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Experimental estimate of energy accommodation coefficient at high temperatures
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The energy accommodation coeffici€BAC), 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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[. INTRODUCTION tion that may lead to the loss of generality of the quantum-
mechanical result.

Different accommodation coefficients have been tradi- Recently, it was proposed to apply quantum mechanics in
tionally used to describe the interaction between a gas andader to get the upper estimate of the EAC value at high
condensed bodyl]. These coefficients have been exten-temperatures instead of seeking its exact calculation that is
sively studied both theoretically and experimentdlly-9].  the unsolvable problem, in principlel1]. The result based
In addition to being of scientific significance, the values ofon detailed balancing alone shows that the EAC is bounded
accommodation coefficients are very important for differentabove by an expression that asymptotically tends to zero
practical applications. In particular, the flame synthesis of11]. Then, for instance, independently on the gas-surface
nanoparticles requires an understanding of the macroscopfgolecule mass ratio, the EAC value is less than 0.01 at a
average heat transfer between gas and nanoparticles in thgical temperature of approximately 2000 K in the flame
flame. The efficiency of this heat transfer that occurs in free@€rosol systems. Such an estimate would be useful for dif-
molecular regime of collisions is defined by the energy aC_ferent_ appllcanon_s, s_uch_ as the laser-induced incandescence
commodation coefficientEAC), which should be known to techn[que[lz] for in situ sizing of aeros.ols.. The smallness_ of
describe the particle temperature history. This leads to a nedd \C IS very Important for the description .Qf nanopar_tlclc_a
to know the EAC at high temperatures. In order to verify theformangn in a flame, and leads to some critical behavior in
EAC used, its theoretical and experimental values should b}ahe particle growtl‘[13]'. It should b? pointed out that the
compared. Such a comparison has been successfully made.gsa neral result of classical m_odels, like th_e §0ﬂ-cube model,

) ) iS that EAC tends asymptotically to the limited value at an
low temperatures. However, there is some uncertainty absi

hiah b £ a lack of . |inf nite temperature. This value is determined by the ratio of
n:gt_otr?mperatures, ecause of a lack of experimental inforg, o masses of the gas molecule and the surface particle. The
ion.

] ) . EAC may be small in the case of a small mass ratio and close
It should be mentioned that two different approaches, ing njty in the case of gas and condensed molecules of simi-
principle may be used to model gas-surface interactionggr masses. Thus the value of EAC was found experimentally
classical and quantum-mechanical models. The soft-cubg pe approximately 0.015 for He-W and 0.9 for Xe-W sys-
model, for instance, was used as a classical model for EAGem at low temperaturgd4]. Measurements at intermediate
calculation[2]. In this model, a surface particle is attachedtemperatures indicate that the EAC value may decrease with
by a single spring to a fixed lattice. Here we avoid discussinghe increase of the condensed body temperdi@iteTo our
the detail of such models, but note that it is usually veryknowledge, the measurement of EAC at high gas and con-
difficult to satisfy the principle of detailed balancing in the densed body temperatures has not been done yet. A measure-
framework of the classical model. Furthermore, one of thement of EAC at high temperatures is needed to determine the
main postulates of the classical consideration, related to thappropriate choice for EAC modeling. The importance of the
continuity of energy transferred at the gas-surface collisionknowledge of the EAC value at high temperatures for vari-
violates the discrete character of oscillator energy sfd@s  ous applications should also be taken into account.
In terms of the quantum-mechanical modeling of EAC, the It is very difficult to measure the EAC at high tempera-
condensed body is considered as an ensemble of phononares using usual techniqugs|. In this paper we propose an
Unlike the classical consideration, the quantum-mechanicapproach that allows us to estimate the value of EAC at high
model itself satisfies the detailed balancing. However, theemperatures. The idea of this approach lies in the study of
problem with the unitarity appears at the probability calcula-heating up silica nanoparticles by a laser irradiation directly
within a flame that generates these particles. The main diffi-
culty is the principle impossibility of measuring the actual
*Corresponding author. Email address: mchoi@plaza.snu.ac.kr particle temperature. However, only a knowledge of particle
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temperature changes within the laser beam is sufficient for o) ke {Te, Te ax,Te,)

the EAC estimate. Motivated by this, we developed a tech- (1)
nigue to extract these temperature changes from the varia- .

tions of flame luminosity during laser irradiation. The ob- wherevy=1/\ is the wave number,, is the particle volume
tained dependence of the particle temperature upon the lastaction, Ty is the particle temperature in the flame, api
power allows us to estimate the EAC value. To the best othe ratio of particle emissivity to its radius. Here the sub-
our knowledge, it was found to be very small at high tem-script 0 denotes the value without laser irradiation. In the
peratures for the first time in the system of gas and conease of the linear dependence ofijri(,,) on the wave num-

densed molecules of similar masses. ber, the slope of this dependence yields the change of the
inverse of the particle temperature. However, regardless of
Il. METHOD AND RESULTS laser power, a similar pattern, showing an inflection point,

. .. was found in Ref[17]. Changes of particle temperature can-
According to the usual approach to EAC determination,not then be directly obtained. The nonlinear behavior of
the tehmpledrabture dlfferer&cet beliween ﬁ c??ldenlse?hbody ag ; I\/,) stems from the nonlinear behavior of
as should be measured at a known heat flux. In the case . .
g particle within a flame, these values cannot be directl n[q(§,Tp)/q(x,Tp0)] _as reported in R_ef[_l?]._ The_typ|_cal
measured. However, the determination of the changes of tHggarithm of the ratio of the flame radiation intensitleith
particle temperature at the known variations of heat flux al&nd without laser irradiation has been measured in Ref.
lows us to extract EAC. In the case of a nanoparticle existingnd is shown in Fig. 1. The wave numbers corresponding to
in a flame, the variation of heat flux between the particle andhis inflection point are the same for all laser powers used
the gas may be realized by heating up the particle by a coand coincide vv_lth_ the wave ngml;_)er in the inflection p_omt of
laser beam, for examplel5]. The main problem is then to N[A(\,Tp)]. This inflection point just allows us to estimate
obtain the change of particle temperature. It should be notethe change of the particle temperature. At the inflection
that absolute measurement of particle temperature within point, the particle temperature change can be expressed as
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Since the wave numbers corresponding to the inflection point are the same regardless of the applied laser powers, which

means independence on the particle temperature, we can

2

infl.p.

write

a
ﬁ[ln(q(x,Tpo))]mn_pé0, 3
{93
aTPa;Z[In(q()\aTP))]infl.p.:O- (4)
Using Eqgs.(3) and(4) yields
i a9\ Tp,) | * 7
99N, Tr,) PG\, Tr,) ov ) dANTe)
1 1 kg| dIn(/1,) v ITp v a(\,Te,) ITp,
T T "hel = 2(Te=Tey) G)
Te, T he dv Jq(N, Tp) aq(N, Tp,)
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Since the particle emission coefficienis due to the tail
absorption deep in the forbidden bard], it is obvious that

(9Q()\7TPO)
_—=

0, (6)
v
aq()\ lTPO)
- =
o 0, (7)
g\, Tp,)
&TPOO"V

Then Egs(2)—(8) lead to

1 1 kg|dIn(h/Ty)
Po P dv .
infl.p.
Then the expression
1 1 kg|dIn(I/1y)
— = (10
Tp, Tp hc dv A
infl.p.

gives a lower estimatﬁpI for the particle temperature in the

infl.p.

The lower estimate of the particle temperature calculated in
accordance with Eq10) is given in Fig. 2. For comparison,
the particle temperaturg; obtained by a fitting of Ir{ /1, )

dependencgl8] is also presented in Fig. 2. This fitting was
made on the base of the theory of light absorption in the case
of strong Coulomb disorder of heavily doped semiconductors
[19]. As can be seen from Fig. 2, the two estimates of par-
ticle temperatures that are obtained by different methods
give approximately the same values. The similaritqu;»,fI

andT; is apparently caused by negligible value of the second
term on the right-hand side of E¢R) calculated at the in-
flection point. This estimate can then be used to extract the
EAC value.

The temperature of a particle within a flame irradiated by
a laser beam is determined by four physical processes,
namely, laser absorption, particle radiation, heat transfer to
the surrounding gas, and particle evaporation. For small par-
ticles (compared with the mean free path of gas molegule
the following heat balance equation can be written as a func-
tion of the particle temperature after consideration of the
cases with and without laser irradiation

agPgyc y+1

aﬂwazzQ o(TE—T3 )dma?+ —
Qo D2 av P~ Ip, 8T, y 1 P

—Tp)4ma’+(Gy— Gy, )AH4ma? (11

flame irradiated by C®beam. The particle temperature in whereW is the applied power of the lasd, is the diameter

the flame without C@irradiation,Tp, is about 2000 K17].

of the laser beanyy is the particle absorption coefficient at

052202-3



BRIEF REPORTS PHYSICAL REVIEW E 64 052202

the wavelength of the CQlaser (10.6 um), ando is the  heating of gas by its absorption of laser irradiation, we con-
Stefan-Boltzmann constant. Hetg is the energy accommo- ducted a special experiment on gas temperature measurement
dation coefficientPy is the gas pressurd@y is the gas tem- in flame without nanoparticles. The temperature increment
peratureg, is the average thermal velocity of gas molecules,was not more than 100 K at a laser power 1000 W. This can
v is the ratio of the specific heat of gas at constant pressur€ad to an error of the EAC estimate not larger than 15%.
to its value at constant volum&, is the flux density of Possible gas heating by the energy removal from the silica
vapor leaving the particleAH is the specific heat of evapo- nanoparticles was disregarded due to the tiny particle volume
ration,ais the partide radiUS, ar@au is the partic|e absorp_ fraction within flame. It is obvious that the Change of the

tion efficiency averaged with the Planck function. particle temperature is proportional to the particle volume
It is obvious that fraction if the gas heating through heat transfer between the

irradiated particles and the gas is significant. In order to con-
AW . agPgc y+1 5 firm the negligible gas heating, we experimentally estimated
God——; 7a"= o= —1 (Tp—Tpy)4ma”. (12 the variation of the particle temperature change in the laser
7D g 7 beam at different flame regions, in which the relative particle
volume fraction could be determined by scattering measure-
ment[15,21. The change of particle temperature was found
qoa 8Ty y—1 dW to be not considerably (_jependent on the particle volume_ frac-
QS —— P yrldre (13)  tion. Therefore, we behelve that the obtained upper estimate
7D FgCt Y P of the EAC value 0.005 is reasonably accurate. This experi-
mental value is in a good agreement with the theoretically
5redicted behavior of the EAC at high temperatuf&s].
. This EAC tendency to become sufficiently low at high tem-
a=40 nm, T,=2000 K, y=1.4 (nitrogen), Py=1 atm, peratures(unlike the value about 1 that has been usually
¢,=1230 m/sec, and the valuel\V/dTp)=1.2 W/K cor- <0 is indicative of an inefficiency of heat transfer between
responding to data in Fig. 2. The obtained energy accommahe gas and the particle at high temperatures, if gas-particle
dation coefficient isag=<0.005. It should be noted that for collisions occur in free-molecular regime. The smallness of
calculation ofg, we used the optical constant of fused silicathe EAC should be taken into account when the heat transfer

\

Therefore,

We then used the numerical values corresponding to th
experiment, which arg,=1.7x10° cm !, D=3.3 mm,

at high temperaturg20]. is considered within the high temperature ultrafine aerosol
systems, which are ranged from the combustion nanopatrticle
Ill. DISCUSSION AND CONCLUSIONS synthesis to the interstellar grain formation.

In this study we reveal that the upper estimate for the
value of the energy accommodation coefficient for the heat
transfer between silica nanoparticles and gas is very small. ACKNOWLEDGMENTS
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