emitted by a particle 
can be approximated as 

QR-
1 

dn 

ocpQifv+- 0aTp%, (4) 
"P ~p 

where ap and ep are the surface absorptivity and emissivity of 
the particles and can be determined from the Mie theory for 
spherical particles (van de Hulst, 1957). As previously men
tioned, equation (4) neglects the effect of radiative attenuation 
in the cloud. Therefore, if the optical thickness of the cloud is 
large (such as with strong absorption and high particle densi
ty), the present model has to be modified to take into con
sideration the radiation variation along the space coordinate. 
The initial conditions at t = 0 for equations (1) and (2) are 

Tp = Tg = constant. (5) 

Equations (1) and (2) can easily be solved numerically using 
a finite difference method. The gas temperature Tg can be 
regrouped by taking the solid temperature Tp from equation 
(1) and substituting it into equation (2) so that an expression 
for Tg can be obtained. 

In a recent study, Houf and Greif (1985) investigated the 
radiative transport in a falling sheet of solid particles, similar 
to the configuration under present investigation. In their 
analysis, qR was generated by the solution to the equation of 
transfer, rather than the simple expression equation (4), and 
the effects of scatteirng was examined. The thermal interac
tion between the solid and gas phases, however, was not in
cluded. In a similar study, Evans et al. (1985) developed a 
model to predict the gas/particle flow pattern and heat 
transfer in a two-dimensional, steady state, solid particle solar 
central receiver. In these previous studies, the particles under 
investigation range from 100 to 1000 ^min diameter. Their 
general conclusions are that smaller particles lead to a greater 
optical thickness for the mixture, longer residence time for the 
particle and higher convective loss fraction from the cavity. 
However, all of these previous analyses emphasized the overall 
performance of the cavity, and did not discuss the transient 
behavior. The present analysis examines the problem from 
another viewpoint, with emphasis on the transient interaction 
between a stationary particle and the surrounding gas. The im
portant parameters will be identified and their effects will be 
examined. 

Results and Discussion 

The optical properties necessary to calculate the radiative 
properties of the individual particle are the real and imaginary 
parts of the complex refractive index. Here, the optical 

Nomenclature 

specific heat 
diameter Qt = 
black body emissive power r = 
solid volume fraction 
mass loading factor at initial 
temperature s = 
heat transfer coefficient 
Knudsen number 
real part of complex refrac- t = 
tive index T = 
Nusselt number y = 
radiative energy absorbed by 
a spherical particle a = 
absorption efficiency of a 
spherical particle e = 

Qsca = scattering efficiency of a K = 
spherical particle 

c 
d 

fv 
G 

h 
Kn 

Nu 
QR 

Gabs — 

incoming radiative flux 
radius; distance from an ele
ment in the cloud to the 
center of the particle 
distance from an element in 
the cloud to the surface of 
the particle 
time 
temperature 
space coordinate along the 
radiation direction 
absorptivity; accommmoda-
tion coefficient 
emissivity 
imaginary part of complex 
refractive index 

p = 
a = 

•Jabs = 
T — 

CO = 

Subscripts 
c = 

8 = 
o =• 

P = 

density 
Stefan-Boltzmann constant 
adsorption coefficient 
optical thickness of the 
cloud 
scattering albedo 

cloud containing particles 
and gas 
gas phase 
initial state 
solid (particle) phase 

144/Vol. 109, MAY 1987 Transactions of the ASME 

Downloaded From: http://solarenergyengineering.asmedigitalcollection.asme.org/ on 07/28/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Optical properties of arc-evaporated carbon. 
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Fig. 3 Optical properties of the carbon particle 
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Fig. 4 Radiative characteristics ot carbon particles as a function of 
size 

properties of carbon are derived from the results measured by 
Arakawa et al. (1977) and are plotted in Fig. 3 as a function of 
wavelength. The Mie scattering theory is then used to calculate 
the absorption efficiency gabs ° f t n e spherical particle (van de 
Hulst, 1957). In the case where the particle size is much larger 
than the wavelength, the so-called geometric optics regime, the 
relation 

Gabs = l -
n — iK—1 12 

n — IK + 1 
(6) 

where ;' = V-H", is used as an approximation to reduce the 
computing time (Bohren and Hultman, 1983). 

To illustrate the characteristics of radiative heat transfer in
volving small particles, the total absorption efficiency 
weighted by the black body emission function for the carbon 
particle is shown in Fig. 4 as a function of particle diameter. 
The curve for T = 5780 K characterizes the absorption of 
solar radiation by the carbon particle. Similarly, the curves for 
T = 1000 K and 2000 K characterize the emission from the 
particle at the designated temperatures. It is the ratio of ab
sorption to emission that quantifies the net energy gain for a 
particle. The results indicate that particles larger than ~ 1 pm 
have a strong ability to absorb radiation, but also lose energy 
easily by emission at a lower temperature. On the other hand, 
the energy absorbed by smaller particles is much greater than 
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Fig. 5 Nu versus Kn for spherical particles in a motionless gas (Yuen et 
al., 1984). a is the accommodation coefficient. 

that emitted from the particle surface. The equivalent 
emissivity or absorptivity for a single particle is defined as 

, (D or ap(T) =-JJT\~ Q*,seby(T)dk, (7) 

where e i x is the black body emissive power. 
In a recent study, Yuen et al. (1984) investigated the rate of 

heat transfer by conduction from small particles suspended in 
a gas. The relative motion between the particles and the gas 
was ignored to simplify the analysis. The study shows that an 
important dimensionless parameter affecting the heat transfer 
between a particle and its surrounding gas is the Knudsen 
number Kn, defined as the ratio of gas molecule mean free 
path to dp, the particle diameter. The mean free path for air is 
usually extremely small (e.g., <0.1 /an) in standard 
temperature and pressure conditions and increases with the 
absolute temperature. The familiar result for conductive heat 
transfer between a particle and motionless fluid (Nu = 2) is 
shown to be accurate only under the condition Kn < < 1.0. 
However, as the particle size shrinks to be comparable to the 
gas mean free path, the heat transfer rate reduces since the 
motions of the gas molecule, which characterize energy 
transfer by conduction, are hindered. The Nu versus Kn rela
tion for both monotonic and diatomic gas molecules is 
presented in Fig. 5. Also shown in Fig. 5 is a value of Nu taken 
from Clift (1978). The variable a is the accommodation coeffi
cient, which is equal to 1 for perfect accommodation (as the 
temperature of the gas molecule approaches that of the parti
cle), and is equal to 0 if no energy is exchanged. 

Utilizing results presented in Figs. 4 and 5, the transient 
temperature of the solid particles and the gas phase are 
depicted in Figs. 6(a) and 6(b), respectively. For small particles 
(e.g., dp < 10"5m), the heating rate is determined by the net 
energy gain from direct radiative absorption and emission 
loss. The temperature between the particles and the gas is ex
tremely small and the energy loss from the particles to the gas 
is significant in affecting the particle heating rate. For large 
particles (e.g., dp > 10~3m), the temperature difference be
tween the particle and the gas is quite large. The small surface-
area-to-volume ratio makes the energy loss from the particle 
to the gas quite insignificant in affecting the particle heating 
rate. The transition from the small particle limit to the large 
particle limit seems to be between 10"5 m and 10~3 m. It is in 
this transition zone that energy loss from the particle to the gas 
becomes significant. The relatively slow temperature rise for 
particles with diameters 10 ~4 and 10 ~5 m reflects this condi-
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Particle temperature of the gas/particle mixture after heated by solar 
flux Q = 10» W/m1. Initial mass loading G = 10"3 Kg/m3-d is 
diameter of the particle. 

Effect of mass loading G: larger G results in more rapid gas 
heating, but does not affect the final temperature at steady state. 

£ 
a 

1-

te
m

p
er

at
u

re
 

«> •a 
2 

1,000 

800 

600 

400 

200 

/ ' 
/ d = 0.1 Jim 

-/V -/ / / 

\l 

i 

r i' 

1 and 1000 

100 

10 ^ • 

l I 

! 

_ 

-

Time t (sec) 

Fig. 6(a) Particle temperature of the mixture alter being heated by Q, 
= 106 W/m2. Initial mass loading G = 10~ 3 kg/m3. 
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Fig. 7 Effect of mass loading G on gas temperature (Q; = 106W/m2) 

Gas temperature of the gas/particle mixture after heated by solar 
fluxQ = 10s W/m2. Initial mass loading G = 10'3 Kg/m3.d is 
diameter of the particle. 

Table 1 Comparison of particle-gas temperature difference between 
the theoretical limits and the numerical computation 
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Fig. 6(b) Gas temperature of the mixture after being heated under the 
same conditions as in 6(a) 

tion. It is clear that the highest gas heating rate occurs for a 
mixture consisting of the smallest particle. This is because the 
smaller surface-area-to-volume ratio and smaller absorption-
to-emission ratio, mentioned above, for the larger particles 
result in less efficient heat exchange between the solid and gas 
phases. It is also interesting to note that even in the case of dp 
= 1000 ixm, where the gas temperature remains essentially un
changed from the initial state, the solid particles are still very 
efficient in absorbing radiative energy. A larger-particle/air 
mixture is thus desirable for a solid-particle solar receiver con
cept as described by Hruby and Steele (1985), where high-
temperature solid particles, not high-temperature air, are the 
required product. Since the gas and the particle temperatures 
are almost identical when particles are small enough (e.g., dp 
< 1 (ixa), a single-temperature model should be acceptable 
under such circumstances. Adapting this simplification will 
then allow the model to be extended easily to take into con
sideration the radiative attenuation in the ray direction which 
is neglected in this study. 

dp 
(um) 

0 . 1 

1 

10 

10 2 

1Q3 

Temperature 

Theoretical 

Max. (Tp - Tg) 

(K) 

0 . 8 

2 . 8 

14.1 

361.1 

3610.9 

difference 

This work 

T - T 
P g 

(K) 

0 

0 

9 .7 

274.4 

1093.2 

The effect of the particle mass loading factor is shown in 
Fig. 7. It is evident that the amount of solid particles in the 
mixture strongly affects the rate of radiation absorbed, thus 
affecting the heating rate of the gas phase. However, it is also 
interesting to note that the temperature at steady state is not 
changed by the amount of solid particles in the mixture. The 
present model, which does not consider the scattering effect 
and radiative attenuation in the mixture, would not be valid as 
the optical thickness of the cloud becomes appreciable. The 
absorption coefficient aabs of the mixture can be expressed as 

_ 3 gabs G Tg(t = Q) 
2 dp pp Tg(t) 

Since aabs increases with the mass loading G, the validity of the 
large-mass loading result is somewhat uncertain. 

The effect of incoming radiative flux Q, is shown in Fig. 8. 
The higher flux renders a higher gas temperature, as expected. 
However, energy loss by radiation at higher temperature is 
also higher, and this results in less effective energy gain. 

The maximum possible temperature difference between the 
solid and gas phases has been predicted earlier by Yuen et al. 
(1986). Using the argument that during the heating process the 
radiative energy absorbed by the particles is always larger than 
the conductive energy lost to the surrounding gas, and without 
considering the emission loss by the particle itself, they con
cluded that 
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Table 2 Radiative properties or the carbon particles (weighted by the black body emis
sion power) 

dp(lim) 

0.01 
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0.758 
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K 
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0.076 

1.358 

0.783 
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T = 

"sea 
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0.001 
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1.396 

1000 K 

u 
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0.016 
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Table 3 Effect of h on particle and air temperatures 

Nu 

( d P = 

2 .0 
1.0 
0 .1 
0 . 0 5 * 
0 . 0 1 

( d p -

2 .0 
0 . 9 5 * 
0 .1 
0 .01 

( d P = 

2 .0 
1 .91* 
1.0 
0 .1 
0 .01 

10~7m) 

10~6m) 

10~5m) 

h (W/ 

2.15 
1.07 
1.07 
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1.07 

1.02 
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Ah 

(10) 

Their results and the present numerical calculations are 
listed in Table 1 for comparison. It can be readily observed 
that the theoretical prediction is satisfactory compared to the 
numerical results for a small-particle/air mixture. For a large-
particle/air mixture the theoretical prediction, although still 
true, is less accurate. 

It was mentioned earlier that the scattering effects are not 
included in the analysis. The possible contribution from scat
tering is indicated in Table 2 for different particle sizes. In the 
table, gsca is t n e scattering efficiency of a single sphere and w 
(defined as QabsAGabs + Qsca)) ls t n e albedo, which is a 
measure of the relative importance of scattering. It is quite 
clear that the scattering contribution for very small particles 
(dp < 0.1 /im) is negligible at low temperatures. Scattering is 
important and should be included in the analysis for the 
larger-particle/air mixture. The results shown in Fig. 6(a) and 
Fig. 6(b) for the large particle/air mixture can thus be 
somewhat inaccurate. 

The uncertainty in the heat transfer coefficient h is expected 
to affect the temperatures Tp and Tg. This effect is examined 
and the results are indicated in Table 3. The particle and air 
temperatures based on Nu from Fig. 5 are shown there, 
together with results based on arbitrary Nu. It appears that the 
uncertainty in the Nusselt number for small particles is not 
significant, as long as the Nusselt number is "large" enough 
to result in a small difference between the gas and particle 
temperatures. The range of Nu which renders acceptable 
results is much larger for small particles than for large ones. 
As indicated earlier, the Nusselt number obtained in Fig. 5 ig
nores the relative motion between the particle and the sur
rounding gas, and this tends to underestimate the heat transfer 
rate between the two. The calculated values in Table 3 seems 

0 0-1 0-2 0.3 0.4 0-5 0.6 0.7 0.8 0-9 1.0 5.0 

Time t (sec) 

Fig. 8 Effect of incoming radiation flux O, on gas temperature (G 
10~ 3 kg/m3) 

to suggest that the errors incurred should be insignificant for 
particle size as small as 10~7 m, but may be serious if the parti
cle is larger than 10 "5 m. 

Concluding Remarks 

This study aims at finding the maximum possible heating 
rate of the gas phase in a particle/air mixture. A simple two-
temperature, transient analysis indicates that very high air 
temperature (> 1000 K) in a very short time (< 1 second) ap
pears to be feasible if the particle size, mass loading, and input 
radiative source are well arranged. Utilizing small particles in 
a mixture can result in a very high heating rate for the air. 
However, it should be noted that in the analysis the particle 
scattering effect, radiation attenuation in the mixture and con-
vective heat transfer between the particle and surrounding gas 
have been neglected. The consideration of the first two factors 
tends to lower the gas heating rate while the third factor may 
render the opposite effect for large particles and gas mixture. 
Since the temperature difference between the small particle (dp 
< 1 (jm) and the surrounding air is negligible, the present 
analysis can be modified by adapting a single-temperature 
model under such circumstances. The simplification will then 
make transient radiative transfer analyses, such as the two-
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flux model or the discrete-ordinate methods, easier to be 
implemented. 
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A P P E N D I X 

To illustrate the effect of cloud emission as the energy 
balance of a single particle within the cloud, consider a parti
cle with radius rp situated in the middle of a particle cloud 
with cloud radius R. For a mass loading G, the particle 
number density of the cloud can be written as 

N=-
4 

-m ( i i ) 

with Tgj0 being the initial temperature at which the particle 
cloud is generated and Tg the instantaneous gas temperature. 
The particles are assumed to be stationary relative to the gas in 
the development of equation (11). The average inter-particle 
distance can be written as 

1 
dg = 2rg (12) 

TTN 

Based on equations (11) and (12), the ratio of particle radius to 
inter-particle radius can be written as 

TP - ( GTBQ \ 

r. V P„T„ ) 
(13) 

Note that for most practical applications for which the 
present work is intended for, G is in the order of 10 ~3 Kg/m3 

and pp = 2000 Kg/m3 for solid carbon. The ratio rp/rg is thus 
typically less than 10"2. 

To estimate the radiative emission from the cloud to a parti
cle, the radiant energy emitted by a differential volume dVto a 
surface area element dAp on a particle as shown in Fig. 9 is 

Particle dAp 

Layer of cloud 
Fig. 9 Relationship between a particle and the surrounding cloud 

(14) 
oT„4 cos 0 

dqR = <Tabs —~ 2— e~TdApdVs 

where <rabs is given by equation (8) and 

s2 = r2 + rp
2 - 2rrpcos<j> (15) 

dAp=rp
2s\n<j>d4>dy (16) 

0 = 0 + 7 (17) 

and 7 is the azimuthal angle measured relative to the center of 
the particle. Since the region r < rg consists only of gas which 
is assumed to be optically transparent in this work, the optical 
thickness, r, is given by 

T - ^ a b s ^ - ^ ) (18) 

Since rp/rg is typically less than 10~2, it can be readily shown 
that sg is approximately rg. Equation (18) then becomes, 

r=oabs(s-rg) (19) 

The total radiant energy emitted by dV and intercepted by 
the whole particle is 

dqR,p = o^dVs—?-\ 
T J 

oT„4 tcos V / r cos 0 
e-Trp

22irsin<l>d(t> (20) 

Since the above expression is independent of the angular 
coordinate of dVs, the net radiant energy arrived at the parti
cle due to the emission of the surrounding particles can be 
written as 

Qp=o^saT*%trrp 
J r„ Jo 

e-Tr2sin4>d<l>dr (21) 

Using the fact that rp << rg, the above integral can be 
evaluated in closed form to yield 

Qp = 4irrp
2e(Tg,Tp)o-Tp (22) 

where e (Tg, Tp) can be interpreted as an effective emissivity of 
the cloud given by 

e(Tp,Tg)=l-e-o-abs(R-rg) 

'(-£)« abs 'g e 
"ahs^ 

[ £ i ( « W , ) - £ i ( » . b . * ) ] (23) 

where E^x) is the familiar exponential integral function de
fined as 

f' 1 
E\ (*) = I — e-x/ydy 

io V 
(24) 
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Based on equation (8) and equation (13), the terms aabs rg can 
be simplified to yield 

• W ^ ^ - G a b s f ^ - ) (25) 

The cloud radius, R, is related to the total number of particles 
in the cloud, NT, by 

R=NT
U3rg (26) 

Equations (28) and (26) can be substituted into equation (23) 
to yield 

e(Tp,Tg) = 1 - e x p [ ~ (NT"3 - l)Q.b,(/>/r,)2] 

-l/2Qabs(^-)3exp[-fQabs(^.)2][£l(_| 

Since rp/rg is in the order of 0.01 and Qabs is generally in the 
order of unity, e (Tp, Tg) is significant only if the product 
NT

I/3 (rp/rg)
2 is in the order of unity. This requires NT to be 

approximately 1012. The effect of emission by the particle 
clouds on the energy balance of a single particle is thus in
significant except for an extremely large particle cloud. 
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