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Experimental estimate of energy accommodation coefficient at high temperatures
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The energy accommodation coefficient~EAC!, which is used to characterize gas-surface interactions, was
experimentally estimated at high temperatures. A method utilizing laser irradiation to heat up nanoparticles that
are generated in a flame was proposed. From the obtained dependence of particle temperature upon laser
power, the EAC was derived to be approximately equal to 0.005, which agrees nicely with our recent rigorous
theoretical result. It indicates that the efficiency of heat transfer between gas and particles is sufficiently small
in high temperature system at large Knudsen numbers.
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I. INTRODUCTION

Different accommodation coefficients have been tra
tionally used to describe the interaction between a gas a
condensed body@1#. These coefficients have been exte
sively studied both theoretically and experimentally@1–9#.
In addition to being of scientific significance, the values
accommodation coefficients are very important for differe
practical applications. In particular, the flame synthesis
nanoparticles requires an understanding of the macrosc
average heat transfer between gas and nanoparticles in
flame. The efficiency of this heat transfer that occurs in fr
molecular regime of collisions is defined by the energy
commodation coefficient~EAC!, which should be known to
describe the particle temperature history. This leads to a n
to know the EAC at high temperatures. In order to verify t
EAC used, its theoretical and experimental values should
compared. Such a comparison has been successfully ma
low temperatures. However, there is some uncertainty
high temperatures, because of a lack of experimental in
mation.

It should be mentioned that two different approaches
principle may be used to model gas-surface interactio
classical and quantum-mechanical models. The soft-c
model, for instance, was used as a classical model for E
calculation@2#. In this model, a surface particle is attach
by a single spring to a fixed lattice. Here we avoid discuss
the detail of such models, but note that it is usually ve
difficult to satisfy the principle of detailed balancing in th
framework of the classical model. Furthermore, one of
main postulates of the classical consideration, related to
continuity of energy transferred at the gas-surface collisi
violates the discrete character of oscillator energy states@10#.
In terms of the quantum-mechanical modeling of EAC, t
condensed body is considered as an ensemble of phon
Unlike the classical consideration, the quantum-mechan
model itself satisfies the detailed balancing. However,
problem with the unitarity appears at the probability calcu
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tion that may lead to the loss of generality of the quantu
mechanical result.

Recently, it was proposed to apply quantum mechanic
order to get the upper estimate of the EAC value at h
temperatures instead of seeking its exact calculation tha
the unsolvable problem, in principle@11#. The result based
on detailed balancing alone shows that the EAC is boun
above by an expression that asymptotically tends to z
@11#. Then, for instance, independently on the gas-surf
molecule mass ratio, the EAC value is less than 0.01 a
typical temperature of approximately 2000 K in the flam
aerosol systems. Such an estimate would be useful for
ferent applications, such as the laser-induced incandesc
technique@12# for in situ sizing of aerosols. The smallness
EAC is very important for the description of nanopartic
formation in a flame, and leads to some critical behavior
the particle growth@13#. It should be pointed out that th
general result of classical models, like the soft-cube mo
is that EAC tends asymptotically to the limited value at
infinite temperature. This value is determined by the ratio
the masses of the gas molecule and the surface particle.
EAC may be small in the case of a small mass ratio and c
to unity in the case of gas and condensed molecules of s
lar masses. Thus the value of EAC was found experiment
to be approximately 0.015 for He-W and 0.9 for Xe-W sy
tem at low temperatures@14#. Measurements at intermedia
temperatures indicate that the EAC value may decrease
the increase of the condensed body temperature@9#. To our
knowledge, the measurement of EAC at high gas and c
densed body temperatures has not been done yet. A mea
ment of EAC at high temperatures is needed to determine
appropriate choice for EAC modeling. The importance of t
knowledge of the EAC value at high temperatures for va
ous applications should also be taken into account.

It is very difficult to measure the EAC at high temper
tures using usual techniques@1#. In this paper we propose a
approach that allows us to estimate the value of EAC at h
temperatures. The idea of this approach lies in the stud
heating up silica nanoparticles by a laser irradiation direc
within a flame that generates these particles. The main d
culty is the principle impossibility of measuring the actu
particle temperature. However, only a knowledge of parti
©2001 The American Physical Society02-1
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temperature changes within the laser beam is sufficient
the EAC estimate. Motivated by this, we developed a te
nique to extract these temperature changes from the v
tions of flame luminosity during laser irradiation. The o
tained dependence of the particle temperature upon the
power allows us to estimate the EAC value. To the bes
our knowledge, it was found to be very small at high te
peratures for the first time in the system of gas and c
densed molecules of similar masses.

II. METHOD AND RESULTS

According to the usual approach to EAC determinatio
the temperature difference between a condensed body
gas should be measured at a known heat flux. In the cas
a particle within a flame, these values cannot be dire
measured. However, the determination of the changes o
particle temperature at the known variations of heat flux
lows us to extract EAC. In the case of a nanoparticle exist
in a flame, the variation of heat flux between the particle a
the gas may be realized by heating up the particle by a C2
laser beam, for example@15#. The main problem is then to
obtain the change of particle temperature. It should be no
that absolute measurement of particle temperature with

FIG. 1. Ratio of flame radiation intensities with and witho
laser irradiation for different laser powers.
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flame is impossible in principle, because of a lack ofa priori
information about particle emissivity@16,17# In order to de-
termine the change of particle temperature, we used the
sult of the measurement of the luminosity of the flame wh
irradiated by a CO2 laser@17#. The luminosity was measure
from the flame region where only spherical particles ex
@15#.

The CO2 laser irradiation leads to particle heating and
change of flame luminosity. The measured ratio of the fla
radiation intensitiesI l at the wavelengthl with and without
laser irradiation is given by

lnS I l

I l0
D 5 lnS f V

f V0
D 1

hc

kB
n̄S 1

TP0

2
1

TP
D 1 lnF q~l,TP!

q~l,TP0
!G ,

~1!

wheren̄[1/l is the wave number,f V is the particle volume
fraction,TP is the particle temperature in the flame, andq is
the ratio of particle emissivity to its radius. Here the su
script 0 denotes the value without laser irradiation. In t
case of the linear dependence of ln(Il /Il0

) on the wave num-
ber, the slope of this dependence yields the change of
inverse of the particle temperature. However, regardles
laser power, a similar pattern, showing an inflection poi
was found in Ref.@17#. Changes of particle temperature ca
not then be directly obtained. The nonlinear behavior
ln(Il /Il0

) stems from the nonlinear behavior o

ln@q(l,TP)/q(l,TP0
)# as reported in Ref.@17#. The typical

logarithm of the ratio of the flame radiation intensitiesI with
and without laser irradiation has been measured in Ref.@17#
and is shown in Fig. 1. The wave numbers corresponding
this inflection point are the same for all laser powers us
and coincide with the wave number in the inflection point
ln@q(l,TP0

)#. This inflection point just allows us to estimat
the change of the particle temperature. At the inflect
point, the particle temperature change can be expressed

FIG. 2. Dependence of particle temperature on laser power:TPl
,

the present study;Tf Ref. @18#.
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1

TP0

2
1

TP
5

kB

hcF d ln~ I l /I l0
!

dn̄
2

q~l,TP0
!
]2q~l,TP!

]n̄2
2 q~l,TP!

]2q~l,TP0
!

]n̄2

q~l,TP0
!
]q~l,TP!

]n̄
1q~l,TP!

]q~l,TP0
!

]n̄

G
in f l .p.

. ~2!

Since the wave numbers corresponding to the inflection point are the same regardless of the applied laser powe
means independence on the particle temperature, we can write

]2

]n̄2
@ ln~q~l,TP0

!!# in f l .p.50, ~3!

]3

]TP]n̄2
@ ln~q~l,TP!!# in f l .p.50. ~4!

Using Eqs.~3! and ~4! yields

1

TP0

2
1

TP
5

kB

hcF d ln~ I l /I l0
!

dn̄
22~TP2TP0

!

]q~l,TP0
!

]n̄

]2q~l,TP0
!

]TP0
]n̄

2

H ]q~l,TP0
!

]n̄
J 2

q~l,TP0
!

]q~l,TP0
!

]TP0

q~l,TP0
!
]q~l,TP!

]n̄
1q~l,TP!

]q~l,TP0
!

]n̄

G
in f l .p.

. ~5!
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Since the particle emission coefficientq is due to the tail
absorption deep in the forbidden band@17#, it is obvious that

]q~l,TP0
!

]n̄
>0, ~6!

]q~l,TP0
!

]TP0

>0, ~7!

]2q~l,TP0
!

]TP0
]n̄

<0. ~8!

Then Eqs.~2!–~8! lead to

1

TP0

2
1

TP
>

kB

hcFd ln~ I l /I l0
!

dn̄
G

in f l .p.

. ~9!

Then the expression

1

TP0

2
1

TPl

5
kB

hcFd ln~ I l /I l0
!

dn̄
G

in f l .p.

~10!

gives a lower estimateTPl
for the particle temperature in th

flame irradiated by CO2 beam. The particle temperature
the flame without CO2 irradiation,TP0

, is about 2000 K@17#.
05220
The lower estimate of the particle temperature calculated
accordance with Eq.~10! is given in Fig. 2. For comparison
the particle temperatureTf obtained by a fitting of ln(Il /Il0

)
dependence@18# is also presented in Fig. 2. This fitting wa
made on the base of the theory of light absorption in the c
of strong Coulomb disorder of heavily doped semiconduct
@19#. As can be seen from Fig. 2, the two estimates of p
ticle temperatures that are obtained by different meth
give approximately the same values. The similarity ofTPl

andTf is apparently caused by negligible value of the seco
term on the right-hand side of Eq.~2! calculated at the in-
flection point. This estimate can then be used to extract
EAC value.

The temperature of a particle within a flame irradiated
a laser beam is determined by four physical proces
namely, laser absorption, particle radiation, heat transfe
the surrounding gas, and particle evaporation. For small
ticles ~compared with the mean free path of gas molecu!,
the following heat balance equation can be written as a fu
tion of the particle temperature after consideration of
cases with and without laser irradiation

q0a
4W

pD2
pa25Qavs~TP

4 2TP0

4 !4pa21
aEPgct

8Tg

g11

g21
~TP

2TP0
!4pa21~GV2GV0

!DH4pa2, ~11!

whereW is the applied power of the laser,D is the diameter
of the laser beam,q0 is the particle absorption coefficient a
2-3



-

es
su

-
-

th

m
r
ca

th
ea
a
lu
n
ttr

f
bl

n-
ment
ent
can
%.
lica
me
e
e

the
on-
ted
ser
cle
re-

nd
rac-
ate
eri-
lly

-
lly
en
ticle
of

sfer
sol
ticle

RI
try
21
is

BRIEF REPORTS PHYSICAL REVIEW E 64 052202
the wavelength of the CO2 laser (10.6mm), ands is the
Stefan-Boltzmann constant. HereaE is the energy accommo
dation coefficient,Pg is the gas pressure,Tg is the gas tem-
perature,ct is the average thermal velocity of gas molecul
g is the ratio of the specific heat of gas at constant pres
to its value at constant volume,GV is the flux density of
vapor leaving the particle,DH is the specific heat of evapo
ration,a is the particle radius, andQav is the particle absorp
tion efficiency averaged with the Planck function.

It is obvious that

q0a
4W

pD2
pa2>

aEPgct

8Tg

g11

g21
~TP2TP0

!4pa2. ~12!

Therefore,

aE<
q0a

pD2

8Tg

Pgct

g21

g11

dW

dTP
. ~13!

We then used the numerical values corresponding to
experiment, which areq051.73103 cm21, D53.3 mm,
a540 nm, Tg52000 K, g51.4 ~nitrogen!, Pg51 atm,
ct51230 m/sec, and the value (dW/dTPl

).1.2 W/K cor-
responding to data in Fig. 2. The obtained energy accom
dation coefficient isaE<0.005. It should be noted that fo
calculation ofqo we used the optical constant of fused sili
at high temperature@20#.

III. DISCUSSION AND CONCLUSIONS

In this study we reveal that the upper estimate for
value of the energy accommodation coefficient for the h
transfer between silica nanoparticles and gas is very sm
Of course one should be wary about accepting the abso
value of the EAC determined, although the order of mag
tude seems to be correct. The possible errors can be a
uted to the following. The exact dependence ofW(TP) might
be less steep than that ofW(TPl

), leading to lower values o
EAC. In order to avoid a question related to the possi
05220
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heating of gas by its absorption of laser irradiation, we co
ducted a special experiment on gas temperature measure
in flame without nanoparticles. The temperature increm
was not more than 100 K at a laser power 1000 W. This
lead to an error of the EAC estimate not larger than 15
Possible gas heating by the energy removal from the si
nanoparticles was disregarded due to the tiny particle volu
fraction within flame. It is obvious that the change of th
particle temperature is proportional to the particle volum
fraction if the gas heating through heat transfer between
irradiated particles and the gas is significant. In order to c
firm the negligible gas heating, we experimentally estima
the variation of the particle temperature change in the la
beam at different flame regions, in which the relative parti
volume fraction could be determined by scattering measu
ment@15,21#. The change of particle temperature was fou
to be not considerably dependent on the particle volume f
tion. Therefore, we believe that the obtained upper estim
of the EAC value 0.005 is reasonably accurate. This exp
mental value is in a good agreement with the theoretica
predicted behavior of the EAC at high temperatures@11#.
This EAC tendency to become sufficiently low at high tem
peratures~unlike the value about 1 that has been usua
used! is indicative of an inefficiency of heat transfer betwe
the gas and the particle at high temperatures, if gas-par
collisions occur in free-molecular regime. The smallness
the EAC should be taken into account when the heat tran
is considered within the high temperature ultrafine aero
systems, which are ranged from the combustion nanopar
synthesis to the interstellar grain formation.
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