| hd |

NRC Publications Archive
Archives des publications du CNRC

Measurement of thermal accommodation coefficients using laser-

induced incandescence
Daun, K. J.; Mercier, P. H.; Smallwood, G. J.; Liu, F.; Le Page, Y.

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de I'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

Publisher’s version / Version de I'éditeur:

2007 ASME-JSME Thermal Engineering Summer Heat Transfer Conference
[Proceedings], 2007

NRC Publications Archive Record / Notice des Archives des publications du CNRC :
https://nrc-publications.canada.ca/eng/view/object/?id=166ef9d8-6338-47f9-8f19-a14c5ebb3e31
https://publications-cnrc.canada.ca/fra/voir/objet/?id=166ef9d8-6338-47f9-8f19-a14c5ebb3e31

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’accés a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la
premiére page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

 Ld

National Research  Conseil national de
Council Canada recherches Canada Canada



*WR001844* *CT-07781237-4%*

e CISTI ICIST

Document Delivery Service Service de fourniture de Documents
in partnership with the Canadian Agriculture Library en collaboration avec la Bibliothéque canadienne de 'agriculture

THIS IS NOT AN INVOICE / CECI N’/EST PAS UNE FACTURE

MARIA CLANCY ORDER. NUMBER : cT-07781237-4
DGO Account Number: WR001844
INST FOR CHEM PROCESS & ENVIR TECH .
NATIONAL RESEARCH COUNCIL CANADA Delivery Mode: XLB
M-12, ROOM 141, 1200 MONTREAL RD. Delivery Address:
OTTAWA, ON K1A OR6 . ) .
CANADA Submitted: 2009/03/03 13:13:53
Received: 2009/03/03 13:13:53
Printed: 2009/03/03 14:04:09
Extended Periodical Fax - transcribed CANADA
Client Number: MARIA CLANCY MAR 02 2009 #7
Author: DAUN K J; MERCIER PH; SMALLWOOD & J, ET AL
Date: 2007
Article Title: MEASUREMENT OF THERMAL ACCOMQODATION COEFFICIENTS USING LASER....
Series Tifle: ASME—-JSME THERMAL ENGINEERING CONFERENCE AND SUMMER HEAT TRANSFER

CONFERENCE, VANCOUVER, BC, JULY 8-12, 2007
‘INSTRUCTIONS: *EKEKXXXATTN: MARTA CLANCY***kkkkk% |

Estimated cost for this 7 page document: $0 document supply fee + $0
copyright = $0

The attached document has been copied under license from Access Copyright/ COPIBEC or other
rights holders through direct agreements. Further reproduction, electronic storage or electronic fransmission,
even for internal purposes, is prohibited unless you are independently licensed to do so by the rights holder.

Phone/Téléphone: 1-800-668-1222 (Canada — U.S./E-U.) (613) $98-8544 (ntemational)

www.Nrc.ca/cisti Fax/Télécopieur: (613) 993-7619 www.cnrc.ca/ficist
info.cisti@nrc.ca info.icist@nrc.ca
I*I Mational Research  Conseil national /
‘ Council Canada  de recherches Canada Page 171



ABSTRACT

Laser-induced incandescence (LII) is used to measure the
thermal accommodation coefficient between soot sampled from
a well-characterized flame and various monatomic and
polyatomic gases. These measurements show that the thermal
accommodation coefficient between soot and monatomic gases
increases with molecular mass due to the decreasing speed of
incident gas molecules and corresponding decrease in surface
deformation rate, and that energy is transferred preferentially
from the surface to the translational mode of the polyatomic
gas molecules over internal energy modes.

INTRODUCTION

The thermal accommodation coefficient, ar, defines the
energy transfer efficiency when an incident gas molecule is
scattered by a thermally-vibrating surface. Knudsen [1] was
the first to formally define the this parameter as

T, -T,
aT :__“"_’..__...él..’ (l)
T.v “Tg

where T, is the surface temperature and T, and Ty, are the
kinetic temperatures of incident and scattered gas molecular
streams, respectively. Since these temperatures correspond to
the energies of the surface and gas siates, an equivalent
definition of the thermal accommodation coefticient is

Eg.ﬂ B Eg
oy = —S—e,

E - E,

where E,, E, and £, , correspond to the temperatures in Eq. (1).
Recent interest in thermal accommodation coefficients has
been driven largely by time-resolved laser-induced
incandescence (LII), a diagnostic technique for measuring the
particle size distribution in refractory aerosols. In this
procedure, a nanosecond laser pulse energizes the aerosol
particles in the laser path to incandescent temperatures,
typically 3000-3600 K in low fluence experiments, and the

resulting spectral incandescence is then measured as the
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particles cool back to the ambient gas temperature. Since
larger particles cool slower than smaller particles, the particle
size distribution can be inferred from the observed
incandescence decay [2]. When carrying out this measurement,
however, it is crucial to accurately model the heat transfer from
the aerosol particles to the gas, which occurs primarily by
conduction in the free-molecular regime and is thus a strong
function of . Knowledge and understanding of the thermal
accommodation coefficient is thus paramount when doing
particle sizing through time-resolved LI

On the other hand, if the particle size distribution is
measured independently, the thermal accommodation
coefficient can be determined from the observed incandescence
decay rate. In principle this is an excellent way of measuring
ar since adsorbed contaminants on the particle surface, which
confound other types of experimental techniques [3-4], are
promptly removed by the laser pulse. Several recent studies [5-
9] have endeavored to use time-resolved LI to measure
thermal accommodation coefficients for different gas-particle
systems, with the objective of using the recovered value to
perform aerosol particle sizing. Most of these experiments
measure a; between soot and the surrounding gas in a flame [3,
8] or between carbon black and air [7], although Starke et al.
[6] and Eremin et al. [9] measured or for He/C, Ar/C, CO/C,
C30,/C, and Ar/Fe(CQ); using shock tubes. Unfortunately,
these studies have revealed little about the true physics of gas-
surface scattering in time-resolved L1l experiments, and in
some cases have actually confounded the understanding of ay
by reporting erroneous results {10]. The prevailing uncertainty
in the value and physical nature of a7 must first be resolved in
order for LII to mature into a reliable tool for aerosol particle
sizing [11].

The objective of this paper is to elucidate the fundamental
physics of gas/surface molecular interactions that occur in
time-resolved LI, in particular the dependence of oy on the
molecular mass and the structure of the gas molecule, by
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examining LIl-measured thermal accommodation coefficients
between soot extracted from a weli-characterized laminar
diffusion flame and various gases. We first demonstrate the
dependence of the thermal accommodation coefficient on the
molecular mass of the gas by analyzing experimentally-
measured ar values for soot in monatomic gases and
corresponding results of a molecular dynamics study.
Secondly, a comparison of «; values for soot entrained in
monatomic gases with results of soot in polyatomic gases
shows that polyatomic gas molecules accommodate energy
preferentially into their translational state, instead of their
vibrational and rotational states. This knowledge provides a
foundation on which to develop more accurate heat transfer
models and improve the reliability of aerosol particle sizing
through time-resolved LII analysis,

NOMENCLATURE

Avond Effective heat transfer area, m”

oT,)  Mean incident molecular speed, s

€ Soat specific heat, Jkg 'K

dy Primary particle dimameter, m

E Energy advected by a molecular stream, J
E, Modulus of elasticity, Pa

e Coefficient of restitution

kg Boltzmann’s constant, 1.380x10°% J-molecule™ K
My Gas molecular mass

", Surface atomic mass

N, Number of primary particles per aggregate

P, Gas pressure, Pu

Geond Conduction heat transfer rate,

t Time, s

(6 Particle temperature, K

T, Gas temperature, K

1y, Incident gas molecular velocity, ms™

yo Recoil gas molecular velocity, ms™

Uy, Reduced velocity, u, /¥,

V, Effective surface velocity, ms’!

ar Thermal accommodation coefficient

¥ Specific heat ratio

A Fraction of incident kinetic energy transformed to
deformation work

A Wavelength, nm

I Mass ratio, my/m,

v, Poisson’s ratio

Pe Effective gas molecular density, kg m™

Ds Soot density, kg m™

&) T(N-T,

Sim Number of internal degrees of freedom

Subscripts and Superscripts

i Incident molecular stream

int Internal degrees of freedom/energy

o Outgoing molecular stream

trans Translational energy
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EXPERIMENTAL MEASUREMENT TECHNIQUE

The experimental apparatus is shown schematically in Fig.
1, and consists of a laminar diffusion flame, soot sampling
system, and LI chamber. The ethylene laminar diffusion flame
is generated with a coflow bumer operating under conditions
described in [8]. The sampling system consists of a venturi
mini-eductor with a 0.030 inch critical diameter and a soot
sampling probe connected to the venturi throat. Motive gas
flows through the venturi at 20 liters per minute, causing a
pressure drop at the venturi throal that pulls soot from the
flame centerline at a height of 52 mm above the burner into the
motive gas stream. Although gas from the flame and the
surroundings is also entrained into the sampling system, a large
dilution ratio ensures that it has a negligible influence on the
experimental results. The motive gas and soot then enter the
LI chamber, where the soot particles are energized with a
pulsed ND:YAG laser operating 16 mJ per pulse at 20 Hz and
1024 nm. The laser heats the soot to a peak temperature of
approximately 3600 K, and the resulting incandescence is
imaged onto two photomultipliers equipped with narrow-band
interference filters centered at 397 nm (36 nm FWHM) and 782
nm (19 am FWHM), respectively. Transient signals from the
photomultipliers are digitized and averaged over 100 shots to
mitigate shot noise resulting in a set of incandescence decay
curves and a pyrometricaily-defined temperature decay curve
as shown in Fig. 2.

The L1I data is analyzed following the procedure described
in [8]. After the laser pulse, the soot cooling rate is governed
by

6 dt

p.t Cs Np = ~qcand [Tp(t)_ Tg ]’ (3)
where p, and ¢, are the density and specific heat of soot, N, is
the number of primary particles per soot aggregate, d, is the
primary particle diameter, and g,,,, is the net heat transfer from
the aggregate to the surrounding gas. The density and specific
heat of soot are taken to be 1900 kgm™ and 2100 Jkg 'K [8],
respectively, while N, and d, are set equal to 42 and 29 nm
based on the TEM study in [13]. Heat conduction in the free
molecular regime is given by

cond

PgC(Tg)}’*+1[T

]zaz. 4 57, 7o P(z)ﬁ-Tg],

Y cond [T/ (t)_- T g

where ¢(7T,) = (8kBTgJ7:)ng)"" is the mean speed of gas molecules
incident on the particle surface and ¥ is an average adiabatic
constant defined as {14]

1 _ 1
}/*—l Tp—‘Tg

[j' dy

Tgy -1
Pressure and temperature are assumed to be 101.3 kPa and 300
K. The effective heat transfer area of the soot aggregate is Ao
= nd,(N/1.10)"® [15], which accounts for the greater
accessibility of primary particles on the aggregate periphery to

(5)
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incident gas molecules compared to those within the interior of

the aggregate.
The particle temperature decay rate is found by first

defining &) = T,(t) ~ T, and then solving Egs. (3) and (5) to
get In&f) = —ar Ci++C,, where

_ 3 A(.‘l)ll{/ ch(Tg ) },* +1
== ; - ,
4 p.\'C.\'Np”dp Tg Y4 -1 (6)
and C, is a constant of integration. The thermal

accommodation coefficient is obtained by recasting the
pyrometrically-measured effective temperature in terms of
Inf&#)] and then performing a linear regression on the data
with respect to cooling time.
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Fig. 2: LIl data for soot entrained in argon.
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This procedure is complicated by the fact that the observed
LII signal at any instant is due to the integrated incandescence
of different-sized particles cooling at rates proportional to their
specific surface area. Provided the laser field is spatially
uniform particles of all sizes initially cool at the same
exponential rate, but at longer cooling times the pyrometric
temperature decay becomes progressively non-exponential due

to the non-uniform cooling of different-sized particles. There
is also a commonly-observed and as yet unexplained
“anomalous™ cooling rate lasting 10-25 ns after the laser pulse
that is particularly pronounced in LII experiments on aerosols
at ambient temperatures. To address both these issues, the
linear interpolation is carried out using data sampled from 50-
100 ns after the peak soot temperature as shown in Fig. 3.
Thermal accommodation coefficients between soot and
various gases are plotted in Fig. 4 as a function of gas
molecular mass. Two main trends in the data are clearly
discernable: first, a; increases monotonically with increasing
molecular mass for monatomic gases, and second, a; becomes
smaller with increasing structural complexity of the gas

molecule.
8.1
>
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cooling range effects
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£ 79
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Fig. 3: Linear regression of pyrometric soot
temperature measurements.
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Fig. 4: Thermal accommodation coefficients versus
gas molecular mass.
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THERMAL ACCOMMODATION COEFFICIENTS FOR
SOOT AND MONATOMIC GASES

The functional dependence of ar on my for the monatomic
gases can be explained by modeling gas-surface scattering as a
collision between a rigid sphere and an elastic continuum
surface having a density, p;, Young’s modulus, E,, and Poisson
ratio v, and to then use continuum mechanics to calculate the
deformation work done by the gas atom on the surface. From
this a coefficient of restitution, e, is derived, which leads
directly to a7 Continuum mechanics was first applied to
model gas-surface scattering by Landau [17], who considered
one-dimensional wave propagation through the surface, and
was later extended to three-dimensions by Gibley [18] and
Trilling [19].

The continuum model used in this study is shown
schematically in Fig. 5. To simplify the analysis, we assume a
hard-sphere, normal collision between the gas molecule and the
surface. If the gas molecule has approach and recoil speeds of
ug; and uy, in the z-direction and surface has a speed ¥
representative of its temperature in the positive z-direction, the
thermal accommodation coefficient is

_E,-E; (1+e)2+2e (1+e)u;'-l~(ez —1)14:2

- [}

ap =
E, - E; 4(1+u;) )
where u, = U /Vs, e is the coefficient of restitution,
u,, -V,
e =l (8)
U, + v

and E, is interpreted as the maximum outgoing kinetic energy
that can be obtained by a retreating gas molecule, which occurs
when ¢ = 1. Note that the oscillating surface is the inertial
reference frame.

The coefficient of restitution is found from the analysis of
Reed [20], who applied the Hertz equations to calculate the
force acting on a sphere impacting and deforming a massive
elastic surface. In this case the coefficient of restitution is
given by e = (1-A)"?, where A represents the fraction of
incident kinetic energy transformed into deformation work over
the collision duration,

g 2 \V2
A=17267 M (t+v, {%}Lj ngl/s
s

pscs 2v

6/5
i Es ) 3/5
Lh+ﬁd @“+m)’(%

with ¢ = (E/p)"* and y(v) is a transcendental integral
involving 1. In this analysis the Poisson ratio is set equal to
0.25 and the surface density was chosen to be 1900 kg/m’,
typical for graphitic soot [8], while ¥, and E; are left as fitting
parameters. The incident gas molecule speed is the average
normal velocity component of gas molecules effusing from a
gas at Ty, ug; = (TckBTg/ng)‘/Z. Equation (9) also requires an

effective gas molecule density, p,, which arises from the ratio
of the gas molecule inertia and the area of contact between the
gas molecule and the deformed surface. We set this term equal
to 6my/mi,’ where d, is the hard sphere molecular diameter
[21]; although this ad hoc procedure may seem dubious, a close
examination of Eq. (9) shows that A is much more sensitive to
my through ug, instead of p, so an order-of-magnitude estimate
of an effective p, is sufficient for our purposes.

The effective surface velocity, V,, and modulus of
elasticity, E,, are found by least-squares fitting Eq. (7) to the
experimental results. If all data points are included in the fit,
the optimum values are ¥, =2798 ms™ and E = 1.62 x 10" Pa,
resulting in the curve shown in Fig. 6. A better fit is obtained
by removing the thermal accommodation coefficient between
helium and soot, which is justifiable since in this case the gas
molecule can be repulsed by a solitary surface atom. Carrying
out the least-squares fit without . results in ¥V, = 1058 ms™!
and E, = 3.35%10" Pa, giving much better overall agreement
with the experimental data. For comparison, the average speed
of an oscillating carbon atom is approximately (kp7y/2m,)'"” =
1000 ms™. Cohen [22] shows that the covalent bonds between
neighboring carbon atoms in a graphite sheet can be modeled
as harmonic oscillators with a spring constant of 44.44 eV-A™
dividing by the C-C bond length of 1.42 A gives an estimate of
the in-plane modulus of elasticity of 5.01x10'* Pa, which is in
excellent agreement with the value obtained by least-squares
fitting.

Fig. 5: Continuum model used to estimate ar.

Equation (9) shows that oy and A depend on m, primarily
through the incident gas velocity, ;. and not by the incident
inertia of the gas molecule, myu,;, as one may intuitively
expect. A gas molecule stiiking the surface with a high
incident speed causes rapid surface deformation, requiring the
gas atom to do substantial deformation work on the surface that
deducts from the energy transferred from the vibrating surface
to the gas atom. In a slow collision, on the other hand, the
surface is more compliant since the surface atoms can move in
phase with the gas molecule and relatively little collision
energy is lost to deformation work. Consequently, as iy
increases u,; decreases resulting in more efficient energy
transfer between the vibrating surface atoms and the gas

Crown Copyright ©2007 National Research Council of Canada
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molecule, and a larger value of ;. This mechanism has also
been hypothesized by other researchers {18, 19, 23], although
they predict that oy decreases as i, increases, since their
studies take place in a regime where deformation work done by
the gas molecule on the surface far exceeds thermal work done
by the surface on the gas molecule. (In fact, many of these
studies assume 7, = 0.)

[eX- I

T Xe 7‘
V, = 2978 ms™,

E.=16x10" Pa

4 3 8 10 12 14 16 18
= mgim,

Fig. 6: Thermal accommodation coefficients derived

from continuum theory.

THERMAL ACCOMMODATION COEFFICIENTS FOR
SOOT AND POLYATOMIC GASES

In addition to possessing translational energy, polyatomic
gases also have rotational and vibrational energy, collectively
referred to as internal energy. (Electronic energy rarely plays a
role in gas-surface scattering, and is neglected in this
discussion.) Many LII studies implicitly assume that energy
from a thermally-vibrating surface is transferred to the
translational and internal modes of the gas molecules with
equal efficiency, but Fig. 4 demonstrates that this is not the case
since o is lower for more structurally-complex molecules. To
account for this effect, Knudsen [24] defined separate thermal
accommodation coefficients for translational and internal
energy modes

En'rms,r) B En‘ans,i int,o

E E
aT,tran.v = E E » aT.inl = I

trans,s ~ Ttrany,i int,s Eint,i (10)

int.f

based on the fact that a Maxwellian molecular steam at kinetic
temperature 7 advects K, = 2kT of translational energy and
Epe = 2138, DT of internal energy per molecule. (The terms
Eyans,s and Ep,, are the translational and internal energy per
molecule carried by a molecular stream at T, and represent an
approximate limiting case for perfect thermal accommodation,
although this is strictly not the case [25]) The number of
active internal energy modes, ¢;,,(7), is obtained from
5-3/(T)
Cint }/(T)—l (1)

where the specific heat ratio is expressed as a polynomial
function of temperature [26, 27]. According to Eq. (10), the
thermal accommodation coefficient for internal energy is found
directly from E;,,,,

Eim‘,o = Eo - Etmns,o
=y (Es ~E;)+E,

(12)

~NCT yrans (Etrans,s - Elrmzs J )+ Elruns,i ]’
provided that o, is also known. Based on the assumption
that @y depends only on s, through u,; and is independent
of gas molecular structure, the translational thermal
accommodation coefficient for each polyatomic gas is
estimated from Eq. (7-9) with ¥, = 1058 ms™ and E, =
3.35%10" Pa, as shown in Fig. 7.

Figure 8 shows that the values of o, is substantiaily
lower than @7, and furthermore, even though the amount of
internal energy generally increases with the number of active
degrees of freedom, oy, tends to decrease with §,(T,). This
implies that energy is preferentially accommodated from the
soot surface into the rotational modes of the gas molecule
instead of the vibrational modes since the latter represent a
larger portion of the active internal energy modes as the
molecular structure becomes more complex. This finding is
consistent with the results of molecular beam scattering
experiments involving SF¢/graphite [28] and CF;Br/graphite
{29} and is not surprising given the long relaxation times of
vibrational energy modes [30, 31], although further molecular
dynamics studies are needed to show how exactly the collision
mechanics influence vibrational accommodation.

0 gy

o Xe TP
Kr SF, CFoCIBr  CiFs

AT 2"N;0, CO;, CaHs

C2H5
Ne /N, CO, CoH,

A Ttran
o

CH,
o | + Monatomic Gas (experimental)

"M ¥ Polyatomic gas (interpolated or extrapolated)
— Continuum theory, Egs. (7-9)

@

0 2 4 6 8 10 12 14 16 18
u = mg/mg

Fig. 7: Translational thermal accommodation
coefficients are found by interpolating and
extrapolating from the monatomic gas dataset.
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Fig. 8: Internal thermal accommodation coefficients
and net energy transfer between soot and polyatomic
gas molecules.

CONCLUSIONS

Understanding the fundamental physics of gas-surface
scattering is crucial when using time-resolved laser-induced
incandescence to measure the particle size distribution in
aerosols. This paper endeavors to explore this physics using
experimentally-measured accommodation coefficients between
soot and various monatomic and polyatomic gases

In general, the thermal accommodation coefficient of
monatomic gases increases with the molecular mass of the gas.
A simple model based on continuum mechanics suggests that
ar is a function of the molecular mass of the gas through
impact speed and rate of surface deformation. Collisions
involving heavier, slower-moving gas molecules are
characterized by higher coefficients of restitution, and
consequently more collision energy is transferred to the
outgoing kinetic energy of the gas molecule.

A comparison of the thermal accommodation coefficients
between monatomic and polyatomic gas molecules reveals that
the energy is transferred preferentially to the translational
energy mode of the gas molecule over the rotational and
vibrational modes. The internal energy accommodation
coefficient decreases as the number of intemal degrees of
freedom increases because energy is transferred preferentially
to rotational energy modes rather than vibrational modes.

We are presently developing a molecular dynamics
simulation to validate the results of our simplified continuum-
mechanics model. The relationship between translational
thermal accommodation and incident gas velocity shall also be
confirmed experimentally by measuring the thermal
accommodation coefficient between soot and a monatomic gas
at various gas temperatures. Finally, an in~depth comparison of
molecular structure to the experimental results and further
molecular dynamics simulation will clarify the accommodation
of rotational and vibrational energy modes.

Einto — Eim; [X 107 J/imolecule]
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