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. ABSTRACT

A computer code ABC-INTG has been developed to predict the Aerosol Behavior in
Containment following a postulated accident of liquid metal fast breeder reactors. The
code calculates such aerosol processes as coagulation, deposition, leakage and additiona!l
sources in a spatially homogeneous confined atmosphere. The equations to describe
these aerosol processes are almost all the same as those of the former ABC versions.
However, the numerical method is mostly revised by using the sectional representations
by Gelbard, et al. The new code can reduce the required computing time extensively,
compared with the former versions of ABC.
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1. - Introduction
Postulated accidents in liquid metal fast breeder reactors (LMFBRs) often

accompany the release of sodium oxide aerosol containing fission products and nuclear
fuel. This aerosol is confined in the reactor containment system and partially leaks into

the environment. The aerosol behavior within the container should be analyzed
quantitatively to evaluate the environmental radioactivity release associated with
LMFBR accidents.

Several aerosol behavior analysis codes, HAA-31) and HAARM-32) in the U.S.,
PARDISEKO-IIb3) in Germany, AEROSIM in the U.K., AEROSOLS Al and Bl in France,
and ABC#) in Japan, have been developed. These codes are used to calculate the
physical behavior of aerosol in a spatially homogeneous confined atmosphere. The
physical models used in the codes are similar. However, the codes are roughly classified
into two groups, due to the mathematical method ‘for calculating the particle size
distribution function. One group includes the so called Method of Moment?3), which has
been used in HAA-3 and HAARM-3. The method is used assuming the time dependent
particle size distribution to be a log-normal distribution at any time. This assumption
can reduce the computing time needed to solve the dynamic equations of aerosols

extensively. However, the limit to its applicability is not yet clarified.

The other group includes the Sectioning Method, which expresses the distribution
function by a finite set of discrete particle size classes. This is used in PARDISEKO-
1ib3) and former versions of ABC.6) This method has no limitation to the particle size
distribution, and can be used to treat an arbitrary distribution. However, fhis method is
accompanied with truncated errors due to the discretion and more particle size classes.
Eventually, more computing time is needed to reduce the errors to a reasonably small

amount.

~ Recently, more sophisticated sectional representations were reported by Gelbard,
et al.7) These have been extended to deal with multi-component aerosol dynamics, and a
computer code, MAEROQOS, has been developed.g) This MAERQS code has been incor-
porated in system code CONTAIN? to analyze post-accident phenomenology within the
containment.

In the present version of ABC, ABC-INTG, the numerical method is mostly revised
by using the sectional representations by Gelbard, et al. The physical models to express

the aerosol dynamics are essentially the same as the former versions of ABC.



2.  Modeling Features

The ABC-INTG code calculates such aerosol processes as coagulation, deposition,
leakage and additional sources in a spatially homogeneous confined atmosphere. The
equations used to describe the aerosol behavior are almost all the same as those of the
former ABC versions.#) 6) The physical models used in the code are summarized in order

to understand the modeling differences from other aerosol behavior codes.

The dynamics of the spatially homogeneous particulate system are described by the

following generalized equation.

& nlv,t)

v
5t _;_ j 0 K(v!y v-v)n(v', thn(v-v', t)dv'

-nlv, 1) j(;oK(v, v)n (v'y t)dv'
-R{v)n(v, t)
+S(v, 1) rressaserssesessnsersaransasse (1)

nlv, t) is the size distribution density function, K{v, v') is the coagulation
coefficient for particles of volume v and v', R(v) is the removal rate constant for

particles of volume v and S(v, t) is the rate of addition of new particles into the system.

The dynamic equations for sphere particles are used to describe the particle
motion. To extend the code applicability to real nuclear aerosol systems, two correction
factors are used. These are dynamic shape factor r, to correct the aerodynamic nature
of non-sphere particles, and coagulation shape factor 7, to correct the coagulation
coefficient for the particles. In addition, collision efficiency ¢ (v, v") is used as a
correction factor for the gravitational coagulation and turbulent coagulation. Also, the
Cunningham slip correction factor is included in the dynamic equations for small spheres.

The equations and physical properties used in the code are described below.



2.1 Coagulation

Three coagulation mechanisms, Brownian coagulation, gravitational coagulation
and turbulent coagulation are modeled in the code. The coagulation rate constants for
each coagulation mechanism are expressed as Kp(v, v, Kg{v, v} and K{v, v?,
respectively. The overall coagulation constant K(v, v?} is given from the sum of these
three constants,

K{v, v) = Kplv, v) + Kglv, v) + KTlv, v) cesnsesserssansresassanenss (2)

(1) Brownian Coagulation
Brownian coagulation results from the random motion of suspended particles.
The rate constant for Brownian coagulation, Kp; is given by the following equation.
KB = 47 (D] + Dj)(r; + rj) -3;— cesesrrrressecarsnssenssaens (3)

Where rj is the particle i radius and Dj is the diffusion constant for particle i.

Diffusion constant Dj is given as follows.

D‘ = LY Y Y P Y YT TP Y YT Y ) (4)
1 6Ty ri ri
ko = Boltzmann constant
= Gas temperature (°K)
¥ = Gas viscosity
Ai = Cunningham correction factor

3
It

Mean free path

The gas viscosity, mean free path and Cunningham correction factor are

given by the following equations.

Gas Viscosity

ABC uses the following linear formula.

=79 {1+ C(T - To)} ceserenssssssssnessase (3)
7 = 1.83 x 10-5 kgm-1s-1
C = 2.64 x 10-3
To = 296 K



Mean Free Path
The formula used is

3 /| M :
Z.‘: §  —— m SONNSISEIBIBNERIRENINRS (6)
7 Pg SRT

pg = gas density

Mm = molar mean molecular weight (taken as 0.029 kg mol-! for Air)
R
Gas density o g is given by the following empirical formula:

gas constant

) 1.293 P
°g ~ 1 +0.00367t - Pg

t = temperature (0Q)
p = gas pressure
Pp = standard gas pressure

Equation (2) is derived from the Maxwell equation (1860) and the mean

velocity. By using gas pressure P, it can be written as follows,

on
= FAP MNP IAOEOONIIRINNORABENS (8)
R iy -

Cunningham Correction Factor

The Cunningham correction factor is expressed as,

Aj = 1.257 + 0.400 exp(-—-l'ﬁ)
Afr

SR ¢ )

(2) = Gravitational Coagulation
The rate constant for gravitational coagulation is given by the following
equation,

T2
KG =& (l‘i + rj)z |Vi - Vj | T SssvnssassIseELIEEL LS (10)

¢ is gravitational collision efficiency and Vj is the terminal settling velocity
for particle i.
Terminal settling velocity V is given as follows,

: 2 .
Vi = ’zigrl_(l + A}'A ) FEEABNRR PP HAANERSBRRNNE (Il)
27 ri



g is the gravitational constant.

Gravitational collision efficiency ¢ is based on the equation due to Fuchsl0)

and expressed as follows,

g = | l'j ['12
e +r) | (e + 12

I.'i = rj ssasussssssssnssssasnEes (12)

For ri< rjs Eq. (12) can be simplified, as follows11),

E = i(_r_i__.).z SsessnEssRsReReRRIINNY (13)
2 o+ rj

In addition to the above correction formulae, a constant = value can be

specified by input.

(3)  Turbulent Coagulation

The collision frequency between particles suspended in a gaseous medium
may be increased by induced turbulent motion in the gas due to the two
independent mechanisms. One is collision, caused by particle motion resulting
from the random turbulent motion of the air. The other is collision caused by
particles' inertia.

The constant coagulation rate due to the first mechanism KTy, is given as

follows,

o
KT]. =g (S—Rg_

ljv 5 T)yz (ri + rj)3 T 3 LLEL AL IR AR RN R Y]] (14)

¢ is the energy dissipation rate in the turbulent fluid. The same collision
efficiency value ¢ , is used as the gravitational collision efficiency.

The constant coagulation rate due to the second mechanism KT, is given as
follows.

2

KT2 = £ {ri + rj)z 'Vi - Vj[ Lx SssasssssEBseBIRRISERN (15)

vj is particle velocity.

Particle velocity v; is given as follows,

vi = [i@][ 169 °1° pgl % .2 , Ak vessesssnsnesssasees (16
97 5y | ! ry




2.2 Removal Rates

Suspended aerosols are removed from the atmosphere by deposition and leakage.
Three kinds of deposition mechanism, diffusion, gravitational settling and
thermophoresis, are modeled. Removal rate constant R(v) in Eq. {1) is the sum of the

above three deposition rates and the leakage rate.

(1) Deposition due to diffusion
The removal rate constant due to Brownian diffusion, Rp, is expressed as
follows, '
Aw 1
R = D. -~ L YT T Y Y Y Y Y 17
D l‘ V. Bd X ( )
Aw = deposition area
v = vessel volume
64 = Brownian boundary layer thickness
(2)  Deposition due to gravitational settling
The deposition rate constant due to gravitational settling, R, is expressed as
follows,
RG = Vi - ﬂ'—- % LU R T Y Y YT Y R T Y (18)
Af = floor area
(3)  Deposition due to thermophoresis
The deposition rate constant due to thermophoresis, RT, is expressed as
follows,

RT = 37?(1 + Al 1 /rl) - M- —':‘l_ I Y YT YT IY YT TT) (19)
2og. T v z

VT = temperature gradient between gas and wall

KT = aconstant that depends on particle and gas properties

Factor K is based on Brock's theory and expressed as followslz),

! kffks + Ct 2 fri 1 ,
K - f s t ‘l' LTI YRR Y YYYY (20)
ki = thermal conductivity of gas
ks = thermal conductivity of aerosol



Ct = a constant associated with the temperature pump ( = 3.32)
Cm= a constant associated with the velocity slip ( = 1.00)

(#) Leakage

Leakage rate L (1/sec) is specified by input. Total removal rate R(v) is given
by the following equation,

R(v) = Rp(v) + Rg(v) + RT(V) + L cevessuseeranaerenseess (21)

2.3  Source Term
Instantaneous and continuous aerosol sources are modeied. Both the sources are

assumed to be log-normal distribution. Distribution function f(r) is expressed as follows,

2
#r) = In"rfrgy 1 RO ¢ 7

1
==—exp(-_—___8&
{annag exp 2 In20g r

rg = geometric number mean radius

¢g= geometric standard deviation

For an instantaneous source, particle size distribution n{r) is given as follows,

n(r) q' 3 Co 2 ) ] f(l") L P PY TR PTR YT VY (23)
ag
—5nlg pexp(4.5 In g

Co initial mass concentration

For a continuous source, source rate distribution s(r, t) is given as follows,

s ,

S0 = — ot) . £(0) OO Y2
37 rg3pexp(4.5 lnz"g)

So(t) = aerosol source rate

For the time dependent source, a stepwise source rate function is used.



3. Numerical Features

The numerical method, which is used in the ABC-INTG code to solve the dynamic
equation for aerosol, is based on the sectional representations by Gelbard, et al.
Hereafter, the numerical features are explained briefly.

3.1 Sectional Representations
The entire particle size domain is divided into m sections. An integral quantity of

aerosol Qg is defined in section ¢ as follows,

Q) =yl vnvDdv

It is assumed that only binary collisions occur. The rate of coagulation between
particles in volume ranges (u, u + du) and (v, v + dv) is given by K{u, v) n (u, t) n (v, t)
du dv.

The Eq. (1) can be rewritten as follows, using Qg ().

VIl ~Vié-1
dQut) . L j j_ 0 {vg-1<u+ v<vglu + v)K(u, vin{u, t)nlv, 1) dudv
dt 2 Vo Vo

EVﬁ-l 5 Vo
- { Ou + v>vgu - 6lu + v<vglv } K(u, v)n(u, t)nlv, t) dudv
Vo JViE-1

VIVE
- Lj 5 8(u + v>vu + v)K(u, vinln, thnlv, t) dudv
B1ViE-y

VmVe '
- j/ mS uK(u, vIn{u, tin(v, t) dudv
VeIve]

- J,W R(v)vn(v, t) dv
V-]

Ve
+ [ S, ) dv s rrersonens (26)
Vi



where the function ¢ is equal to one if the specified condition is satisfied, and is

equal to zero if it is not satisfied.

To express dQg /dt in terms of Qi, 151, 2 ..... m, a size variable x=f(v) is chosen.
The following is assumed within each section ¢,

vn{v, ) = qg(t) ' (v) cressmrnssensasssssans (27)

where fv)=df/dv and qg (t) is a constant in each section. Then, the size

distribution density function is expressed as follows for vg. 1<v<Vy

nlv, t) = Wi . (28)
vif(vy - flvg-1))

The equation (26) is expressed as follows in terms of Qg(t) (¢=1, 2 ... m)

dQ¢ _ 1 £zl ezt . -1 2
di 2 ifl ]fl Ay js £ QIQ]. _Qgi:. /@jg Qi
(L3 2 moog,
> Pue Qp - Qy 2l Bi, ¢ Qi
“R,(0Q, + S, (29)

Coagulation coefficients are given as follows.

) i % bv, ) < urv<v)u+v)K(u,v)
I'/e iy jog ] f ) dydx

uvlx; - x;_1) Oej-xj_1)

2<4<m, 1= i<, =j<g ,

121, 5,2 :IEj, isg sosesorranssrnens (30)



[6(u+v_> v u-6(u,v)<vy )V] Ku,v)

Xi X¢
25 4,4 = J’ j dydx

uvixj - xj-1) (xg-xg_l)

Xj-1  Xg.1
2<¢<m, i <4y 2Fig =~ 23y, cersverennns (31)
3 Xg X
Be,0= | f Olu+v >vi(u+v)K(u,v)
x4-1 X4-1 uv(xg ~X é_l.)z |
I<g<m vesrrssanenes (32)

dy dx

i uK(u,v)
J:u [xg Vv dydsx
bpi,0 = Yy xg-1  uvlxj-xj_1) (xy -x 2-1)

l< »é <m, i>ﬂ’#{§ i, g 5; qﬁ‘g, i AESPRRERA N DAY (33)

Xi=fvyu=£fl(y)v=£1(x

The removal constant rate for sectioné, R¢, is given as follows,

5 )
Rg= Xg _.__R_
ng-l - xe_l)

dx teassssssaserns (3#)

The source term for section ¢, Sé(t), is given as follows,

_gg (t) = j‘v‘g V-S(V, t) dV ftsdtannansesncen (35)
v 4 =1
Because the size distribution for aerosol particles is usually expressed in terms of
particle diameter logarithms, the following equation is used as a size which is variable in
the numerical integration of the above equations.
x = i(v) logig (6v/m )1/3
loglo 2r creensresrncseserane (36)

1l

3.2 Aerosol Data Calculation
The time dependent variables to be solved in the ABC-INTG code are Qg(t), = 1,

2 ... m. Other aerosol data are calculated as follows, using Qgvalues,

- 10 -



(1)

(2)

(3)

(4)

Suspended mass concentration, C(t)

clt) =,m _
72 Q¢

Geometric mass mean radius, R50

m
2 (1nF JQy
R50 = exp(&l — }
> Qy
£=1
where rg: average radius in section ¢

313 5
=3 L"R_Vg

Vg average volume in section £

- vy
vg=fvadv [ (v, v ,_9)
Vgl

Geometric standard deviation,og
m

2 (Inf- InR50)2 Q
_ 2
bg = exp{g“l — } 172
5
=1 9

Particle size distribution, dM/d Inr

dM ry
=mflryg) =oQp—2—¢= 1,2 .eum
dinr ¢) = e b ’

=11 -

----- CERBRISIRINIEGRS (37)

AL IR Y Y

BEGERFICERREAGREAEP RS (39)

LRI I I YT Y YY)

LTI Y T Y



4.  Concluding Remarks

ABC-INTG predictions were compared with those for ABC-3C for various particle
size class numbers. The ABC-INTG code gives results nearly equal to those for ABC-3C
at 120 particle classes, by using only 20 particle size sections. This reduces the required
computing time extensively. The ABC-INTG Code numerical validity in solving the
coagulation dynamics has been studied by comparing it with the analytical solution for

constant coagulation rate published by Scottl3).

The code is now extended to a three-cell model to deal with the conainment system

used in Japanese fast breeder reactors.

~-12 -
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