Numerical Study on Thermophoretic Deposition of
Highly Absorbing Emitting Particles Suspended
in a Non-isothermal Two-Phase Flow System
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NOMENCLATURE _
K Conductivity of the gas

Glossary symbols Kp Conductivity of the particle
B, Boltzmann number (the ratio of the N The ratio of conduction to radiation

convection to radiation) n, Number of particles per unit volume
Cy Thermal loading ratio Pe RePr
Cog Heat capacity of gas Pr Prandt] number
Cpp  Heat capacity of particle qR  Radiative heat flux for gas phase
b Tube diameter qpR  Radiative heat flux for particle phase
Dy Particle Brownian diffusivity qR Dimensionless radiative heat flux vec-
dy Particle diameter _ tor
E(X)  Cumulative collection efficiency R Tube radius
G, Dimensionless zeroth-order moment of ~ Re Reynolds number(=u, _ D/v)

intensity r Radial coordinate
Iy, Plank’s black body function T Temperature
K Thermophoretic coefficient u Velocity in axial direction
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avg  Average velocity over the cross section

U
in x-direction
v Velocity in vector form in radial
direction
v Velocity in radial direction
Vo Thermophoretic velocity
X Axial coordinate
Greek character
o Thermal diffusion factor
g Absorption coefficient
Ew Wall surface emissivity
(19] Azimuthal angle .
¢ Dimensionless particle concentration
1atio( pp/Pp in)
n Dimensionless radial coordinate
] Dimensionless temperature (T/T;,)
6, Dimensionless temperature at tube
inlet(=1)
0m Dimensionless mixed mean temper-

ature (Tp,/Ty,)
o* Tw/ (Tin - Tw)
X9} Polar angle

Pg Gas density

Pp Apparent particle density

Og Stress tensor of the gas

TA Aerodynamic response time

Te Mean time between particle-to-particle
collision

To Dimensionless optical thickness

Q Solid angle

£ Dimensionless axial coordinate

Subscript

b refers to black body

g refers to gas phase

in refers to tube inlet

max refers to maximum

P refers to particle phase

w refers to wall surface

Superscript

R refers to radiation

* refers to dimensionless form

INTRODUCTION

Small particles such as dust, fly ash and
soot suspended in a mixture system with a
temperature gradient, experience a force in
the direction opposite to the temperature
gradient[1]. This so called thermophoresis
phenomenon is therefore utilized in air cleaning
device to remove submicron- and micron-
sized particle from gas streams. The deposition
of particulate material on heat exchanger
surface with the concomitant reduction of
exchanger effectiveness, particle deposition in
automobile tailpipe, the fabrication of optical
wave guide and semiconductor device have
also been attributed to thermophoresis.

As investigated experimentally by Ful-
ford et al.[2], Derjaguin et al.[3], Goldsmith
[4], and S.8. Kim and Rosner[5], thermo-
phoresis pheonomenon is important for particle
diameter as large as 10um and temperature
gradient of the order of 50 K/cm(i.e proper-
tional to -gradient(InT) which produces the:
net thermophoretic transport). Moreover, in the
presence of highly absorbing, emitting particles
such as soot, fly-ash, and pulverized coal which
significantly alter the temperature field of
gas-solid mixture, the radiation effect on
thermophoresis can be greatly important since
the thermophoresis is strongly dependent
upon the temperature gradient[6]. Up to the
present, most of the experimental or numerical
studies for the analysis of thermophoresis
phenomenon has been carried out neglecting
the radiation effect. Experimentally, thermo-
phoretic deposition has been studied in laminar
gas streams by Derjaguin et al.[3] for particles
up to about 5 um in diameter and Goldsmith
et al.[4] for small particle, and in a turbulent
pipe flow by Calvert and Byers[8]. Also,
in the channel flows and boundary layer flows
over a flat plate, the thermophoretic transport
of particles has been studied analytically or
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numerically by Goren[6], Epstein et al[9],
etc and tube flow by Walker et al.[10]. Most
of the workers for the analysis of thermo-
phoresis mechanism have employed the low
absorbing materials such as glass beads, TiO,,
MO for particulate phase in two phase flow
system, Particulary, Morse et al.[11] and
Cipolla et al.[12] have considered the absorb-
ing, non-emitting aerosol as long as the en-
closure temperature is low when the particle is
produced by laser heating in MCVD process.
However, when the gas-solid mixture including
soot, fly-ash and coal as undesirable byproducts
is taken as a moving fluid in heat exchanger
or in internal combustion chamber, this flow
system may be highly participating to the
radiation.

Therefore, in the case of seeding highly
absorbing particles into the gas streams, the
analysis for particle diffusion in non-isothermal
gas neglecting the radiation effect for particle
phase may result in significant error as Goren
[6] pointed out. Furthermore, in a heat ex-
changer using the combustion exhaust gas in
high temperature field, this effect should be
taken into account. Nevertheless, as mentioned
in the foregoing, no analysis of thermophoresis
for the absorbing, emitting particles has been
performed up to date except for only absorbing
particles. Thus, the main purpose of present
study is to analyse qualitatively the radiative
effect on the thermophoretic particle transport
when the highly absorbing, emitting particles
are properly loaded in gas streams.

The present study is to be limited to one-
way coupling situation; that is, the particle
movement does not affect the gas flow. One-
way coupling situation may be -assumed when
the particle mass loading is not high[7]. In
this situation, all the governing equations of
two phase flow system are not coupled in the
numerical computation. In contrast, the radia-

tion is coupled with the forced convection
through the energy conservation equation
which includes the divergence of radiafive
flux. Finally, in this work, the parametric
study would be conducted using the dimension-
less variables such as optical legnth 7, and
ratio of conduction to radiation N because of
the deficiency of experimental data on the
radiative properties.

GOVERNING EQUATIONS

The present study treats the dilute pas-
particle flow that neglects the stress temsor
(momentum transfer by diffusion) due to the
infrequent interaction between the suspended
particlesi.e 74 /r.<D)[13]. And two fluid
model would be used since it can be easily
applied to the multi-dimensional flow system.
and also provides a rational frame work extend-
able to high mass loading. The theoretical
analysis for thermophoresis phenomenon yields
the following expression for the thermophore-
tic velocity.

K
Vp=~=VT ®

where X is the dimensjonless thermophoretic
coefficient and depends on the regime of flow
past the particle described in terms of Knudsen
number (Kn=A/(dp/2)) which represents the
ratio of molecular mean free path to particle
size. In transition regime where the molecular
mean free path is on the order of the particle
radivs, Derjaguin et al.[3] give the following
expression,

KoK, 1+C(M(d/2)(K/K,)
+K QK )+ CM(dy/2)EJK,)

@)

- where, C, is the temperature jump coefficient

in the Smoluchowski formula and K, is thermal
slip coefficient. The values of these coefficients
are 2.16 and 1.17 respectively.
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They found a very good agreement with the
experimental data with the numerical values
of the thermophoretic coefficient K ranging
from about 0.25 to 1.25 for the different
types of aerosol particles.

For simplicity, the following assumptions are

made in the present investigation.

i. Flow is a dilute gas-particle flow due to the
low mass loading.

2. For the gas phase, the flow field is hydro-
dynamically fully developed and for particle
phase, the same flow field is assumed to be
used at the pipe inlet.

3. Temperature and particle concentration
distributions are uniform at the pipe inlet.

4. Fluid and particle properties are indepen-
dent of temperature.

5. Pipe wall is isothermal and gray.

6. The gas is transparent to radiation and the
solids are limited to the gray absorbing,
emitting particle without scattering,

7. The absorption coefficient is constant in
all thermal field.

8. The effect of particle coagulation and col-

" lision is neglected.

9. The gas and particle phase are in the same
temperature.

N Tw'!"w
— Ly % I(7,%,80,9,)
=\ )%-" e o
T 1.z T\
q_ 3 y,
Lyt ve o )
Fig.1 Cylindrical coordinate system

The present problem configuration and co-
ordinate system are depicted in Fig.1. On the
basis of two fluid model, the governing equa-

tions of each phase
follows:

can be written as

Gas Phase
The gas phase velocity is assumed to be fully

developed and is not altered by the parti-
culate flow due to low mass loading. Hence
the gas phase velocity may be expressed as

vl -5 ] ®

where,
Unax = 2U,p
PCpg¥g VT = VK, VT, - V'qf: 4)
Particle Phase
V-ppvp =0 5)
Vy— V oD,
Vyem g P8 P
PpVp Vs Pp T pp-—-—Tmom VlnTg (6)
T,-T
. - P B _y,R
PpCop'V Ty ==PpChp . Vg )

where, Tyom and 7p are the momentum
relaxation time and thermal relaxation time
Tespectively.

Based on the above assumptions, the energy
conservation equations(4) and (7) of each
phase may be combined to the mixture energy
equation form

PCov-VT= VK VT - V:g} (8).
where,

PCLY = p,CheVe + PoCrp¥p

T=T,=T,

For the particle phase, introducing the dimen-
sionless variables, the equations(5) and (6)
can be rewritten as

mass conservation
2wy + L Ltnov) =0 9
a§ ¢L|p m T|¢Vp = 9)

u - momentum

duy K 1

1 1
Llp-aTi- Vpﬁn— = —E(Up- L'lg) - g["l'("“_"Ren

MK

(10)



v - momentum

v, v, 1 ) 1 K10
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where,
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Pp T Uang Tmom

= Q= -_—, Re, = N Srk =
¢ Pp,in Tin = g Telow

The superscript (*) is abbreviated- hence-
forth for convenience. The Stokes number
is defined as the ratio of the momentum
relaxation time(aerodynamic responce time)
to the characteristic flow time(rTom/Taow)
[13]. If the Stokes number is very small, the
particles will move with the host fluid in the
same manner. The similar concept can be ap-
plied to the thermal relaxation time and Tom
coincides with 7+ when the Prandtl number
is 2/3[14]. And also Pr=2/3 is used in the
present calculation.

The boundary conditions for the above

governing equations are taken as follows:

-

Bp=up, vp=0, ¢0=1 at =0

2
W“P:Q, V=0

%:L =0 (symmety condidon) at =0

Since the particle momentum equations
are described by the first order partial
differential equations, only the upstream
boundary conditions are needed. Employing
the following dimensionless quantities, equa-
tion(8) leads to

1 2 1 R
(1+C[)vg'Ve=-l;e:V e—§6—V-q, . (12)

where,

CL=ppCh/PyCrg - Pep = RePr,

R

Bo= ngP_EUavg ) q;n = qp
40'n:"1‘i3n 40n2'I'i4n

e e e )

Furthermore, for the absorbing and emitting
medium, divergence of radiation flux is
expressed by integrating the radiative trans-
fter equation over a solid angle 4 as follows

[15,16]:

V- g = 4l - 1]

(13)

where, the details of I, would be described

in the following section.

Rewriting the equation(12) using the above

expression in the dimensionless

90 ae) 1 2°8

1197 08y ©
+Pe1n3n(”a_n')'Pe, ¥~ Go)

(1+Cv_)(

where,

. K
,=fR, N= iB
40'nTi3n

L

G
° 4Un2Ti4n

subject to the boundary conditions,

0=1 a £=0
%0
—5-=0 at  exit
o8
L)
3“—= at =0
=9, at m=1

form,

(14)

And coefficient Cy, is assumed to be in the
range less than 0.2 under the assumption
of low mass loading and proper heat capa-

city for the particle phase.

The particle deposition flux to the wall

may be expressed as

Jo=pvpl,

(15)

Also, the cumulative collection efficiency
is defined as the percentage of the particles



that are deposited on the wall within a dis-
tance x from the tube inlet,

Jo I,(s)2m ds

i 16
¢inUavgnR ( )

Ex)=

RADIATION MODEL

When a participating medium is present,
the mathematical complexity increases con-
siderably in the formulation of energy equation
due to the nonlinear integral nature and the
fourth order temperature dependence of
radiative transfer.

In this study, in order to simplify the
analysis, P-1 approximation(spherical harmo-
nics method) which is one of the differential
approximation methods is to be taken [17,18,
19,20,21]. Under consideration of the radiative
heat transfer for absorbing, emitting medium
neglecting the scattering effect in the axisym-
metric circular cylinder(see Fig.l for the
formulation of radiation), the radiative transfer
equation is as follows[17] ;

[%(11%- %1232—n+ 13%) + 1]1(r,x,en,¢n) =1, (17)
where, 1;, ]y Iy a direction cosines

1, = cos(éysin(fp)

I = sin(¢glcos(®g)

13:005(99)
Applying P-1 approximation to equation

(17), the following equation for the non-
scattering gray medium can be obtained [17],

F 13 &
(;ﬂ qmt ‘a'é‘{)o = 3(1, - 4l (18)

where,

L= L“I(r,an) aQ
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For the boundary condition, Marshak’s
condition is adopted since Marshak’s is pre-
ferable to Mark’s for lower order approxima-
tion[15]. The resulting boundary conditions
are as follows [19] :

ol
IﬂiEi-aT=4nIbwi (19)
where,
E;=2(2-¢,)/3Bey;, z=rx ; i=1,2

The minus sign is corresponding to the
lower boundary and plus sign to the upper
boundary and e, is taken as 0.7 in the
present calculation.

RESULTS AND DISCUSSION
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The approximate layout for the present
numerical calculation procedure is refered to
Fig.2. First, in order to check the accuracy
of the present numerical method, the results
are compared with the solutions by Walker
et al.[10] and Pearce and Emery[22]. As
shown in Fig.3, in the absence of radiation,
the present results of the cumulative collection
efficiency due to the thermophoretic paticle
transport are in a good agreement with Walker’s
results by trajectory model for the particle
species conservation equation.

0.8
o ; Walker 's numerical results
—; present results
Prk=10
04 FPe=40 =05 °
(-]
E
Prk=10
0.2- g*=20 °
] e
| 4
0.0 42 T T . .
' 10 20 30 40
z/R
Fig. 3 Cumulative collection efficiency along

axial distance for different operating
conditions

Figure 4 shows that P.1 approximation
solution for the coupled energy equation
involving the radiative flux give a good agree-
ment cbmparing to the Pearce and Emery’s
results. In the following figures, the solutions
are presented: in terms of the optical radius
T, and conduction-to-radiation parameter N
which are the most typical ones characterizing
radiative heat transfer, '

In Fig.5, the mixed mean temperature
distributions along- axial distance are depicted
with the varition of 7, at N=0.01. Because
of the nonlinear source term in equations(14),
the solution procedures are of iterative nature
and EL2D code developed by Patankar was

e

L0 ——
O : Pearces .

mumerical results’
——: presant results
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Fig. 4 Mean temperature vs, ( x/R)/Pe
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Fig. 5 Mean temperature along axial distonce
Ceffect of 7,)

used. In particular, with the increase in 7,
the mean temperature approaches asympto-
tically to the wall temperature more rapidly
due to the increased radiative heat loss to the
wall. Hence the thermal entry length is ex-
pected to become shorter.

Figute 6 shows the effect of radiation with
the variation of 7, on the particle diffusion
velocity in the case of T,,/Ty=0.67, 6*%=2.0.
This drift velocity is dominated by the fully

“known source term in the momentum equa-
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Fig. 6 Particle diffusion velocity profiles at
arbitrary axial distances ( effect of 7,)

tions of particle phase which are solved using
upwind scheme. As expressed in the equations
(1) and (2), its diffusion velocity is strongly
dependent upon the Knudsen number in re-
lation with the particle size and temperature
gradient. The thermophoretic coefficient K
from Derjaguin’s expression may be obtained
under the condition of d;=04 um in sub-
micron size neglecting the inertial transport
mechanism, At 7,=0, as moving downstream,
the particle diffusion velocity decreases slightly
pear the wall, while increasing far from the
wall. With the increase in the optical radius
7o, near the entrance region(x/R=10), the
radial component V,* becomes slightly larger
than that of 7,=0 in the tube core region.
When the radiation is neglected, heat transfer
occurs only through diffusion process and
hence the thermal boundary layer is confined
in the vicinity of the wall. However, when

the radiation is present, due to the far reaching -

nature, the temperature gradient may exist
even in the core region. In addition, in the
case of strong radiation (7,=1.0), there is no
particle transport in the core region since the
temperature profile becomes flat except in the
conduction region near the wall.

Figure 7 gives a series of concentration
profiles at three axial distances, x/R=10, x/R=
25, x/R=40 for various optical radii at Ty,/ Ty
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Fig. 7 Particle concentration profiles at arbit—
rary axial distances (effect of 7,)

0.67, N=0.01. As shown, near the wall surface,
the particle concentration is abruptly decreased
with the increase in 7,. It follows that the

. congcentration boundary layer becomes thinner.

Along axial distance, the difference in the
particle concentration between the various
To's i8 increased except the conduction region
as expected from Fig.6. In addition, for smaller
7o, the concentration ¢ tends to decrease
along axial distance because of the cumulative
deposition to the wall by the thermophoretic
effect until the fluid temperature equilibrates
with the wall temperature over x/R=40. Thus,
much more difference in ¢ between the 7,’s
would be expected.

In fact, higher overall particle concentra-
tion over the tube cross-section except for the
vicinity of wall is illustrated for larger effect
of radiation. As shown in Fig.7, since the
particle concentration distribution is not
distributed uniformly for various 7,, the
present assumption of uniform absorption
coefficient in all thermal field may not be
valid. However, this assumption is considered
to be sufficient to investigate the qualitative
trend while avoiding the complexity involving
the concentration dependence on radiative
property.

Figure 8 shows the effect of 7, and N for
the cumulative collection -efficiency E(%)
along axial distance. The thermophoretic
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particle flux can be obtained from the particle
diffusion velocity and concentration at the
wall. With the increase in 7,, E(X) reaches
more quickly to some constant value asymp-
totically. At x/R=40, the cumulative collection
efficiency for larger 7, is considerably low
compared with that of *no radiation’. It would
be expected much lower in the further down-
stream _ region. In gas-solid suspension flow
system, it is desirable to enlarge the hydraulic
radins ‘and mass loading ratio even for the
weakly radiating medium and to employ the
particulate materials with high surface emis-

05
O ! No Badiston
6 n=02
0.4 g
0.3
E
02 -
0.1
0 . + _
0.2 0.4 0.6 08
Tw/r in

Fig. 9 Cumulative collection efficiency vs.
To/T,, for various 1,

e e e e e e

sivity in order to have low E(x) as prescribed
in absorption coefficient p=n(d,/2)*npep.

Figure 9 illustrates the effect of 7, and
Tw/Ti, on the cumulative collection efficiency
at x/R=40. As mentioned earlier, it is indicated
that the increase of 7, and decrease of T,/
Ty, result in higher efficiency. When the strong
radiative effect over r,=0.5 is applied to ther-
mophoresis phenomenon, the rate of increase
in the efficiency for decreasing T, /Ty be-
comes lower than that without radiation effect.

0.3

¢op0
i
i
o
w

0.2: Pe = 400
N=00L
T/ Ti=0.67
2/R=40

1 A

0.0 T — T
107 10 10Y
Stk.

Fig.10 Cumulative collection efficiency vs.
Stokes mmber for various 7,

Figure 10 shows the effect of the Stokes
number on the efficiency E(X). Particularly,
in this figure, the variation of the Stokes
numbers for constant particle size (d,=1um) is
considered in spite of strong dependence of
Stk on the particle size. From this figure, it
is noted that the decrease in efficiency is
to be taken over Stk=0.1 in all cases. In the
case of ‘no radiation’, very sudden drop in the
efficiency E(x) is shown at Stk=0.1, while a
gradual decrease is suggested for larger 7,. In
particular, for larger 7,, smalier rate of the
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decrease in efficiency E(x) is illustrated. It
is also notable that for 7,=1.0, the efficiency
remains nearly constant. Moreover, in parallel
gas streams, with the increase in the Stokes
number causing the inertial transport mechan-

ism for large particles under consideration of
the scattering effect, a sirnilar trend for the
cumulative collection efficiency may be ex-
pected within the proper limitation to particle
size from this figure.

CONCLUSION

In a non-isothermal field, thermopho-
resis is a dominant mechanism for the particle
diffusion in the range of the low Stokes num-
bers. Several important observations are noted
and summarized below. In the absence of
confirming experimental evidence, the obser-
vations are mainly of qualitative value.

1. When the strong radiative contribution is
included, the concentration boundary layer
becomes thin due to much smaller value of the
particle diffusion velocity far from the wall
compared to that without radiation.

2. Asexpected from the particle concentration
and drift velocity distribution, the cumula-
tive collection efficiency becomes consider-
ably lower when the highly absorbing, emitting
material is present under the proper loading
condition.

3. As the ratio of wall to inlet gas temperature
causing the change of thermal field is decreased,
the difference of the cumulative collection
efficiency between 7.,’s is notably increased
at 7,>0.5.

4. At the critical Stokes number(=0.1), the
rate of decrease for the efficiency E(x) be-
comes larger; that is, due to the inertial trans-
port mechanism in parallel flow system, the
thermophoretic effect is reduced in the de-
position of particles to the cold wall. More-

over, this behaviour becomes significant in
the absence of the radiation, while less im-

portant as the radiative effect increases.
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