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EFFECTS OF TEMPERATURE ON FISSION-PRODUCT DEPOSITION

M. N. Ozisik
Abstract

An analytical model developed for steady state
deposition of fission products from gas streams onto
conduit surfaces is extended to include the effects
of axial and radial temperature variations. A com-
puter code which evaluates the equations is described
and sample results are presented that compare the cal-
culated values with experimental data.

Introduction

An investigation of the deposition of fission products from gas
streams ohto condult surfaces in isothermal regions was reported previ-
ously.l In most applications, however, some regions are not always iso-
thermal. In heat exchangers, for instance, both the gas and the wall
surface temperatures vary with distance. In such regions the probability
of a particle being deposited on the wall surface upon contact, the dif-
fusion coefficients, and the mass transfer coefficients vary with dis-
tance. In addition, radial temperature gradients in the gas stream cause
thermal diffusion, which enhances or retards the mass flux to the wall.

The effects of these factors on the steady-state deposition rate in
nonisothermal regions were investigated analytically, and the resulting
equations were programmed for a CDC 1604-A computer. The computer calcu-
lates deposition rates in isothermal regions followed by nonisothermal
regions and makes a plot of the computed values and the experimental data
for comparison. The equations presented are applicable for determining
the deposition rates of fission products which enter the gas stream di-

rectly but not their daughter products.



Nomenclature

Cross-sectional area for flow, cm?

Deposition surface per unit length of condult, cmz/cm

Linear rate of change of temperature in the nonisothermal region,
°K/cm

Mass transfer coefficient obtained from heat-mass analogy, cm/sec
Mass transfer coefficient at the wall, cm/sec

Function defined by Eq. (33)

Diffusion coefficien£, cm?/sec

Equivalent passage diameter, cm

Ratio of thermal diffusion mass flux to ordinary diffusion mass
flux as given by Eq. (2), dimensionless

Iength of isothermal region, cm

Iength of varying temperature region, cm

Concentration of particles on the wall surface, particle/cm2
Molecular weight, g/g-mole ’

Precursor concentration in the gas stream at x = 0, particle/cm?

Precursor concentration in the gas stream, particle/cm>

WBZEZ&“E’

QNNGC*‘!—]%JSU@‘@';?*UI

dQ

Probability of a particle sticking on the wall upon collision,

dimensionless

Gas pressure, atm

Prandtl number, dimensionless

Precursor deposition rate, particle/cm?-sec

Adsorption energy, cal/g-mole
Gas constant, cal/g-mole-°K
Schmidt number, dimensionless
Temperature, °K

Time, sec

Gas velocity, cm/sec

Axial distance, cm

Function defined in Eq. (33)

Function defined by Eq. (12)

Thermal diffusion factor, dimensionless

~w



B Viscosity variation coefficient, g/cm-sec-°K
e/k Lennard-Jones parameter for attraction energy of molecules, °ex-1
Ao Decay constant, sec~l!
m Viscosity, g/cm-sec
My Datum fiscosity, g/cm- sec
o Gas density, g/cm?
Lennard-Jones parameter for collision diameter, A
f Collision integral, dimensionless
T,T As defined by Eq. (27), sec
Subscripts
I Refers to the conditions at the isothermal region
g Gas
0 Precursor
W Wall

Basic Considerations

A local source was assumed to release fission products into a flowing
gas stream in such dilute quantities that they exhibited no interference
effects in diffusing or depositing on surfaces. The particles which en-
tered the gas stream directly from the source are referred to heréafter,
for convenience, as "precursors.". It was assumed that the precursors were
of uniform size and were so small that their motion in the gas stream was
unaffected by gravitational and inertial forces and that they had no elec-
tric charges to affect deposition. Under such conditions, Brownian motion
of the particles provides the principal mechanism for their transport
across the laminar boundary layer to the wall surface. It has been shown?
that the standard heat-mass analogy may be applied for estimating the rate
of deposition of precursors from gas streams onto wall surfaces. For iso-:
thermal regions, the net mass flux (in particles/cm®-sec) may be evaluated

from?

-
Qo = PoCollg e 0% | (1)



where

1 4PoCo
O = .[—J.'a Ag + ] J

e

In the following equations, the subscript, O, which refers to the precur-
sor, is omitted, for convenience.

In deriving Eq. (1), the mass transfer coefficient, C, and the prob-
ability factor for a particle to be deposited on the wall surface, P, were
assumed to be constant, and no thermal diffusion effects were included.
However, in regions such as heat exchangers, the temperature of the gas
stream will vary both in the axial and radial directions. A radial force
will be exerted on the particles because of the radial temperature gra-
dient, and the resulting thermal diffusion will increase or decrease the
deposition rate, depending on the direction of the temperature gradient.
An approximate analysis?! of the thermal diffusion component of the mass
flux showed that it could be related to the ordinary diffusion component

of the mass flux, as follows:

Thermal diffusion mass flux 1/3 T~-TT
K = =0, \= S P (2)
Ordinary diffusion mass flux t \Sc T+ TW
where O% is a thermal diffusion factor that is discussed later in this

paper. In addition, there will be temperature effects on P and C. These
effects are therefore included in the following derivations of the basic
analytical relations for the deposition of precursors in noniscthermal

regions. In the derivations, the subscript I denotes the isothermal re-

gion, and quantities without subscripts refer to the variable temperature

region.

Derivation of Edquations

A material balance equation for the concentration of precursors in

the gas stream at a distance x from the origin (i.e., source)_may be

N



stated as follows for the steady-state conditions:

(Net rate of gain by convection) — (Rate of loss by decay)
~ (Rate of loss by deposition) = 0 . (3)

Thus a material balance equation for a differential volume enclosed be-

tween x and x + Ax is

—g—x(AUn)‘Ax—XAAxn—anPCn(l+K) =0

or

%x— (Un) + [x +%Pc(1 + K)] n=0. (4)

By definition,

~

= %A
d, == . (5)
Based on a constant flow area and a small pressure drop compared with the
pressure level in the system, the gas veloclity in the heat exchanger can

be related to the gas velocity in the isothermal region as

=y L.
U-UITI (6)

Substituting Egs. (5) and (6) into Eq. (4) gives

d 1 4PC
a;c—(nT)+TIU—[>»+§—(1+,K)] n

I

]
o

or

(7)

n
o

dx ax IU da

nE & l—|:>»+—pr—c(l+1<:)j, n
I e

Since the temperature distribution in a heat exchanger can often be ap-

proximated as



T =T, +bx, (8)
we set
aT '
= (9)

and Eq. (7) becomes

dn TI 4PC b
=t —ﬁz Ao+ a;— (L + K| n+ $n=0

or

n=0. (10)

Hl o’

dn'’ 4PC
&—+3U[X+a—e-(l+K):] +

The solution of Eq. (10) with the boundary condition n = N at x = O gives

the concentration of the precursor in the gas stream at a distance x from

the origin as
X A
= N exp (—J; 3 dg) , (11)
where

0&# %[x+T(1+K)] E"F'»-T' ' (1;)

i

The mass flux of the precursor to the wall surface, Q, can then be

evaluated:

(Ordinary diffusion mass flux) + (Thermal mass flux)

(1 + K) (Ordinary diffusion mass flux). (13)

Q

The mass flux resulting from ordinary diffusion can be cobtained by making

use of the heat-mass analogy, as follows:?!

(Ordinary diffusion mass fluﬁ) = C(n - nw) = PCn , (14)

—ut



§
P |

%

where

P ———— . (14—8.)

In Eq. (14), C is the mass transfer coefficient obtainable from standard
heat transfer equations by analogy, n is the concentration of the precur-
sor in the bulk free stream, and n is the concentration in the vicinity
of the wall surface to within one mean free path. More will be said about
the probability factor, P, later in this report.

Equations (11), (13), and (14) are combined to obtain the deposition

rate (particles/cmz-sec) in the nonisothermal region:
X ,
Q = PC(1 + K) N exp (—J' o dx) . , (15)
0

The amount of precursor collected on the wall surface per unit area at

time t after the start of deposition at the point considered is,2 in
particles/émz,
-t
M=Q 1 Xe . (16)

For M < 1;

MeQt, (17)
and for At >> 1,

o 8
M (18)

Therefore, the concentration of precursors on the wall surface can be
evaluated from Eq. (16) if the deposition rate, Q, is known. Equation

(15) relates Q to position, x, but its evaluation depends on establishing
the integrand ¢ as a function of x. The various parameters in & that de-
pend on temperature (and therefore on x) are U, C, P, and K. The manner in

which temperature affects each of these is discussed below.



Coolant Velocity, U

The coolant velocity in the nonisothermal region is related to the

coolant velocity in the isothermal region by Eq. (6), i.e.,

U= Us E%il . (6-a)

Mass Transfer Coefficient, C

The mass transfer coefficient can be obtained from heat transfer

equations by an analogy for the type of flow and geometry under considera-

tion.1 For turbulent flow inside tubes, for instance,

14
’ 0.8 0
Cde Upde n\°-2 .
— = 0.023 — . (19)
D v eD,

Since the physical properties of the gas vary with temperature, the fol-

lowing relations were used for evaluating density and viscosity as a func-

tion of temperature. For a perfect gas,

—

Pm

o =1.22 x10°2 —& | (20)
T
where
~
= density, g/cm3,
D = pressure, atm, _ el
mg = molecular weight of gas, and
T = temperature, °K. '

Over a limited range, viscosity is assumed to vary linearly with tempera-
/

ture as
Bo= g BT, (21)
where
u = viscosity, g/cm.sec,
hg = & datum viscosity, g/cm-sec, and
B = a coefficient, g/cm-sec-°K.
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A first approximation to the diffusion coefficient, D (cm?/sec), is?
3/2 1/2
D=0.185 x 1072 2L L , (22)
o?pa\m m
where
m,mg = molecular weight of precursor and gas, respectively,
o = the collision diameter, A,

dimensionless collision integral function.

The collision diameter, o, is the distance of closest approach of two
colliding molecules with zero initial kinetic energy and is slightly dif-
ferent from the molecular diameter used for the rigid sphere model in
simplé kinetic thgory. The dimensionless function Q relates to the de-
viation from the rigid sphere model for which it would be equal to unity
at all temperatures. The values of Q as a function of T/(e/k) are avail-
able.* The Lennard-Jones parameters o and (e/k) for the combination of
species 1 and j may be evaluated by combining the Lennard-Jones parameters

for the individual species in the following manner ;>

qQ
.
T

(Ui + 0.)

SEAD)

Whenever possible the values of Lennard-Jones parameters for the indi-

(23)

vidual species should be obtained from viscosity data; values are avail-
able for some species.5:6 Data on Lennard-Jones parameters for the type

of molecules of interest in fission-product deposition are rare, but they
may be empirically estimated from the properties at the critical point,

the boiling point, or the melting point.”? For fission products entering
the gas stream in atomic form, the value Gj for the precursor may be taken
as approximately equal to twice the atomic radius. Atomic radii are avail-

able in tabulated form for stable isotopes.8
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Probability Factor, P

The probability of a particle depositing upon colliding with a wall

surface was defined as

P=— . - (24) )

The reason for calling P the probability factor is given in the following
explanation. The transport of particles from the bulk gas stream may be
considered as being opposed by two resistances to mass transfer connected

in series. The first is the resistance to mass transfer by diffusion,

equal to l/C. After overcoming this resistance, particles come to within
a dilstance of about one mean free path of the wall surface. From there,>
they collide with the wall surface by free flight. Since particles col-
liding with the wall surface do not all become permanently attached, a
fictitious resistance to mass transfer, equal to l/Cw, can be assumed to
exist there. Continuity of the mass flux across these resistances is
expressed by

¢(n - nw) =Cn.

or, rearranging,

C n—n P
W w ?
C +2¢C n (25)
W
Comparing Eq. (25) with the definition of P in Eq. (24) gives
P = l—c . (26)
1+ =
c
A\

It is apparent from this relation that P depends on the resistance to mass
transfer at the wall surface, l/CW, in such a manner that P tends to be-
come unity as this resistance becomes zero and to become zero as the re-
sistance at the wall becomes infinite. The resistance at the wall may be

considered to be zero if all the particles colliding with the wall are

1
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permanently attached to it or to be infinite if the particles do not stay
on the wall surface at all. For this reason, P is referred to as the |
probability for the particles being attached or deposited oﬁ the wall
surface. A perfect sink condition éxists at the wall for P equal to unity
and a perfect reflector exists for P equal to zero.

The temperature dependence of P was also investigated. According to
Eq. (26), P depends on C and Cw' The manner in which the mass transfer
coefficient C depends on temperature was discussed previously. The ef-
fects of temperature on C& may be presumed with the following considera-
tions. Collision of particles with the wall surface leads to a temporary
binding of the particles on the wall surface. We may speak of physical
adsorption if, in this act of binding, the individuality of the adsorbed
molecule or the constituent parts of the surface is preserved, or of
chemisorption if there is an interchange of molecules between the par-
ticles and the surface.? When a particle is not permanently attached,

the average time it stays on the surface is?

T =7 eq/RT s (27)

where t is the time of oscillation of the molecules in the adsorbed state.
The magnitude of T for various species appears to be of the order df 10713
to 10~1% sec, and for a given species it can be considered as being con-
stant. Therefore, the average time a given type of particle stays on a

q/RT, where ¢ is the adsorption

given type of surface is proporticnal to e
energy in cal/g-mole and R is the gas constant in cal/g-mole-°K (i.e.,

1.987).
The resistance offered to deposition because particles are not per-
manently attached to the wall surface may then be related to the tempera-

ture in the following form:

C_ = constant - eq/RT . | ' (28)

The value of CW in the varying temperature region may be related to the

value CWI in the iscothermal region by
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C, = C,p exp I% (—% - EL,I—, >] . (29)

“\.

Substituting Eq. (29) into Eq. (26) gives the relation for P as a function

of temperature in the région where the temperature varies with distance as

P=—— é / _ (30)

P, (31)

where CI is the mass transfer coefficient for diffusion in the isothermal

region obtained by analogy from the heat transfer coefficient. Since no
data are known to be available for the magnitude of CW under the present
conditions, CWI
the isothermal region. Plotting the logarithm of the experimentally de-

was calculated, as follows, from experimental data for

termined deposition in the isothermal region against distance should give
a straight line, the slope of which is equal to the value of aI. On the

other hand, the value of o for the isothermal region, from Eq. (1), is

1 4P_C
_ II
O = 5= (x + ) . (32)
I\ e _

Since all the quantities, except P;, in Eq. (32) are known, the value of

PI for the isothermal region can be calculdted. Substituting this value
into Eq. (31) the mass transfer coefficient for adsorption at the wall,
I’ can be calculated.
Therefore, only q, the adsorptlon energy, is unknown in Eq. (30).

If a suitable value is assigned to q, the variation of P as a function of

—\ﬁemperature is completely defined. 6QAK”XK&-t§<?tT',U\&wauvvvfdﬁmuaa

/4, &,D),’U) 11 428,

-»
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Diffusion Ratio, K

13

The ratio of the thermal diffusion to the ordinary diffusion is,

from Eq. (2),

X = O%

The effects of tempefature on the Prandtl and the Schmidt numbers in this

(

pr\1/3
2

T-T
W

T+ T
: W

)

(2)

equation can easily be determined, and the wall and gas temperatures are

usually known. Values for the thermal diffusion factor, O _, are rare,

but approximate relations are available.10,11

t
In most applications, fis-

sion products exist in the gas stream in small quantities, for which the

first approximation to the thermal diffusion factor may be evaluated from?t

where

*

912

Cl, = —
12 Q(l’l)* i

12

(2,2)%

Q22

(2,1)%
12

2

922

2
O12

(33)

The values of the dimensionless collision integrals, Q*, have been tabu-

latedl? as a function of T/(k/e). For rigid spheres, the Q*fs are equal

to unity, and Eq. (33) becomes

(34)

1
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where

012 = center-to-center distance between the colliding spheres,

diameter of the lighter molecule (i.e., gas molecules for the

022
present study).

Equation (33) is an approximation that is useful in making rough esti-

mates for the thermal diffusion factor.

Computer Code

The deposition rate in the nonisothermal regions cannot be evaluated
direcﬁly from Eq. (15) because the integrand, o, is a complicated func-
tion of temperature (and therefore distance), as explained above. A brief
description of a computer program preparedl3 to evaluate this equation is
given below. )

For the calculation, a region of length L; is assumed where the tem-
perature variation of the gas in the axial direction is negligible (i.e.,
b = 0), but a radial temperature difference is allowed to exist betﬁeen
the gas and the wall surface. Neglecting the variation of the integrand

o with the axial distahce, Eg. (15) becomes

o

Qr(x) = P (1 + K) Ny e for 0 S X <Ly (35)
where
1 4P_C
- I°T
aI_ﬁEE”"'de (1+KI)] .

This region will be referred to as the isothermal region, for convenience,
and subscript T will refer to the conditions in this region.
The value of the mass flux is represented by QI(O) for the isothermal

region at the location x = O chosen as the origin. Equation (35) becomes

-OCIX
QI(X)>= QI(O) e for 0 € X < Lo - (36)

~
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In a varying temperature region of length LT’ where the gas tempera-
ture is assumed to vary both in the radial and axial directions, the depo-

sition rate is given by

X
Q(x) = PC(1 + X) N exp <—j; o d%) for 0 < x <Ly , (37)
where
_ 1 4PC b
O!—ﬁ[)\,+'a?;—(l+K)]+T ’

and N is the gas stream cdncentration at the origin of the nonisothermal
region. The origin, x = 0, is not the same point for the isothermal and
nonisothermal regions, and therefore Q(0) is taken as the value of the
deposition rate for the nonisothermal region at its origin. On the as-
sumption that the nonisothermal region immediately follows the isothermal

region, Eq. (37) gives

Q(0) = PICI(l + KI) N (38)
and from Egs. (37) and (38),
< .
Q(x) = Q(0) PPg<%1++K% 7 exp (—j; o dx) for 0 S X <Ly . (39)
I°I .

I

Equations (36) and (39) are programmed for evaluating the deposition rate
as a function of the distance for an isothermal region followed by a non-
isothermal region. These equations are coupled in such a manner that the
end condition for Eq. (36) gives the condition at x = O for Eq. (39).

The deposition rate at x = O in the isothermal region, QI(O), and
the factor aI are given as input data for solving ﬁhese equations. From
Egs. (36) and (39), it can be seen that the input boundary condition may
be given in terms of mass flux (particles/cmz.sec) or particle concentra-
tion on the wall surface (particles/cm?), and the results will be in like

units.
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A typical ihput data sheet for computer calculations is shown in
Table 1. Table 2 shows a typical computer output sheet. The calcula-
tions are for the deposition of Zr?® from a turbulent helium stream on
the inside of a 0.94-cm-ID tube. A 211.0-cm-long isothermal region (LI)
is followed by a 58.4-cm-long cooler region (LT)' The boundary condition
at x = O for the isothermal region is given as DepI = 1.5 X 104, and &

T
is given as 0.00362. From the given .., the computer calculated the

J
probability factor for the isothermal iegion as being PI = 0.37. De-
position in the nonisothermal region is calculated by the computer for
the adsorption energy g = 20,000 cal/g.mole. The computer output for the
nonisothermal region is tabulated for six equally spaced locations. The
values of the diffusion coefficient, D, the mass transfer coefficient,‘C,
the mass transfer coefficient at the wall, Cw’ the probability factor, P,
the gas velocity, U, and the temperature, T, are all determined for each
of these six locations.

A typical computer plot of deposition vs distance is shown in Fig. 1,

which includes both calculated and input experimental data. In the

UNCLASSIFIED
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isothermal region the calculated line obviously must coincide with the

experimental data, because the input . and DepI were both taken from the

experimental data. *
The calculations for the nonisothermal region were for a value of
adsorption energy g = 50,000 cal/g-mole. The solid curve shows the cal-
culated values, and the small squares are the experimental points.
Discontinuity of the calculated curve at the beginning of the tem-
perature-variable region is due to the stepwise introduction of the wall
temperature change at this point. The radial temperature difference thus
introduced causes, for the particular case investigated, a sudden increase

in the deposition rate as a result of thermal diffusion.

Correlation with Experimental Data

The analytical model results were correlated with the test data ob-
tained from out-of-pile experiments performed for ORNL at Battelle Memorial
Institute. The experiments were performed in a 0.37-in.-ID type 304. stain-
less steel tube approximately 20 ft long. The precursors entered the
helium stream from a fuel specimen consisting of enriched UC, particles in
a graphite matrix. The fuel specimen had been .irradiated prior to the ‘
test and stored to allow the short-lived fission products to decay. In
the test loop, the fuel specimen was heated to 1800°F to accelerate the
diffusion of fission products into the gas stream. The deposition test
éection consisted of a well-insulated isothermal region where the gas tem-
perature was about 1200°F, followed by a cooler section where the gas tem-
perature was reduced to 600°F.

There was scatter in the test data chiefly because of the presence of
bends in the isothermal region. Smooth curves were drawn through the test
points and used in the present correlation.

In performing the calculations for the nonisothermal regién, the
slope of the calculated curve was matched with the slope of the experi-
mental curve in the isothermal region, and the boundary condition for the
isothermal region was chosen as equal to the value of‘the measured deposi-
tion at x = 0. With the conditions thus specified, the calculated and the

experimental curves were identical in the isothermal region. Calculations
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were then performed for the nonisothermal region for the different values
of O% and q.

A parametric study was made to investigate the effects of the thermal
diffusion factor, o%, and the adsorption energy, q, on the calculated depo-
sition curve in the nonisothermal region. Figure 2 shows the results of
such a study for Zr®® with an assigned value of g = 50,000 cal/g-mole and
Q= 0, 1, and 2. Actual values of @ are expected to be between O and 1.

t
The calculated curve naturally has no discontinuity in transition from the

isothermal to nonisothermal region for O% = 0, but it shows a jump for the
values of at = 1 and 2, where sudden increases in deposition of about 30

and 60%, respectively, occur for a gas-to-wall temperature difference of
about 550°F assumed at the cooler inlet.

Figure 3 shows the effects of q on the shape of the calculated curve °
in the nonisothermal region for Rul®3., Calculations are for g = 0, 10,000,
20,000, 50,000, and 75,000 cal/g-mole with a value of Q% of about 0.8. It
is apparent from Fig. 3 that the curvature of the calculated curve increases
with increasing q; however, the rate of increase of the peak point of the
curve is less at higher values of q.

Figures 4 through 7 are for the deposition. of Cel4l, Bal40 Tel32
and I135, Calculations in the nonisothermal region were performed for
a = 20,000, 50,000, and 75,000 cal/g-mole with an o of about 0.80. No
attempt was made to determine the value of g that would best fit the cal-
culated curve to the experimental values because the scatter in the actual
test data from which the smoothed experimental points were obtained would
not justify such a refinement. The general correlation of the experimental
results with the calculated curves is reasonably good, however, if the o}
value is assumed to be between 20,000 and 50,000, for all the precursors
considered, except 1131, It is apparent from Fig. 7 that the experimental
points for the deposition of I3 in the cooler region are much higher than
can be estimated with the present analysis, and the reason for this has not
been explained. It is believed, however, that iodine might have formed a
compound upon colliding with the cold wall that condensed or deposited at

a much faster rate.

n»
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