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sO3STRACT

CHARM is a computer model for the behavior of a one component aerosol in a
single region with time-varying external conditions. It treats particle
agglomeration due to Brownian motion, gravity and turbulence, and particle
deposition due to Brownian motion, gravity, turbulence, thermophoresis and
diffusiophoresis. Turbulence properties are estimated for flow through a region
of arbitrary cross-sectional shape, with aerodynamically rough or smooth walls
at any Reynolds number. The gas can be of any composition. The time-varying
external conditions allowed for are the temperature, pressure and velocity of
the gas, wall temperatures, and the rate, mass median radius and geometric
sta.dard deviation of the source. The model is simply modified to enable this
list to be extended if needed. A new cethod of solving the governing equations,
based on the finite element collocation method, enables the time-varying
conditions to be treated accurately and economically We describe in detail the

; models, the numerical cethods, the execution of the computer code (including how
to write the input data file and interpret results), and how to make simple
modifications to the codel. We discuss how the model could be implemented as a
submodel of a larger one and what further work needs to be done to enable it to
efficiently treat multi. component aerosols, and condensation onto and evaporation
from particles.
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1 INTRODUCTION |

tThe work which has culminated in the production of the aerosol model CHARW
t

'

described in this manual originates from the need to consider hypothetical |,

accidents in power generating nuclear reactors for the purposes of assessing
!

safety standards. Some of these hypothetical accidents are classified as severe,
in which the reactor core, as a consequence of overheating, becomes severely |

degraded and fission products are released into the primary circuit and possibly i
into the containment building and the environment. It is essential to these

,

assessments to calculate the transport of fission products from the fuel to ;

their eventual destination. Wany of them can be transported as aerosols foe '

which agglomeration and deposition are important mechanisms to be considered.
The behavior of the aerosol is coupled to the thermal-hydraulic conditions which
can vary considerably both spatially and temporally; variations in temperature,

i pressure and turbulence are ps.rticularly important. Condensation onto and
vaporiastion of the aerosol and self-heating due to radioactive decay of the
fission products can also occur. Many computational cells and many aerosol

,

components must be considered. ;

This poses a significant computational problem. The model we describe solves one
aspect of this: how to efficiently compute aerosol agglomeration and deposition

; taking account of the time varying thermal-hyd-* lie conditions. Numerical |
methods for treating this were formulated and assessed by the author (Wheatley, '

1988) who showed that one in particular, based ,n the finite-elewnt collocation
{method, can give satisfactorily accurate resul..e for practical problems and yet ;

requires only modest computational overhead to update the agglomeration kernel |i

to take account of time-dependencies in the external conditions. |
|
j CHARW is a modest extension of the computer code used by the author to assess f

| the collocation method. It models aerosol behavior in a single computational [
t cell; time-varying external conditions are assumed to have been calculated in ~

advance and are supplied as data to the model. The aerosol particles have a f
single, constant composition and can agglomerate, deposit on surfaces and leak

! from the cell. A time-varying source of particles can -1so exist within the
! cell. The agglomeration and deposition models in WAEROS (Gelbard,1982) have been

;'

used in CHARW. However, models have been added to treat deposition by turbulence !
and to estimate boundary layer thicknesses and turbulence properties of the flow !

field. These extensions in conjunction with improvements to the input and outputI

( subroutines will enable the model to be widely used for practical problems. [
l

Of course, this only goes part-way to modeling aerosol behavior in the wider;

context as discussed above. Principally, multicozponent and vaporization effectsI

| are ignored. However, it was considered worth-while to develop such a model |

I based on the previous work of the author for the following reasons-
i

; i

j -1- INTRODUCTION !
1
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i

i #e know of no other model which is able to efficiently treat aerosol
behavior in time-varying external conditions. As an example, it can be
applied to aerosols moving through a pipe with temperature variations along
its length. Perhaps more important, it can be used to study whether
variations of the external variables with time are important to aerosol
behavior,

11 It can be used to study alternatives to the physical models: turbulent
depsition in particular for which there is some uncertainty,

iii With minor modification, it can be incorporated into multi-cell modsis such
as VICTORIA (Crimley et al., 19881 '.hereby enabling aerosol behavior to be
fully coupled to the thermal-hydraulies and other phenomena - though, of
course, simplifying assumptions have to be made about how to treat the
particle composition, and condensation and evaporation.'

iv With further development of methods, it could form the basis of a model i

3

which efficiently treats multicomponest and vaporization effects also.
4

We envisage, therefore, that CHARW could be used as it is or with minor
modification, incorporated as part of another model, or extended in some major
way to treat multicomponent and vaporization effects. To meet all these possible
needs, we will describe in detail the medels in CllARW, the numerical methods we;

use, how to compose the input data file and interpret the output, and how to
execute and make minor modifications to the code. We include supplementary

.

I details about the overall operation of the model, what the subroutines do and n |
j compiler source listing. We also discuss in general terms how it could be ,

incorporated into multi-cell models, the developments needed to treat i
.

efficiently multicomponent and vaporisation effects, and how it might form the [

]
basis of a model to treat these effects. ;

1
2

l I

i !

!
!
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2 DESCRIPTION OF THE WODEL
2.1 Overview

The governing equation of the aerosol phenomena treated by CHARW is the
following

K(p,m ,t)C( ,t)C(m ,t)d=

, ..

- C(m,t) K(y,m.t)C(y,t)dg - R(m,t)C(m,t) S(m,t) . (1)'e

where C(m,t) is the aerosol number concentrasion distribution. It is defined so
that C(m,t)dm is the number of particles per ut.it volume with mass in the range
m to m + dm at time t. Drake (1972) gives an excellent survey of this equation.

K is the agglomeration kernel; it is symmetric and takes account of particle-
particle collisions due to Brownian motion, differential gravitational settling,
and turbulence. The integrand of the first term with K corresponds to production
of particles of mass m due to collision and coalescence of particles of mascss

and p. The integrand of the cu caeding term corresponds to destruction ofm-

particles of mass a due to collision and coalescence with particles of mass p. K
can depend explicitly on time through changes in the external conditions; gr.s
temperature, pressure and velocity are particularly important.

R is the removal rate for particles of mass m. Leakage, and deposition onto
surfaces induced by thersophoresis, diffusiophoresis, gravitational settling,
Brownian diffusion, and turbulence all contribute to R which, like K, may be
time-dependent.

i S is the number concentration source rate for particles of mass m.

Implicit in Eq. (1) are four assumptions which we briefly mention. First, the
aerosol is well-mixed throughout the cell, This may require the flow in the cell
to be turbulent to promote mixing or the cell to be a small part of a largeri &

region within which the aerosol exists and the aerosol has nearly uniform
properties within the cell by virtue of its small size. Second, particles are
characterized by their mass only. i.e. particles can have a shape which is a
function of a but particles of given mass all have the same shape. Clearly, this !

breaks dewn when particles having the same mass have different shapes. This|

affects agglomeration and deposition rates. Such dependence, however, would be
extremely difiicult to treat computationally. Third, boundary layers and their ,

effect on deposition are not treated in detail. Fourth, particles do not break-
up into smaller particles.

-3- DESCRIPTION OF THE WODEL
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Detailed expressions for K, R and S will be considered in the succeeding sub-
; sections where the primary aim will be to give formulae in detail as they appear !

in CliARM and to reference their origin. We will indicate ranges of validity and
possible uncertainties where appropriate. We recall tlat we have chosen to base
the models in CHARM on those in MAEROS except where extensions have been made to
estimate relevant flow parameters and turbulent deposition. A good survey of

| these and similar sodels ir given in Dunbar et al. (1984) . We use S.I. units
throughout except for molecular weights, which have units kg / kmole, and in the
table in Section 4.4 where we show the units explicitly.

2.2 Cas properties

Agglomeratior, and deposition rates depend on properties of the gas in the bulk
of the cell and adjacent to surfaces, where they are relevant to the calculation |

of diffusiophoresis. Some of the formulae we give are specific to air. However,,

we note that they are isolated in a single subroutine in CHARM and so are easily I

changed to accomodate other gases. Standard gas kinetic formulae can be used to
combine component properties to obtain estimates for mixtures.

|

The gas densin For the bulk gas, the temperature, T, pressure, P, and average |

molecular weight, W , are supplied as input to the model (when a gas has more
thanonecomponentt$eaveragemolecularwaghtisjustthemassofonemoleof
the mixture) . The density, p,, is calculated assuming the gas to be ideal as
follows

] PW*
(2),a = ,*

10'RT

The f actor 10' is included because W, has units kg / kmole.

The dynamic vivrosity rl is estimated from a correlation of data for air. The '

correlation is as follow,s
' '/'T 1 0)U * 'r , T ,3, 1;T/T,3 's

where n, and T,3 are constants with values 1.56510'' and 114.0 respectively. It
' would be a aimple matter to replace this with correlations for other gases or

mixtures of gases,
i

The rean free path 1 is calculated from standard kinetic theory as follows
<in, ;

1 = 0, (4).

,

4

|

i

i

| DESCRIPTION OF TEE WODEL -4-
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,

The vapor diffusivity For the calculation of deposition by diffusiophoresis we
need properties of the gas adjacent to surfaces where we stppose a vapor is
present which is either condensing onto or evaporating f rom the nearby surf ace.
The diffusivity of the vapor in the gas is estimated from a correlation of data
for diffusion of water vapor in air as follows

P

D,=D,p''f<<t.e4
,

(5),

es

where D,, P, and 7,, are constants with values 2.11x10'',1.01325x10' and 273.15 i

r:spectively. It would be straightforward to replace this with correlations for
other vapors and other gas mixtures.

;

! The vapor eeneentration The concentration of the vcpor in the vapor / gas mixture
;

adjacent to a surface, c,. where the subscript s can stand for e, w or f
according to whether the surface is the esiling, wall or floor (see Sub-section'

2.6 for the definition of these surf aces), is estimated from the ideal gas lawi

as follows'

f,PW, |

(6)c, = ,

10'RT,

where f, is the molar fraction of the vapor in the mixture, W, is the molecular,

! weight of the vapor and T, is the temperature of the mixture adjacent to the
,

'

surface.'

2.3 Flow properties
i

,

| Turbulence parameters of the bulk flow are needed for estimating agglomeration '

and deposition rates. Viscous and diffusion boundary layer thicknesses arei

! needed for estimating Brownian and thermophoresis deposition.
,

) The friction velocity u, is calculated from forculae based on those riven in ;
j Schlichting (1979) for flow through a cylindrical pipe of any aerodynamic '

| roughness and others for flow through aerodynamically smooth pipes of arbitrary ;
j cross-sectional shape. We will indicate in more detail below where extension;

have been made. By definition, u, in terms of the Fanning friction factor, f,,:

is given by
t.

> f,< 1/3i

| u, = U 3. (7) ;,

where U is the mean flow speed in the cell relative to surfaces in the cell,
j usually the cell walls.

:

l

: i

|

| -5- DESCRIPTION OF THE WODEL
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i

The Fanning friction factor f, is implicitly determined from a correlation
established by Colbrook (1939) for flow through cylindrical pipes of any
terodynamic roughness. The correlation is

*

(8)2 f, = 1.74 - 2 log 3, * Re2 f, ,

there 3, is the equivalent sand roughness of the pipe surface adjacent to the
flow, d is the diameter of the pipe, and Re is the pipe Reynolds number equal

3

to p,d U/n,.g
L

This correlation reduces to the quadratic resistance formula for fully rough

friction,s,u,/n, > 70), derived by von Karman, and Prandtl's universal law offlow (p
for smooth pipes (p the correlation has

been verified up to Reynolds,s,u,/n, < 5) . In either limit,numbers which exceed 10' and there is theoretical
justification for extrapolating the correlation tc such larger Reynolds numbers.

,

The equivalent sand roughness e, equals the height of protrusions on sandj
roughened pipes of equivalent roughness (this originates from the pioneering
experiments of Nikuradse who measured the pressure drop along pipes roughened
with sand of varying grades at Reynolds numbers ranging from somewhat less than
10' to greater than 10'). z, in general must be determined empirienlly but1

values have been established for common materials which we give in the table
below, reproduced from Schlichting (1979).

z, f'or some common materials

! material a,(m)
,

reinforced concrete .0003 .003
cast iron .00026

galvanized steel .00015! ,

structural and forged steel .000045 ,

drawn pipes .0000015
i

!

I Note that certain types of protrusion, such as regularly spaced ribs
| perpendicular to the flow, can give rise to values of s, significantly larger

than the height of the protrusion. ;
'

L

The hydraulie diameter d is just the diameter of the pipe. However, experiments !3
! by a number of authors have shown that the Fanning friction factor of !

aerodynamically smooth pipes of non-circular cross-section (such as square, i

rectangular, triangular and annuli) equals that of circular pipes over a wide
! range of Reynoldt number when d is generalized as given in Eq. (9) below, |g

| |
DESCRIPTIOS OF THE WODEL -6- |

'

| i
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t.

)
i

] despite the complications of secondary flows induced in non-circular pipes. dg' in general is given by
,

i'

4A

dh*~' (8);

i

; where A is the cross-sectional area and p is the ' wetted' perimeter of the pipe (
) perpendicular to the flow. We use this generalisation for aerodynamically rough j

pipes also, even though it has only been verified for smooth pipes. !,

i I
+ r
! The crities) Reynolde number The above formulae for u, are valid when the flow f
| is turbulent and fully developed which, for a cylindrical pipe, is the case when !

Re ;t 2300 and well downstress of the pipe inlet. For convenience, we cale.ulate,

j e, from these formulae when Re 2 2300 irrespective of the cross-sectional shape ;

j of the pipe and the downstrema distance from the inlet (and other axial !

changes). We note that the critical Reynolds number (based on dh given by;

| Eq. (9)) in general depends on the pipe shape.
|
,

|
t

I We do not have a treatment for other turbulent flows, non-fully developed flows [
] in particular, and simply assume that u, is sero when Re < 2300. j
'

i

The turbulent energy dissipation rate per unit mass e, is estimated by equating |
| the rate of energy consumption needed to promote steady flow along a pipe of
{ given length to the rate of energy dissipation due to turbulence with the result

,

;
I 4Uu ' I

i e, =
d (10) i.

'

h

For fully developed turbulent flow in pipes, Laufer (1954) shows that direct ;
viscous energy dissipation is negligible compared to energy dissipation due to (

| turbulence. Consequently, the above formula is valid and provides an estimate of
{

| the turbulent energy dissipation rate averaged of the pipe cross section. We ;
note, however, that Laufer also showed the turbulent energy dist.ipation ratei

I

varies considerably with distance from the pipe centre, being least in the core
region and greatest near the wall. An alternative weighting in the averagingi

'

process can therefore lead to a substantially different estimate of t, but we j
retain Eq. (10) in the absence of any present indication that an alternative '

weighting should be used.;

!

The viscous boundary laser _ thickness 6, is estinated from (Wonin and Ynglos,
1971),

I

6* = F u, (11),

a

|

!

-7- DESCRIPTION OF THE WODEL
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An empirical constant of ~5 might have been included in the numerator on the |
'right hand side of Eq. (11) (Wonin and Yagles, 1971) but we prefer to leave this

out since other empirical constants in the equaticas in which 6, appears make
this redundant.

The diffusion boundary thickness 6, is needed later for estimating deposition by
Brownian diffusion from a turbulent flow. It is estimated from (Keller, 1973)

f 6, = 6, / Sc /' , (12)
1

where Se is the particle Schmidt number given by
J

n

Se = TB * (I3) |k
i

j k is the Boltzmann censtant and B is the particle mobility defined in Sub- !

j section 2.5.
1

] 2.4 Initial and source distributions r
s -

) For convenience we use analytic formulae for these although more general |
| formulations could be accommodated. The initial and source number concentration !
I distribution are chosen to be log-normal. Consequently, the initial density |

distribution, Y(m,t) = zC(m,t), is given by

- O g,'(m/s,)/21og,9e')) (14)
"Y(m,t) = e ,

(2 ) *'' log,(o')
I

j where the moments N, a and m, are defined in Sub-section 3.3. These moments,
however, are not the most convenient to specify valt.es for and so we choose'

; instead p, a and r as the primary parameters. p and a are defined in Sub- |u
|

section 3.3 also r is the radius of the spherically equivalent particle of !u
| mass a and density p . lu p
! !

N and m, in terms of p and r, are I

u = f rp, r ', (15)
!

m u
.

log,' (O') /2#N= e (16),
" ;

.

I and
.

I

g,N0')
(17)m, = mu, ,

!
!

! DESCRIPTION OF THE WODEL -8- !
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Similar expressions apply for the source density distribution, mS(m,t), except N
and p are replaced by dN/dt and dp/dt where these are, respectively, the number
concentration generation rate (the number generation rate divided by the cell
volume) and the density generation rate (the mass generation rate divided by the
cell volume) of the source. Note that we use the same symbols for other moments
of both the airborne and source distributions.

2.5 Particle mobilities

The particle mobility, B, is estimated from Stoke's mobility law, B,g, with a
slip correction due to Cunningham (1910), Cu, as follows

B=B Cu . (18)gg

B,g is given by

Bss * 6:1 n,r (19),

where the dynamic shape f actor, I , is an empirical dimensionless correctiond

factor introduced to account for the aerodynamic effects associated with non-
spherical particles, and r is the radius of the spherically equivalent particle!

: of mass m.

Cu is given by

Cu = 1 + k,Kn + k,Kn e ~ I b^ (20)
b

,

where Kn is the particle Knudsen number which equals 1/r (i.e. the mean free
j path /the equivalent particle radius) and k , k and k are empiricalg
j

dimensionless constants. The default values we u,se fo,r k, and kg (0.4 and 1.1
respectively) are from Davies (1945). Our def ault value for k, is slightly
larger than the value obtained by Daviec (1.37 c.f.1.257).

i
; 2.6 Deposition rates

!

I

Five deposition mechanis=s are considered which we describe in turn. We describe
how the contributions are combined at the end of this sub-section.

| We shall use ceiling, wall, and floor to denote strfaces exposed to aerosol
! (within the cell and at the cell boundaries) which are horizontal and downward
i facing, vertical, and horleontal and upward facing respectively. Surfaces of
| given orientation are not distinguished in temperature. |

'

I |

The deposition velocity due to gravitational settling v is given byg
1

i

! -9- DESCRIPTION OF THE WODELl
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a = gnB , (21)v

where g is the acceleration due to gravity. Strictly, (p, - p,)/p, should appear
as a multiplicative factor in this equation but, keeping to our constraint to .

'

duplicate the models in MAEROS, we ignore this small error.
,

i The depocition velocity due to turbulence y, is estimated from a correlation of
j the Liu and Agarwal (1974) data for deposition in smooth pipes. We first define
j the dimensionless deposition velocity, f,, and the dimensionless relaxation

time, t, by
s

y,= 0,u, 'm
1

and
'

t = r p ,u ,'/ n , , p.s)

where r is the particle relaxation time given by
8

| 2prCup
r= = mB . (24)

99,Ya .

For f between ~.1 to ~10 the Liu and Agarwal data are well correlated by

9,3 = 6x 10'' f' (25) |
;

) For f between ~30 to ~1000 their data are well correlated by

| v,3 = .013 f-3/' (26)

By combining v,3 and v,,, we find a good correlation across the whole range of f
to be as follows

;

1/i,' = 1/9,33 1/ Y,,8 (27).

1

This correlation is applied in CHARW without restriction on f.
;

Liu and Agarwal concluded that the dominant deposition mechanism in their
experiments was penetration of the laminar sub-layer by particle inertia
generated from the turbulence. They showed'that the contribution from Brownian
diffusion across the laminar sub-layer was always negligible for the particle

,

sizes examined. Therefore, we assume this latter mechanism is not accounted for'

in our estimate for y,. It can be importat.t for small psrticles and so we treat'

it next as a separate contribution.

i

i
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The deposition velocity due to Brownian diffusion y, takes account of Brownian
diffusior s, cross the laminar sub-layer from a turbulent flew. It is given by

v, = .0594 kTB/6, = .0594 u, Sc- / (28),

where kTB (s the Stokes-Einstein particle diffusivity. The factor .059 it, a

departure from WAEROS; it is a dimensicaless empirical cotrection factor from
Brockmann et al. (1982) .

We note that our treatment of turbulent deposition, including Brownian
deposition from a turbulent flow, does not distinguish muodynamically rough or
smooth surfaces. In fact, the Liu and Agarwal experiments were done in
aerodynamically smooth pipes. And, it is clear from the Brownian deposition
formula that a laminar sub-layer is supposed to exist so this also is applicable
to aerodynamically smooth surfaces. However, experiments by wells and
Chamberlain (.S.957) and Chamberlain (1967) show deposition is increased when
surfaces are rough. We, therefore, need to consider generalising our treatment.

Mahn et al. (.985) show the correlation of Kader and Ynglom (1977), which is
applicable to deposition of submicron particles to rough surfaces, agrees with
experiment over a wide range of particle Schmidt numbers. This appears to be a
suitable candidate with which to generalize our equation for v,. However, the
situstion for v, appears to be icsn clear and requires further study.

The thereophoretic deposition velocity v3,where : can stand for e, w or f, is
_

estimated from j

T-T, 9:n,'r B Br
( 0)v3=- T p,6,

'

where Br is a dimensionless f actor obtained by Brock (1962) given by

1 1 00)UI " h 1 + 3b,Kn 2 + 1/ (o,/a, + b Kn) ,g

where b , b, and b, are dimensienless constants (1.0,1.37 and 1.0 respectively)3

and a, and a, are the thermal ennductivities of the gas and particle material
respectively.

Note the temperature gradient has been approximated as ^ -f,)/6, wh re,
following Dunbar et al. (1984) and in the absence of any specific model in
WAEROS, 6, is chosen as an estimate of the distance overwhich the bulk gas

.

'

temperature decreases to the surface temperature. It would clearly be better to
use the thermal boundary layer thickness instead but the error introduced by
using 6, is most likely small coopared to other uncertainties.

- 11 - DESCRIPTION OF THE WODEL
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,

J

This and similar formulae for v,, have been reviewed by Derjaguin and Yalamov
(1972). From comparisons with experiment they en clude that the Brock correction
f actor leads to underestimates of v , for particles with Kn 41 by a f actor 2 2.y
A different transport mechanism applies for particles with Kn >> 1. Deraguin and
Yalamov obtain an estimate for v , in this limit which they show to agree withy

experiment. The formula above overestimates v , in this limit by a f actor ofy
order Kn.

l

The dif fusiophoretic deposition velocity v ,, where s can stand for c, w or f, [p
is estimated from

,

?

de f ;

D I , f, + (1 - f,)/(W,/W,) ,) (31)Y =
vdDe

,

where de,/dx is the outward facing ynpor concentration gradient ner.r the
cuiling, wall or floor accor ding to whether s equals e, w or f. Comparison withi

j Derjaguin and Yalamov (1972) shows this estimate to be applicable in the limit
] Kn 21 and f, u 1 and when the flow of vapor to or from the surf ace is purely

diffusive. Note that we could estimate de,/dx in a similar way to that used to
,

estimate the temperature gradient in the formula for v ,., y

The net deposition velocity to any surface y is estimated by combining the
,

contributions in the following way

v, = VB * Y. *YTc * YDe - Y (32)G ,

+ v *Y (33)y,=v3+y , rw Dw ,
,

.! and

(34)Vf=vg + Y, + VTf * VDf * YC .

;

Note that since either or both of v , and v , could be negative (i.e. when T, is7 p

{ greater than T or de,/dx is negative) and v is subtracted in Eq. (32), some of !c
i the y, may be negative. We therefore only apply the equations above when the
; result for v, is positive and otherwise set v, to zero.
: '

i The deposition rate to a surface per unit cell volume, A,, is given by

A, = Y,A,/V , (35)

!
j where A, is the area of surf ace s exposed to aerosol. R(m,t) is then given by
I

R (m , t) = A, + X, + Af+A1, (36)

!

1 ;
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l

|

|
|

where h is the cell leakage rate, defined as the number of volume changes in
the cell per second. .

:

We have not included all possible deposition mechanisms in our treatment above.
Examples left out are: Brownian diffusion in a laminar flow; deposition
mechanisms associated with electrostatic charges; and inertial deposition due to
non-linear mean streamlines (streamlines may be non-linear due to bends in the
flow path or secondary flows induced by turbulence, which can occur in straight
flow paths). This last mechanism can be important and would be an obvious next
candidate for which to find a suitable treatment.

2.7 Anlemeration rates

Four agglomeration mechanisms are considered which are described in turn. We
start by giving the formula for a commonly occurring fa.ctor and we describe at
the end of this sub-section how the contributions for each mechanism are
combined. For notational convenience the agglomeration rate formulae are given
corresponding to the j" and k'h collocation points (see Sub-section 3.1 for

i theirdefinition).

The particle terminal velocity u is the terminal velocity due to gravity of ac
particle of mass a and is estimated as

c = gmB . (37)u

|
Notice this is just v but we prefer to use a different symbol here to avoidc

confusion. As for v , a f actor (p'ide,ntic'al to that used in MAER0S.
-p )/p should be included but we ignore this| a

small error to keep the equationI

|

The Brownian au lomeration rate fa is esumated as

ps(m),m ) = 4rkT (B)+B ) y,(r +r ) Fu(m),m ) , (38)g g 3 g g

u uwhere B and B are the particle mobilities at the j and k collocation points
3 3

respectively, y, is the collision shape f actor which corrects the collision
cross-section of particles when they depart from sphericity and Fu is a factor
originally introduced by Fuchs (1984) to correct for particles small in size
compared to the molecular mean free path. Fu is given by

1/Fu(m),m ) = 1/Fu (m ,m ) + 1/Fu,(m),m ) , (39)g 3 3 g g

where Fu is
3

3 k 8kT 'l 1'
' 1/8r +r

Fu (m),m ) = ye kT(By , r k* ( , (40)1 g .

|
|

: .
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Fu, is modified from unity according to Sitarski and Seinfeld (1977)

2V(5'+i')3 g

Fu, (m) , m ) = 1 + (41)g +r '

g

where E is

i =
I"" -( *

3ra (42)-r +

and.

2kTm *
a=B (43),

,

y, in Eq. 40 is the particle-particle sticking efficiency which is the
probability that particles stick to one another when they collide. Note that it
is included as a multiplicative factor in Eq. (41) only, as is done in the
MAEROS model. It is not clear why it is not included in Eq. (42) also.

The gravitational agglomeration rate pa is estimated as

pa (m , m ) = ry,y ,y,'(r + r f l u (m ) -u (a ) | . (44)3 g y 3 g c 3 a g

It arises from collisions of particles travelling under the influence of gravity,

at different terminal velocities.

The collision efficiency This is a correction factor which is applied to account
for the deflection of the particle stream lines from straight-lines when they
approach one another. We use the correction f actor derived by Fuchs (1964), y,,,
given by!

3 "I"(# '# )5 k
X,,(m , m ) = 3 (45)3 g ,

(r +r ),3 g
P

where min stands for the minimum value of r and r . r and r are just the
3 k 3 k

radii of the equivalent spherical particles evaluated at the j'h and k'h
collocation point respectively.

We note that the formula above is the same as that derived by Pruppacher and |

| Klett (1978) except the f actor 3/2 is replaced by 1/2. Dunbar et al. (1984) have
,

reviewed these formulae and conclude that the Pruppacher and Klett formula, !
| though still based on a number of approximations, has firmer foundation.

i

! I

I I

i :
1
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b

I'

L
,

i

The turbulent shear agglomeration rate f.s is estimated from (Saffman and
Turner, 1956)

| 8p rc .:/2

| f.s(m),m ) = y,y,Nr +r )3 3 k 15r/, .
.

,

It accounts for the action of turbulent shear causing particles which follow the
instantaneous stream lines to collide with one another.

The turbulent inertia agglomeration rate p,y is estimated from (Saffman and
Turner,1956)

t
'

512p r*c * 1/4
f.I(mj e %) = X Xe' (r + r.,) * I"a("j)~"a(%)I/g - (47)3 15r;s

.,

It accounts for particles colliding with one another when, due to their inertia,
i they are unable to follow the instantaneous stream lines.

In principle, a collision ef ficiency f actor should be included in f.s and p,1,
analogously to that included in (c. Dunbar et al. (1984) assume this f actor is
the same as that which appears in c (here estimated as yg). However, it is by
no means clear that the same factor applies since the flow field near to r

particles approaching one another due to gravity is not the same as that when '

particles approach one another due to turbulence. We leave this factor out, as
in WAEROS. '

:

| The combined agglomeration rate The contributions defined above are combined as
follows

K(m),m ,t) = #s("J '%) + fc("J '%) + (f.s("j ,m )' + p,1(m ,m WU . @8)g g 3 3
: ,

j According to Saffman and Turner, the turbulence contributions are added

| quadratically. However, Dunbar et al. (1984) point out that the reasoning used i
' by Saffman and Turner c.lso applies to the gravitational contribution which

should therefore be adjed to K(m i

maintain consistency w.4th MAEROS.),g ,t) in the same way. We do not do this toi ;
,

| t

.
We conclude by noting that we have not included all possible aggl.omeration

I mechanisms. Examples lef t-out are agglomeration in laminar shear flows and body
force effects (e.g. van der Waals and electrostatic forces). See Drake (1972)

i for a review.
9

: i
,

: i

i

) i
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3 THE NUM2RICAL METHOD

3.1 Discretization of the governing equations

We discretize Eq. (1) with respect to mass using the collocation finite-element
method. In this methSd the governing equation is required to hold at a set of
collocation points only (n in total) . A finite-element expar.sion based on values
of variables at the collocation points is used. Here, this will be needed for-

the estimation of the agglomeration integrals.

The particular method we use is identical to that studied by the author
(Wheatley, 1988) who showed that accurate solutions to the equation could be
obtained with a small number of collocation points and the agglomeration kernel
evaluated on the n* pairs of collocation points only. Consequently, the

. agglomeration kernel, which is in general time-dependent, can be economically
recalculated as the integration of the equation advances in time.

We discretize m on a logarithmic scale as follows ;

log,(m ) = log,(m ) + (i-1)h, i=1, . . .n . (49)i 3

h is a constant which can be fvund from m , m,, the smallest and largest values, 1
j of dise.retize mass respectively, and n. We choose h to be constant (i.e.

independent of i) for reasons explained in Wheatley (1988).

With thic choice for m it is convenient to choose the mass distribution, given
i

by Y(m,t) = mC(m,t), as the dependent variable in Eq. (1), which becones

O g 't) K (p , m-p , t) Y (p , t) Y (m-p , t) d l og, (p)=

s

- Y(m, t),(. K(p,m,t)Y( ,t)dlog,(p) - R(m,t)Y(m,t) + mS(m, t) ,(50)
s ,

where we have used K(y,v,t) = K(u,y,t) and, fer economy of display here and
later, the integration limits are shown for p rather than log,(y). i

;

When thiv equation is evaluated at the points m , i = 1, ...n, we can see thatg

although the extended trapezoidal rule could be used to estimate the second
integral on the right hand side the first integral will be troublesome. This is
where a finite-eleuent expansion is needed. We choose to expand the integrandsa

as follows

K(p,v,t)Y(p, t)Y(v,t) : E K Y Y g)(log,( })g (log,(v)) , (51)p3g g
j,k

i.
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l

|

w{ereY and K are shorthand for Y(m ,t) and K(m ,m ,t) respectively and the1 13 ii i 3
i element gi is defined in terms of a basic element g (g is also used to
denote the acceleration due to gravity but no confusion should arise) by :

gi(x) = g( (x-x )/h ) (52)i

and x is log,(m ). The precise form of g will be discussed later but we note1 i

here that we always choose it so that g(0) = 1 and g(21), g(z2), g(z3), . . . = 0.
This guarantees that the expansion in Eq. (51) is consistent in the sense that
the equation is satisfied identically when p and v are located at any of the
collocation points.

We have chosen the particular expansion in Eq. (51) for three reasons. First, it
entails the agglomeration ker:.el to be evaluated only at the collocation points.
Cecond, since K and i have not bee, expanded separately, the summations which
result in the discretized equation are at most over two indices which cuts down
on computational labor. And third; ns we shall see, we obtain the same result
for the second integral in Eq. (50) as that obtained by applying the trapezoidal
rule. (It was shown in Wheatley (1988) that the trapezoidal rule is particularly
accurate for integrals of this type.)

uWe now use Eq. (51) in Eq. (50) which we evaluate at the i collocation point
to obtain th: following closed set of equations, being the discretized form of
the aerosol equation

SY

Pf33g3g-Y EDfKYE KYY -RYii+mSig,i 13 3 (53)=
at

j,k 3

where R and S are shorthand for R(m ,t) and S(m ,t) respectively and we have
i i i t

used g3 (x ) = 63, where 633 g 3
is the Kronecker delta. The terms with P and D3

correspond to the particle production and destruction terms respectively on the
right hand side of Eq. (50).TheindicesinPfg andDfrunfrom1 ton.

Dfis

Df =.,ag3 (log,(p))dlog,(p) = h g(x)dx = h , (51)

,a

e .a.

as desired, where we require g(x) to be chosen so that J,."g(x)dx = 1. (The
superscript in Df is clearly redundant but we retain it to maintain notational
consistency with Wheatley, 1988.)

Pf3 is
," i

Pfg = n g3 (log,(p))g (log,(mi- ))dlog,(p) . (55)33 g
,
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This is simplified somewhat by making the transformation y = log,(p/m )/h to
3

obtain

Pfk = h "n g(y)g(flos (1 - e(y-3)/h) + E)dy , (56)

where j = i - j and E = 1 - k. The integral must be calculated numerically and
the integration range must be divided-up into sub-ranges since g is generally
non-smooth - see under CHARMCOE in Appendix B for details. The indices in the

icoefficient P in principle take all values f rom 1, . . .n, however, only a smallg

fraction of the coefficients are non-zero. It is straightforward to find the

conditions on i, j and k for this to be so. It can be shown that they depend
only on j and E. The non-zero values of the coefficients are conveniently stored
consecutively using an indexing based on the derived conditions.

The multiplicative factor n is introduced as a correction to conserve mass asp
we now discuss.

By integrating Eq. (50) with respect to m from 0 to a the following mass balance
equation is obtained

h = <e
R(m,t)Y(m, c)dm + mS(m,t)dm . (57)

e

This equation multiplied by the volume states that the rate of increase of

airborne mass equals the rate supplied by sources less the rate removed by
deposition and leakage. Clearly, the agglomeration terms have cancelled as one
would expect. However, chis is not the case for the discretized equivalent to

(50)canbesmall|g.
Eq. (57) without the factor n in P In many applications, the removal andg
source terms in Eq. compared to the agglomeration terms. It is
consequently important that the agglomeration terms cancel exactly to ensure
that the removal and source terms are not swamped by cancellation errors. We
therefore choose n to achieve this.g

The trapezoidal rule is used to estimate p (Eq. (67) in Sub-section 3.3) from
which we obtain our discretized form of the mass balance equation

h=h(i,j,km Pfg g )Y, - E m D|K )Y Yi3-EmRY + E m 'S f . (58)E KY
i t i ii ii1,j i i

The first two terms on the right hand side must cancel exactly, whatever the
values of Y for i = 1, ...n. A sufficient condition is therefore to require

i

that the sum of all coef ficients of terms involving Y,Y, for any r and s must be
zero. We find that Pfg and D must be related by

i
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I
E m (P , + P[,) = m,D[ + m,D' = h (m, + m,) . (59)1
1

We see this amounts to n(n+1)/2 constraints on n,, only. It is therefore ;

convenient to choose it to be symmetric.
!

l

Six options for g are provided in CHARM. The element shown by Wheatley (1988) to
give the best results when n is small is

g(x) = 1 - |x| , |xl < 1
(60)

'

g(x) = 0 , lxl 2 1 ;

1

It gives rise to continuous piece-wise linear finite-element expansions. It has;

the particular advantage here that g is non-negative everywhere and so all the '
1

,

Ph are non-negative. This is sufficient to ensure that no component of the
(

'

i solution of the discretized equation changes sign, as must be so on physical 1

grounds. See Apr :ndix D for details of the other basic elements,
t

'

3.2 The solution method

The ODE's are solved with the Fortran subroutine DEBDF written by Shampine and i

Watts (1979). It is base i on the variable order backward differentiation method
for stiff ODE's due to Hindmarsh. n + 5 coupled ODE's are solved in all; the;

j additional five equations are integrators for the source mass, the leaked mass, i

| and the masses deposited on the wall, floor and ceiling respectively.
[!

The local absolute error in Y is constrained during the integration as follows I
t

6Yi < e/h minimum (N,p/m ) , (61)t

:where e is a relative tolerance parameter supplied by the user. This test is
i

designed to result in estimates for N and p with a relative accuracy equal to or
|1ess than c. It is more ef ficient than requiring 6Y1 < cYg say since it is not
!necessary to integrate the tails of the distribution as accurately as the bulk ;

in order to obtain accurate estimates for the quantities of main interest.
f

However, the chosen tolerance criterion permits components of Y to become !
{ negative, even though the discretized equation may not admit a change of sign.

|We have not found this to be troublesome when using the linear finite-element '

but we cannot rule-out that changes of sign may cause difficulties in some
cases. Substituting log,Y for Y as the independent variable or tightening theg i jtolerance required of 6Y in the tails may solve the trouble should it arise. 'i

g

l1 3.3 Woments of the discretized distribution j
'

!
; !

i !
,
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The moments we consider are p, the aerosol density, N, the aerosol number
concentration, m ,, the mass median mass, m,,, the geometric mean mass, and a,

3 ,

the cube root of the gesmetric standard deviation with respect to mass. These
are defined by

.=

p=, mV(m,t)dlog,(m) , (62)

N= Y(m,t)dlog,(m) , (63)
e

."se
p/2 = mY(m,t)dlog,(m) , (64)

,

'

N log,(m,) = , log,(m)Y(m,t)dlog,(m) , (65)

and

N log,'(o') = , log,'(m/m,)Y(m,t)dleg,(m) . (66)

The definitions of m, and o are based on the number concentration distribution;
the cube power in the equation for a is conventional.

p times the cell volume is the total airborne aerosol mass. Similarly, N timesc

j the cell volume is the total number of airborne aerosol particles, m , is
sometimes called the mass median particle size. Approximately half the airbornez
particles have mass less than m . a is a measure of the spread of the3

distribution. For a log-normal numb,er distribution 68% of the particles have
masses in the range m,/a g, ,gy and 68% of the airborne mass derives froms

.

particles with masses in the range m ,/o* to m ,o'. Of ten, these relationships
3 3

hold reasonably well for distributions found in practice. |

We now consider the numerical estimation of these mouents. Their evaluation with
the extended trapezoidal rule is straightf orward f or all except m , and3

illustrated only for p. The estimate for p is
p=hEmY (67)ii,

i i
1

where Y is shorthand for Y(m ,t) and the summation extends over all values for ,

i i
which the indicated index is defined. Y(m,t) has been assumed to decrease to !

4negligible value between m and m e and between m, and m,e*
3 3 :

:

m,, generally lies between adjacent grid points so we estimate the integral in j,

'.
Eq. (64) by using a finite-element expansion for the integrand. When the linear ''

finite-element is chosen, this is equivalent to using the extended trapezoidal

I '

!t

! |
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rule to estimate the contrib*' tion to the integral up to the grid point
immediately below m and then using linear interpolation between the gridg i

points either side of m to estimate the remainder.g

3.4 The treatment of time-dependencies

_ We refer here to time-dependent input variables which we suppose are to be
| supplied as tables of values at discreet times. '1here are two aspects to this.

First, how are values to be estimated at intermediate times and, second, how
should these time-dependencies be handled within the model.

With regard to the first aspect. we desire the flexibility to treat both
continuous and discontinuous var: stions. For example, the source mass release

;
rate may change discontinuous 1y at certain times and vary continuously !

otherwise. This is simply handled by linearly interpolating between data points
supplied at consecutive (non-equal) times and requiring two sets of data points

{to be supplied at discontinuities, one set to be used for interpolation before
"

"
~

the discontinuity, and the second to be used for interpolat. ion after the
discontinuity. It is convenient to use constant extrapolation from the extreme
data points when they do not span the range of times covered in the
calculational problem. Further details are given in Sub-section 4.2.

With regard to the second aspect, we anticipate that it can be too costly.

computationally in some cases to continuously update the time-dependent,

variables and those that depend on them during the integration of the governing
i

equations, despite the efficient treatment of the agglomeration kernel by the
discretization method we use. So, although the option to continuously upda'5,

these variables can be provided, some alternative must be allowed for. The
simplest alternative, and the one we choose, is to update these variables at
discreet times and otherwise to keep them constant. Further details are given in,

Sub-section 4.2 - also see the discussion in Sub-section 6.4.
,

I
!

|

| 1
\ :

)

|
|

i

i
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|

J

4 THE INPUT DATA FILE
|

4.1 Overview

Input data is read from tape 4 (F0K?RAN unit number 4) which is assigned to the
file CHARMDAT on the local file area. The file is assumed to have no more than
72 columns per line.

The data is read with list directed read statements with a loop over each
"statement to cause reading to restart at the next line when a character other

than a "," or '/" is encountered on the current line. This permits considerable
Iflexibility over the format of the data file. The salient points are as follows:

i Lines with characters other than a "," or "/' and not counting free format
numbers are ignored. A character can therefore be intentionally inserted
into a line to enable it to be treated as a comment line. For example a 'S'

|could be inserted in column 1, as is done in the example considered in Sub-
section 4.4.

i

11 All data items are read in free format. For example, this allows the real
;

number 1.0 to bs entered as 1, 1.0 or 1.e0 and any number of spaces can.

separate data items which, for a single road list, can be entered on more
,

than one concurrent line. It is important that data items are entered with
an acceptable format since otherwise the current line will be treated as a
comment line and reading for the current read list will recommence at the
next line.

iii Items in a read list can be skipped by inserting a space followed by a comma
;

(,) where the data item would otherwise go. The remainder of the read list
can be skipped by inserting a '/". This allows default values to be assigned
to variables merely by skipping over those variables when they occur in the

j read lists.

The reader is referred to the ANSI standard for Fortran 77 (American National
Standards Institute, 1978) for detailed rules regarding what permissible formats
the data may take consistent with list directed read statements. However, with'

the example in Sub-section 4.4 the user should find it easy to compose his or
her own data files. .

; !

Some data items are checked for valid values (see Sub-section 6.5 for details) ;;

j but generally this is not done. Guidance is given in the next sub-section on
suitable values for all data items.

|
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All data items must have S. I. units except molecular weights must have units kg
/ kmole (i.e. g / mole).

A number of input variables are treated as time-dependent. The user must enter a
table of times to which cc ,sponding values of these variables must be entered
later in the file. Interpolation formulae are used in the model to estimate
values of these variables at any time between zero (the start of the problem)
and the problem end time. The minimum and maximum times in the table need not
span the time period of the problem. Variables are extrapolated with constant
values when this happens. Adjacent times in the table can be equal to enable
variables to change discontinuously. If fewer values for a variable are entered
than needed then missing values are copied from preceding values in the supplied
table. A default value exists for the first data itet of each variable.

In the next sub-section we will define the variables in each read list in turn,
give acceptable ranges and, where appropriate, recommend values. Default values
of all data items are given in Sub-section 4.3 and we discuss an example in Sub-
section 4.4.

4.2 Detailed description

In the following, all variables in one read list are shown on a single line.

Output flags

!A group of output variables is associated with each flag, as described in
Section 5. The values of the variables in each group will be written on the
output file OUT every q'h output step, where q is the value of the flag
corresponding to the group. Variables independent of time are only written at
the zeroth time step. No information is written when the flag is zero. The flags
must be integers and are read in the following order:

! cell properties gas properties aerosol constants
source moments source distributions flow properties
masses radii mobilities
deposition rates agglomeration rates,

| indexing production coefficients normal.ization factors !

mass balances tolerances
moments number distribution mass distribution

Time step information

Output is written at intervals given by TIMESTEP(i) until the problem time
equals TIMEEND(i), when output is written at TIMEEND(i) and i is increased by 1.

;

1
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!

The last value of TIMEEND, TIMEEND(NTIME), defines the time at which the
calculation stops.

NTIE must be a positive integer no greater than 20. TIESTEP(i) and TIEEND(i)
must be positive real numbers and NTIE values each must be entered. Consecutive
values ef TIMEEND aust increase. These variables are read in the following
order:

NTIE
TIESTEP(1), TIEEND(1), TIESTEP(2), TIEEND(2), ate, ,

Number of columns on the output file

The output file, OUT, can be written with either a maximum of 80 or 132 columns
per line. Enter an integer value on one line. Any integer not equal to 80 is
interpreted to mean that the file car have up to 132 characters per line.

Times at which data for the time-dependent variables are to be provided
i

See the general discussion in the preceding sub-section. Values for the time-
dependent variables are to be supplied corresponding to the times TIEDATA(1) to
TIEDATA(NDATA). NDATA is the number of data points per variable and must be a
positive integer no greater than 20. Consecutive values of TIMEDATA must not

' decrease. These variables are read in the following order:
j i

NDATA

TIEDATA(1), TIEDATA(2), etc.
!

Frequency with which the time-dependent variables are to be revised
!

The quantity to be entered hern (THHYSTEP) is the maximum time which is allowed ;

to elapse since the time-depe' dent variables were last revised before they are
revised again. THHYSTEP must ,e a non-negative real number. The time-dependent
variables are revised cor' ..n.ously when THHYSTEP is zero.

Cell data (
i

The aerosol evolves in a region called here a cell. We refer to all upward |.

facing horizontal surfaces, vertical surfaces and downward facing horizontal |
#

surfaces within the cell as the ceiling (c), wall (w) and floor (f) t

i respectively.
!'

'The surface areas must be non-negative real numbers and entered in the following
order:

,

!
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f

A A. Ae
f

The surface temperatures are treated as time-dependent variables. They must be
non negative real numbers and no more than NDATA sets of values in the following
order must be entered:

:

T,(1), T,(1), T (1), T,(2), T,(2), T (2), etc.f f i

The cell volume, which is defined as the volume of free space within the cell,!

;

must be a positive real number and the leak rate, which is defined as the number
~

of volume changes of gas in the cell per second, must be a non-negative real,

number. They must be entered in the following order:
|

1

Y A
1

The hydraulic diameter and the equivalent sand roughness are defined in Sub-
t

section 2.3. They must be non-negative real numbers and entered in the following
5 order: |

i

d
,

h 8

Cas data

!'

The gas temperature, pressure and velocity are treated as time-dependent !
,

variables. The temperature, pressure and, gas and vapor molecular weights must !
| be positive numbers and the remaining variables must be non-negative real !

numbers. The data must be entered in the following order: !

! T(1), P(1), U(1), T(2), P(2), U(2), etc. i

t

I a, W
{! s ,

| I I. I
!

e fde de de iE E dx'

!

:

I
t

f
P

l
,

|
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1

Boundary layer data

These data provide an option for the user to over-ride the calculation of
boundary layer thicknesses in the model. This can be done by setting the value
of BLFLAG to be non-zero and providing values for 6, and 6 . A single value only3

is required for 6, which is assumed to apply irrespective of particle size.
BLFLAG must be integer and 6, and 6 must be non-negative real numbers.D

Deposition by thermophoresis is ignored when 6, is zero and deposition by
Brownian diffusion is ignored when 6 is zero. The data must be entered in the

3

following order:

BLFLAG 6, 6
D

Initial aerosol

The initial aerosol is assumed to be log- normal in the number concentration
distribution and is parameterized by the moments a, r , and p (see Sub-section3

3.3 for the definition of these quantities) . o and r , must be positive real3

numbers and p must be a non-negative real number. They must be entered in the
following order:

r, pa 3

Source aerosol

The source aerosol is assumed to be log-normal in the number concentration
distribution and is parameterized by the moments a, r , and dp/dt, dp/dt is3
defined to be the mass release rate of the source divided by the cell volume.
The moments are treated as time-dependent variables. o and r , must be positive3

real numbers and dp/dt must be a non-negative real number. They must be entered
in the following order:

a(1), r ,(1), p(1), a(2), rg(2), p(2), etc.3

hfinition of collocation points

The collocation points can be specified in two ways. The first is to specify the
number of points and the masses of the inwer and upper points. Alternatively,
values for e', and m, can be specified. In either case, the model willm

3

csiculate the intermediate points according to Eq. (49) (except m, may be
increated slightly in the second case). The second option is selected when the
input value for n is set to zero.
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and m, should be chosen so that the aerosol mass and number distributions arem
3 hconfortably encompassed between the two values e should not be chosen so large

that the distributions span only a small number of points. See Sub-sections 6.3
and 6.4 for further guidance on how to choose values for these quantities. The

,

defaults set by the model will be reasonably satisfactory in most cases. |

One of six different basic elements can be selected by assigning a value to !
NELEENT. Element 2 is the linear finite-element which should be used in all !
normal circumstances. Element 3 may be useful when very accurate results are :

required but it will give unreliable results when the collocation point spacing
is large. The other elements (NELEENT = 1, 4, 5 and 6) were included as options i

during development of the numerical method and have since not been removed. We !
do not recommend using any of these alternative options.

|

hn must be a non-negative integer and e , m and m, must be positive realg

numbers, n is set to 100 when a value greater than 100 is specified in the input
or when the second option is selected and the calculated number of points
exceeds 100. NELEMENT sust be a positive integer no greater than 6. These
variables must be entered in the following order- f

L

h
n e

E
1 n

NELEENT

Tolerance specifications
.

i e is a relative error parameter. It is used to set tolerances for the
integration of the differential equations and set a relative tolerance for the ;;

| location of zeros of functions and the vslues of integrals, 9 defines an '

; absolute tolerance on the value of a function whose zero is sought. g determines j

j when bisection is used in favor of inverse quadratic interpolation to locate the
[

sero of a function. >
!

I
I A reasonable range from which to select a value for e is 10~8 to 10''. The model
| may not work satisfactorily when e is made too large or too small. A value of |

| 10'' has so f ar proved to be generally satisf actory. Further guidance on !

| choosing e is given in Sub-sections ,6.3 and 6.4. We would recommend that the !
I user always use the default values for n and g. !

!

Up to WAXCALLS evaluations of a function can be made in an attempt to locate its [
zero to the desired tolerance. This may need to be increased over the default i

! value when e is made very small.
! ?

.

! I
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MAXTRYS determines how many integration steps are attempted by DEBDF to
integrate the equations to the next specified time (the number of attempted
steps is 500 times MAX'fRYS) . This may need to be increased over the default
value when e is made exceedingly small or when output is required infrequently.

MAXCALLS and MAXTRYS must be positive integers. e must be a positive real number
and n and { must be real numbers.

These variables must be entered in the following order:

e MAXCALLS MAXTRYS

9 i

Aerosol physics data

These comprise physical properties of the aerosol material and constants which
appear in the models for agglomeration and deposition. y,, k,, k , k and b must

b y
be non-negative real numbers and the remaining data items must be positive real
numbers. y, and Xd are unity for spherical particles and greater than unity
otherwise. These data items must be entered in the following order:

P P

Xe Xd Xe
k, k k

3
b b, b,g ,

4.3 The default data
|

We have described in Sub-section 4.1 how default values for data items can be
assigned. This will be illustrated in the example in Sub-section 4.4. Here we
define the default values.

It is convenient to do this by constructing a data file, shown below, whose
effect is to assign all data items with their default values. This will make it

easy for the user to decide when he or she needs to over-rids a default value.
Of course, the data file which follows would not be used in practice since the,

j default values can be assigned in.their entirety merely by putting a / in column
(

l of every line of the data file corresponding to a read list.

Some values require explanation. THHYSTEP is assigned an exceedingly large value
(10") so that the time-dependent variables are recalculated only when a new set
of interpolation formulae apply which, when HDATA is 1, will not occur. All
temperaturec and the pressure are standard (i.e. 20*C and 1 standard
atmosphere). The value assigned to the equivalent sand roughness is that for

THE INPUT DATA FILE - 28 -

_ __ _ ________ ._ _ - _ _ _ _ _ _ _ - _



structural and forged steel - see Sub-section 2.3 for clarification. The gas in
the bulk of the cell is taken to be pure air and the vapor adjacent to surfaces
promoting diffusirphoresis is taken to be steam. The aerosol particle properties

for sodium oxide and the remaining aerosol physics data are the defaultare
values used in MAEROS.

The default input data

S ..........................................
8 Input data file for the CHARM aerosol code
S ..........................................
S

8 Output flags
S ............
S
8 cell properties gas properties aerosol constante

3 1 1
8
8 source moments source distribution flow properties

1 0 1
8
8 masses radii mobilities

1 1 0
8
8 deposition rates agglomeration rateu

O O
$
8 indexing production coefficiente normalisation factore

O O O
S
S mass balances tolerances

1 0
8
8 somente number distribution mass distribution

1 O O
S

S Time step information
E .....................
S

S ntime
1

$
8 timentep timeend

10.eO 10.eO
8

i 8 Number of columns on output file
S ................................
S

80
$
$ Times when time-dependent data le provided
S ..........................................
8

('
1

$ ndata

$
$ times in consecutive order
S

0. O
$
$ Frequency with which the time-dependent variables are to be revised
S ...................................................................

] $
1.e10
Ei

I 8 Cell data
l 8 .........
I
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i'

i

8 '

S ceiling area wall area floor aren
O.eO O.eO O.e0

S -

I S ceiling temp. wall temp. floor temp. [
293.15eO 293.18eO 293.16eO/ |

8
|

. S volume leak rate i
*

1.e5 0.eO p

4 8 i
; 8 hydraulic diameter equivalent roughnese |.

O.eO 4.8w-8 i

i 8 ,

' S Cas data '

8 ........
8,

2 8 temperature preneure velscity
1 293.1beO 1.01328e8 0.eO/
# 3
| 8 solecular weight thermal conductivity *~3ne molecular weitit

28.96eO .0255eO 13.016a04

; 8
8 vapor mole fraction near the... [
S ceiling wall floor :

>

4 0.eO O.eO O.eO !
i

S I!
1 8 vapor conc. gradient (kg/s. 4) near the... '

0 $ ceiling wall floor ;
d O.eO O.eO O.eO

8
,

F

8 Boundary layer data I
*

1 8 ................... ;

| 8
) S b.1. flag viscous b.l. diffusion b.l. -

! O O.eO O.eO !
1 8 I

i 8 Initial aerosol ',
'

S ............... !

; 8
'

: S eissa rad 50 density
|j 2.eO .Se-6 0.eO

S ,
,

| 8 Source aerosol !
; 8 .............. i
1 8 |

| 8 sigma rad 50 density generation rate
2.eO .5e-6 0.eO/d

,

S*

! 8 Definition of collo;stion pointo
1 8 ................................
! 8 !
2 8 neoll spacing I
' O 10.eO ,

S !
'

3 alower supper
4. -21 4..-9 '

l 8
'

! S el.sent number
: 2
I S

I S Tolerance specification
i 8 .......................
! S I

|I S epe maxcalla maxtrys
| 1.e-6 30 10

S.

j S esa s.ta
j O.eO .5eO

8;
;

!
;

i
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8 Aerosol physica data
3 ....................
8
5 particle density particle thermal conductivity

2.8e3 .6376eO
S

S collision shape factor dynamic shape factor sticking efficiency
1.eO 1.eO 1.eO

5
S a knudsen-weber q knudsen-weber b knudsen-weber

1.37eO .4eo 1. leo
S

8 k brock cm brock et brock
1.eO 1.37eO 1.eO

8
8 ..........................
8 End of the input data file
8 ..........................

4.4 An example

The preceding discussion is illustrated with an example. The physical problem we
consider is that of a soaium pool fire releasing sodium oxide aerosol into a
containment building for 10 hours. The details of the problem are taken from
Dunbar et al. (1984) and are reproduced in the table below. This is also the
test problem considered in Wheatley (1988). The data file for this problem is
shown at the end of this sub-section; it was used to generate the output file
shown in Appendix A and is discussed in Sub-section 5.3 (We note two minor
differences with the calculations presented in Wheatley (1988). First, the
factor 0.0594 in Eq. (28) was not included and, second, b , b, and b wereg g
chosen as 1.0, 1.0 and 2.48 respectively to enable like-for-like comparisons
with results given in Dunbar et al. obtained from the PARDISEKO model).

;

I

|
|

|

|

t

!

|
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Parameters for the example problem.

Aerosol composition Sodium oxide
Particle density 2800 kga-* '

Source distribution Log-normal in C(m,t) j

Source rate 2 tonnes per hour
'

;
Source a 2 (no units)
Source r .5 pmu
Source duration 10 hours
Problem duration 34 hours
Containment volume 180000 m'
Wall area 20000 m' I

I Floor area 2800 m'
Wall and floor temperatures 90 C

,

Containment leak rate 1% by volume per day
Gas composition Air t

Gas temperature 100 *C
Pressure 100000 Pa .

4 I; Turbulent energy dinipation rate 0. m's
i

!

It can be seen from the file that liberal use has been made of the ability to !"

add comment lines. This enables a title, labels and explanations to be included [

] to clarify the file. It is recommended that this is always done.
1 <

| Some of thn output flags have been assigned the value 100. This is done because i

; although the variables assigned to these flags are in general time-dependent ;

they are constant for this particular data file. The value 100 is chosen to !
'

exceed the number of output steps and so these variables are written on the ;
j

output file at the zeroth step only. fj

! I

The time step information is chosen so that output is written at 5 minute t'

, intervals for the first hour and also for half an hour after the source emission !
! rate has decreased to zero (at 10 hours). Output is otherwise written at hourly !

intervals. !'

'

i

j The only dependent variable to change with time is the source emission rate |
: which is constant exc6pt at 10 hours when it changes discontinuous 1y. NDATA is !

therefore 2 and the corresp'onding two times are both 10 hours. THHYSTEP is [
assigned the def ault value 10 ' so the time-dependent variables are recalculated j

'only at 10 hours.

The cell and gas data are straightforward to follow. The comma beneath the label4

: CEILING AREA causes the ceiling area to be assigned its default value of zero. }

!
'

i !
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The values assigned to the hydraulic diameter and the equivalent sand roughness
are irrelevant since the gas velocity is zero. Only one set of data values is

entered for the gas temperature, pressure and velocity since these are constant
throughout the calculation. The line with these values must be terminated with a
'/", as shown, so that the current read list is terminated and reading continues
with the next read list (the vapor mole fractions) . There is no dif fusiophoresis
in the problem so the vapor mole fractions and concentration gradients are
assigned default values of zero.

The boundary layer flag is set to unity so that values can be assigned to the
boundary layer thicknesses. There is no initial aerosol so default values are
assigned to the moments of the initial aerosol.

As noted previously, the mass generation rate of the source aerosol changes
discontinuous 1y at 10 hours so two values are entered for this quantity; the
first value applies up to 10 hours and the second applies after 10 hours. Note
that the commas in the second line of data cause a(2) and r ,(2) to be assigned

3
their values in the previous line.

The tolerance variables are assigned default values. For the aerosol physics
data, the collision and dynamic shape factors are increased to 1.5 but the
sticking efficiency is assigned its default value.

The ex.anple input data file

8 ..........................................
8 Input data file for the CHARW aerosol code
s ..........................................
8
5 .........***..... The example input data file. ................ j
8 ... The modium pool fire problem from Dunbar et al. (1984). ...
3 ...............................................................
8
8 Output flage
3 ............
S

8 cell properties gas properties aerosol constante
100 100 1

S
5 source momente source distribution flow properties

1 100 100
8
8 masses radii mobilities

1 1 100
8
8 deposition rates agglomeration rates

too 100
8
8 indexing production coefficiente normalisation factore

1 1 1
8
8 mass balances tolerances

1 1
8
8 somente number distribution amas distribution
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,

1 8 3
S
S Time step information
S .....................
S
S ntine

4
S
S timestep timeend

SOO.eO 3600.eO
3600.oO 36000.eO
800.eO 37800.eO

3600.e0 122400.eO
8
S Number of columns on output file
S ................................
S

SO
8
8 Times when time-dependent data is provided
S ..........................................
S
8 ndata

2
S
S times in consecutive order
S
36000.eO 36000.eO

8
8 Frequency with which the tise-dependent variables are to be revised
S ...........................c.e......s....... ....................e..
S

/
8
8 Cell data
S .........
S
8 ceiling area wall area floor ares

20.e3 2.Se3,

S
S ceiling temp. wall temp. floor temp.

363.15eO 363.18eo 363.18eO/,

S'

| 8 volume leak rate
180000.eO 1.1874074074e-7

| S
I S hydraulic diameter equivalent roughnese
| |
; 8
| 8 Cas data
' S ........

S
8 temperature pressure velocity

373.18eo 1.e5/
8
8 molecular weight thermal conductivity vapor molecular weight
/
8
8 vapor mole fraction near the...
S esiling wall floor
/
8
8 vapor conc. gradient (kg/s. 4) near the...
S ceiling wall floor
/
8
8 Houndary layer data
S ...................
8
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>

s b.l. flag viscous b.1. diffusion b.1.
1 1.e-a 1.e-4

S
S Initial aerosol
3 ...............
S
8 sigma rad 60 density
/
s
8 Source aerosol
3 ..............
S
S sigma rad 80 density generation rate

2.e0 .Se-6 3.086419753e-6
O.e2/, ,

8
8 Definition of collocetion points
3 ................................
s
8 neoll spacing
/
s
8 miower supper
/
s
8 element number
/
s
S Tolerance specification
3 .......................
S
S eps maxcelle maxtrys
/
e
8 eta seta
/
s
8 Aerosol physics data
3 ....................
S
8 particle density particle thermal conductivity
/
s
8 collision shape factor dynamic shape factor sticking efficiency

1.5eO 1.8eO/
8
8 a knudsen-weber q knudsen-weber b knudsen-weber
/
s
8 k brock cm brock et brock
/
s
8 ..........................
8 End of the input data file
3 ..........................
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5 0UTPUT FILES

5.1 Overview

Output is written to two files.

The first is tape 5 (Fortran unit number 5) which is the terminal when the model
is executed interactively. The output will comprise: a copy of the input data
file (which provides an identity for the succeeding output), one line of
information for each successful integration to a time when output has been

j requested (to enable the progress of the calculation to be monitored), and error
messages. The file is assumed to have a width of no more than 80 characters and'

no form control characters are written.

| The second is tape 6 (Fortran unit number 6) which is identified with the file
j OUT. OUT will appear in the local file area, over writing any pre-existing file
i of that name. It can be sent to an output device, viewed with an editor or

permanently stored for later use. The output will comprine: a copy of the input
data file, one line of information (identical to that written on tape 5) for each

j

i successful integration to a time when output has been requested, computational
results or information, and error messages. The file is assumed to have a width
no greater than 80 or 132 characters, according to the value of COLWNS chosen
by the user, and no form control characters are written,

h
The one line of information and the succeeding computational results are
described in detail in the remainder of this section. Error messages are

i

discussed in Sub-section 6.5.

The one line of information co= prises: the output step number, the current time
and a mass check. The output step number starts at zero (i.e. at time equals
zero) and increases by unity each time the governing equations have been
integrated to a time when output has been requested. The mass check provides a
measure of how accurately the governing equations have been solved. It is a mass
balance (in kg) and with perfect arithmetic should be exactly zero.

We conclude this sub-section with some general points about the computational
results.

Quantities appearing on the output have S. I. units throughout except molecular
weights have units kg / kmole.

The computational results or information are divided into 20 groups. The output
flags set by the user in the input data file determine which groups are written,
except that the first group, the mass budget, is always written. Of the
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remainder, some comprise entirely time-independent quantities and are therefore
only written at the zeroth output step and only if the corresponding output flag
has a value dif ferent from zero. So=e groups comprise entirely quantities which
are (or may be, depending on the thermal-hydraulic conditions) time-dependent.
If the output flag corresponding to each of these groups is non-zero then the

j group is written in its entirety when the output step number is a multiple of
- the flag. A few groups comprise a mixture of time-independent and time-depentent

quantities. Generally, the time-independent quantities are written at the zeroth
step only otherwise the groups are treated as though they comprise entirely
time-dependent quantities.

This scheme provides the user with considerable flexibility over what |
information is written without the necessity of always writing exceedingly large

| output files.

5.2 Definition of output groups and varinbles

In this sub-section, we describe what information is written for each group in
order of appearance on the output file. The titles in brackets in what follows
are those which appear on the output file corresponding to the defined
variables.

The mass budget

This group comprises the airborne aerosol mass and the accumulated mass (since
tile en,uals zero) on floor, wall and ceiling, leaked and released from the
source.

Airborne aerosol moments

This group enmprises a (SICWA), rse (RAD 50), p (WDENSITY), N (NDENSITY), m,
(CEOMMEAN), and m,, (MASS 50) for the airborne aerosol.

Source mo=ents

This group comprises a (SICWA), r , (RAD 50), dp/dt (MDENSITY), dN/dt (NDENSITY),g

m, (CE0MMEAN), and m,, (WASS50) for the source.

The airborne mass distribution

This group comprises m Y for i = 1, ...n.ii
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The airborne number distribution

This group comprises Y for i = 1, ...n.g

The source mass and number distributions

This group comprises a 'S and m S for i = 1, ...n.g i 11

Collocation information

This group comprises the identification number of the chosen basic finite-
elemen,t (NELEMENT), the half-width of this element (HWIDTH), n (NCOLL), s ,1/mi i

1.e. e (SPACING), and m,/m (RANGE).3

Indexing for the production coefficients
,

This group comprises the information which enables all values of 1, j and k toi

l i

| be found for which P is non-zero. The value of P depends only on the values
of } = i - j (JBAR) and E = i - k (KBAR) . The fo11'owing quantities are ws itten

j3 g

for each permissible value of J: the minimum and maximum values of E for which
I

| P is non-zero (KBARWIN and KBARWAX), the number of these valueo (NKMR), t.nd
3g

anindex(INDEX)whichisusedtolocatethenon-zerovaluesofPjg storedI

consecutively in a one-dimensional array.

I The production coefficients

This group comprises all non-zero values of Pi . INDEX(})+E is the position ofg
i

P in the list; J aud E must lie in valid ranges which can be determined fromjg
the previous output group.

The normalization factors

This group comprises all values of njk. They are written in the following orders
33, 33, as' ** > "st' "22, etc.n n n

The collocation points

This group comprises s for i = 1, ...n.
i

Particle radii

This group comprises r for i = 1, ...n.g
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Tolerance information

This group comprises c (EPS), n (ETA), f (ZETA), the maximum number of function
calls 005WHE can make in order to find one zero (WAXCALLS), and the maximum
number of times DEBDF will be called to integrate the governing equations to the
next requested time (WAXTRYS).

Aerosel physics data

This group comprises y, (CSHPFCTR), Id (DSHPfCTR), y, (STICKEFF), k, (AKNUDWEB),
k (QKNUDWEB), k (BKNUDWEB), p, (PDENSITY), a, (PTHRWCON), bb y (KBROCK), b,
(6MBROCK)andb (CTBROCK).g

Cell data

This group comprises V (VOLUE),1 (LEAKRn.2), d (HWRDIAW), s, (EQVROUGH), A, |
3 3

(AREACLNG), A, (AREAWALL), A, (AREAFLOR), T, (TEWPCLNG), T, (TEMPWALL) and T,
(TEMPFLOR).

Cas data

This group comprises T (TEMP), P (PRESS), U (VELOCITY), p, D(CDENSITY), n,(DYNVISC),1 (MNFRPATB), W (WOLWT),o , (DIFFUSV), f,(VMFRCLNG), f, (VMFRWALL),,f, (VMFRFL0k)(,GTHRMCON), W, (WOLWTV),de,/dx (VCGRCLNG), de,/dx (VCCRWALL),
def/dx (VCCRFLOR), c, (VCONCLNG), c, (VCONWALL) and c, (VCONFLOR).

Flow data

This group comprises e, (EDDYDISS), u, (USTAR), 6, (VBLTHICK) and 6,g for i = 1
...n (DBLTHICK).

Particle mobilities

This group comprises B for i e 1, ...n (WOBILITY).g

Deposition rates

This group comprises X,g for i = 1, ...n, X,g for i = 1, ...n and 1,g for i = 1,
...n.

The anlemeration kernel

This group comprises all values of Kg. They are written in the following order:
K33, K , K , .... Kai, K 3, etc.
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5.3 An example

An example output file, OUT, is shown in Appendix A. It was obtained from the
example input data file considered in Sub-section 4.4. In addition to
illustrating the prulous discussion we have included it in full to assist users
in the validation of their implementations of CHARM. We expect it to be
straightforward to follow so we only make a few points of clarification here.

Since all the output flags are non-zero, all input data items, except the data
for the time-dependent external variables, are shown at the zeroth step on the
cutput file, whether assignec v &2es in the input data file or not. This enables
all the parameters of the problem, including all model constants, to be
verified.

The collocation information was derived entirely from default values. This will
be adequate in most cases, however, we would recommend repeating the calculation
with a larger values of n in order to check that the results have converged
sufficiently well in this parameter. See Sub-section 6.4.

It can be seen that all the normalization f actors except n, are close to unity.
This providos confidence in the calculations resulting in tha production
coefficients n is significantly different from unity because there are noo
collocation points beyond m,.

At output steps 1 and beyond one can see that the mass balance (MASS CHECK) is
never larger than the order of 4x10'' kg which is satisf actorily small in
relation to the total mass of aerosol released by the source, 2x10' kg. This is
a good indication that e is suitably small (10'') . Nevertheless, we would
recommend repeating the calculstion with a dif f erent value of c, say 10'' or 10',

| ', in order to check that the results have converged sufficiently well as a
function of this parameter. See Sub-section 0.4.

:

For the first hour and also for half an hour beyond the termination of the
j source, output is written every 5 minutes so that detail is not Icst during

those rapid transients. The recaining output is written at hourly intervals.

, One can also see that the aerosol mass and number distributions have only been
I written every third output step. This can amount to a considerr.ble saving of
| phper when n is large! It can be seen from the distributions that Y and Y,3

always remain small compared to N, and m Y and m,Y, always remain small3 3

compared to p. This indicates that m and m, have been chosen suitably small and
3

large respectively.

|
j OUTPUT FILES 40 -
,



6 EXECUTION

6.1 Machine attributes

The information given here may be helpful to those who wish to implement the
model on a non-Cray computer or under an operating system different from CTSS
(the Cray Time-Sharing System).

CHARM was developed and tested entirely on Cray-1 and Cray-XMP computers. The
operating system used was CTSS, developed at the Los Alamos National
Lr.boratories, USA.

The standard word length is 64 bits, which is used for integers and single
precision real numbers. Double precision real numbers use 128 bits.

Of particular importance are the exponent range and the number of significant
digits of single precision real numbers. They have 15 exponent bits which give a
range 10-''" to 10''" and 48 mantissa bits which gives just over 14 significant
decimal digits.

We have used the Cray Fortran coupiler version 1.14f with code optimization and
vectorization. However, with the exception that up to 8 characters are used for
symbol names to enhance readability, the code is written in standard ANSI
Fortran 77 and no vectorization specific subroutines or functions are used.

Three CLAMS (Common Los Alamos Mathematics Software) library subroutines are
called which are not supplied with the source. Sufficient guidance is given in
the documentation here to enable alternatives to be implemented without too much
difficulty should this be necessary.t

6.2 On-line execution

We will assume here and in Sub-section 6.3 that the user is using a Cray
computer with CTSS.

The user is supplied with a BISTORIAN PLUS source file called CHARMBIS (this is
done so that modifications can be made to the model with a minimum of difficulty
- an introduction to HISTORIAN PLUS is given in Section 7). An executable image
can be made from CHARMHIS with the following commands:

historn(i=charshis, c=charmef t)
cf t i=charmef t,b=charmldr,maxblock=2560

,

| Idr i=charaldr,x= charm

:
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! t
l

i
'

;

.

|

The HISTORIAN PLUS command, HISTORN, causes the HISTORIAN PLUS source file to be |

.
translated into a compiler source file CHARWCFT. Next, the Cray Fortran command, :

'

| CFT, causes CHARMCFT to be translated into a binary relocatable file, CHARMLDR

| (the MAXBLOCK option sets the maximum code block size for optimization and j

vectorization). Lastly, the executable image, CHARM, is created from CHARMLDR'
,

with the loader cosaand, LDR. j

I

CHARM can be executed by typing the following: |
'

:
.

charm
,

The def ault epu time (1.0) and priority (1.0) are assumed. Alternatively, the.

: following could be entered j

i ,

! charm / t p [
'

,

I

! where t is the cpu time allocation in minutes and p is a priority with value in ;

the range 0.001 to 5.0. f
*

r

The data file CHARWDAT must be present on the local file area before the image j
is executed. :t

I !
,

t

Output will appear on the terminal and the file OUT will be created. OUT can be !,

printed, viewed or stored after execution is complete.i

I

| 8.3 Wachine resources
: i

We are concerned here with memory requirements and computing time. We emphasize {
that any particular values we give are specific to the compiler and machine we b

;

| use. However, the general aspects of tb .iscussion may be more widely useful. |
'

,

1

| The executable code requires just over 76k decimal words of memory (1 word = 8
! bytes). The space needed for variables is dominated by just three arrays which !

l require just over 32k words of memory. Savings can be made by inhibiting
vectorization and optimization (at the expense of cpu time) and by reducing the

j anximum allowed value of n (presently 100) and reducing array dimensions ;

] correspondingly, j

i |

| The cpu time required by the model depends on a number of factors. In general, ;

i however, the epu time will be dominated by one or both the time taken to solve j
; the ODE's and the time taken to update the time-dependent variables. ;

| I

| Clearly, important factors are the problem duration and the stiffness of the !

ODE's to be solved. High or very transient source mass release rates tend to !'

|
|
i
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cause stiffness. Often, however, these aspects are beyond the control of the
user.

i
Important factors within the control of the user are the accuracy specified for
the integration of the ODE's (i.e. the size of c), the number of collocation
points, and the precise way the time-dependent variables ar; to be handled.

The epu time will increase with decreasing c but the strength of the dependence
is not immediately apparent. In calculations in which the cpu time was dominated
by the integration of the ODE's we have found only modest increases in epu time
e.g. < 40'i wnen c was reduced f res 10-e g, 3g-s . This is believed to be due to
the use of a high order integration method which is thereby capable of giving
significant improvements in accuracy with modest reductions in the integration
time step.

The epu time can be very strongly dependent on the specified number of
collocation points. Again, in calculations in which the epu time was dominated'

I by the integration of the ODE's, we have found the cpu time to depend on n to a
power =idway between 2 and 3. This is largely due to the need of the ODE solver
to solve an nxn system of linear equations for each integration step. We would
recommend that s calculation should first be done with n equal to 10 or so to
obtain a base line for the cpu time and to check that the problem has been
properly formulated before doing a calculation with a much larger value of n.

The cpu time can be dominated by the time taken to updnte the time-dependent
variables when they are updated at frequent i n t e r v a A' s . An example which

. illustrates this was considered in detail in Wheatley (1988). In some cases it
"

may be advantageous to update the time-dependent variables continuously (i.e.
set THHYSTEP equal to zero) rather than have them updated at small time

i intervals since there is an ovsrhead associated with each time the ODE solver is
reset (see the description of CHARM in Appendix B).

Clearly there is a trade-off between accuracy of the results and epu ti'ne which
) is dictated by the values chosen for e, n and THHYSTEP. Optimum values for these
! quantities depend on the needs of individual users and may need careful
| consideration. See the next sub-weetion also.

6.4 Accuracy '

:
1 There are three parameters which strongly affect the accuracy of the results.

h'

These are e, e (which is related to n) and THHYSTEP. We assume that m and m,
3

are always chosen so that they do not compromise the accuracy (see Sub-section
4.2). The pr.ecise way these quantities are related to the accuracy of the!

|

|

|
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4

results does not concern us here, instead we consider how the accuracy can be
established, which we recommend always should be done.

!
1

'

First, one should decide what the important output quantities are. Often, these
are the variables in the mass balance output group which can usually be obtained

j to given accuracy with less demand on computing resources than the airborne
aerosol moments or the airborne aerosol distribution, for example.

1

Second, one should decide what level of accuracy is required. Often, input dataq ;

j and modelling uncertainties do not warrant high accuracy; 2 or 3 significant ;
* '

figures are usually quite satisfactory. However, higher accuracy may be needed
} to be sure the calculation is numerically stable and has converged.

The number of accurate significant digits can be established by doing repeat [
l calculations in turn with c reduced by a factor of 100, e increased by a factorh '

1 of 2 and (if appropriate) THHYSTEP reduced by a f actor of two and in each case !
] establishing how many significant digits in the results remain unchanged when |
| compared with the base calculation. Note that there is little point in choosing

THHYSTEP much smaller than the minimum time period between consecutive non-equal
j values of TIEDATA.
i :

6.5 Error messages

| Error messages are written on tapes (Fortran unit numbet.a) 5 ard 6. Either they '

arias from fatal errors, in which case execution of the model stops, or they are (
; warnings arising from errors which may not be serious. The sessages on tape 5 i

may be accompanied by System generated error messages when the model is run !

{ under CTSS. I

J !
; Whcnever any of these messages occurs a golden rule is always to first check the |
J input data file for errors. However, should this not prove to cure the problem, i

'in the following we give explanations of what each of the error messages mean
and suggest likely causes. [

We assume that the user has not modified CHARW. If this is not so and the !
)

trouble was not sol)id with the hints below then the user is advised to !

carefully check his or her code modifications. j
,

... CHARWIN fmils: NTIME is le 0 or at than 20 ... !
,

I
'

j Fatal. NTIE is limited by an array dimension to be positive and no greater |
j than 20. Check the input data file! j

i I

) ... CHARWIN fails: NDATA is le 0 or gt 20 ... !
! {
! !

i
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!
!

Fatal. NDATA is limited by array dimensions to be positive and no greater I

'than 20. Check the input data filet

... CHARMIN warning: end-of-file read - could be an error in the data ... j

| Non-fatal. If the input data file has been read correctly and is of the +

right length then CHARWIN should not go on to read the end-of-file marker. !
'

| Check the input data file! i

i i

| ... CHARWIND fails: NONZERO is XXX ... I

I Fatal. The number of non-zero production coefficients is limited by an array i

dimension to 300. The error occurs when the limit is exceeded. This may |
!

j arise when a large number of collocation points have been specified and/or !
one of the higher order elements has been chosen. Check the input data file [,

; or increase the dimension of the array PIJK in the common block COEF. ;

I... CHARMCOE fmils: YLOWER is ge YUPPER ... ;

i
! Fatal. YLOWER and YUPPER are the lower and upper limits of integration in

!
the integral for the production coefficients. They are chosen so that the |,

integrand is non-sero everywhere between the limits. The indexing calculated
j in CHARWIND and the logic at the start of CHARWCOE should guarantee that

{~j this error never occurs. Non-occurrence of this message provides confidence
; that this part of the calculation has been done correctly. !
! ;

! ... CHARWCOE warning: IERROR is -1 ... |
,

Non-fatal. IERROR is an error flag generated by CAUS8 The value -1 j
indicates that the lower and upper limits of the integration range are too ;i

close to enable the requested tolerance for the integral to be met. This any |
arise if the mass range of the collocation points is exceedingly Imrge but '

should not normally occur. Check the input data filet The consequent error:
;'

in the production coefficient is unlikely to be significant in the
'

! subsequent calalations.
;

'

l

!
!

I
!

l
f
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1

CRARMCOE warning: IERROR is 2 ... |...

Non-fatal. IERROR is an error flag generated by GAUS8. The value 2 indicates
that GAUS8 was unable to calculate the integral to the requested tolerance.
Experience has shown this is usually due to the presence of rounding error
in the integrand. This may arise if the mass range for the collocation

points is exceedingly large but should not normally occur. Check the input
data file! The consequent error in the production ceefficient is unlikely to
be significant in the subsequent calculations.

\

CHARWILO fails: IFAIL is 1 ......

Fatal. IFAIL is an error flag generated by C05%BE. The value 1 means that
the function CHARMFAN, for which the location of a zero has been requested,
has the sa=e sign at the lower and upper limits of the search range. This

i should not occur when reasonable values for the equivalent sand roughness,
the hydrauli: diameter and the flow speed have been chosen. Check the input
data file!

CRARWFLO fails: IFAIL is 2 ......

Fatal. IFAIL is an error flag generated by 005 WEE. The value 2 means that
; C05 WEE was unable to locate the zero of CHARMFAN to the specified tolerance

after MAXCALLS evaluations of it. Check the tolerance specifications in the
input data file!

i
'CRARWDIF fails: LRWORK is too small ......

!i

Fatal. LRWORK is the dimension of a real work array required by CHARWDIF. :
'

i This error will not occur unless the user has modified the code to allow the
I maximum number of collocation points to exceed 100 and failed to increase t

{ the dimensior, of the array RWORK accordingly.
t i

; CRARWDIF fails: LIWORK is too small ......
;

1

Fatal. LIWORK is the dimension of an integer work array required by
CHARMDIF. This error will not occur unless the user has, modified the codo to
allow the maximum number of collocation points to exceed 100 and failed to

;increase the dimension of the array IWORK accordingly.
i

} !

:

! l

\ |
<

|
|
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... CHARMDIF fails: IDID is -1 ...

Fatal. IDID is an error flag generated by DEBDF. The value -1 indicates that
MAXTRYS times 500 integration r.teps have been attempted without succeeding
in integrating to the time requested of DEBDF. Check that the requested
output times are at reasonable intervals. Check the tolerance parameter EPS;
it should not be too small. Check the initial and source aerosol
distributions, especially the airborne density and the source emission rate.
If all these seem reasonable then increase MAXTRY3.

... CHARMDIF fails: IDID is -2 ...

Fatal. IDID is an error flag generated by DEBDF. The value -2 indicates that
the error tolerances requested of DEBDF are too stringent. Check the value
of EPS specified in the input data file.

... CHARMDIF fails: IDID is -3 ...

Fatal. IDID is an error flag generated by DEBDF. The value -3 indicates that
the computed solution has a zero component with r. zero component in the
absolute error test for that component. This is unlikely to arise but may do
so when no airborne and source aerosols exist. Check the input data file!

... CHARMDIF fails: IDID is -6 ...

Fatal. IDID is an error flag generated by DEBDF. The value -6 indicates that
DEBDF had repeated convergence test failures on the last attempted step.
Check that the problem as specified in the input data file is physically
realistic.

! ... CHARMDIF fails: IDID is -7 ...
i

Fatal. IDID is an error flag generated by DEBDP. The value -7 indicates that'

j DEBDF had repeated error test failures on the last attempted step. Check
j that the problem as specified in the input data file is physically
'

realistic.

f ... CHARMDIF fails: IDID is -33 ...

Fatal. IDID is an ert (lag generated by DEBDF. The value -33 indicates
| that DEBDF encountered trouble from which it cannot recover. DEBDF will

) print a message on tape 5 explaining the trouble. It is usually caused by
j invalid input to DEBDF. This error is not expected to occur unless CHARM has
! been modified by the user.
i
,
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2

*** CHARWOW fmils: IFAIL is 1 ***

! Fatal. IFAIL is an error flag generated by 005WHE. The value 1 means that
the function CIIARB50, for w*uich the location of a zero has been requested,4

has the same sign at the lower and upper limits of the search range. This i3

j should not normally occur. Check the input data file! The source and initial |
| aerosols may not be physicall,y realistic or the collochtion points any have j
j been badly chosen. :
I ;

i ... CHARW OW fmils: IFAIL is 2 ... |
| .

i

) Fatal. IFAIL is an error flag generated by C05FdE. The value 1 seans that :
C05WE was unable to locate the zero of CHARW50 to the specified tolerance i

j af ter WAXCALLS evaluations of it. Check. the tolerance specifiwtions in the i

; input data filel |
t

i |'

... CHARWOUT warning: the mass fraction in the top bin is XXX ... !
t
;

Non-fatal. This is written when greater than 10% of the airborne aerosol j
aass is associated with the last collocation point. Check the collocation r

; point specifiestions and the problem specification in the input data file. [
!

... CHARWOUT warning: the mass fraction in the bottom bin is XXX *** j
1

I.s

j Non-fatal. This is printed when greater than 10% of the airborne aerosol
!

j aass is associated with the first collocation point. Check the collocation |

; point specifications and the problem specification in the input data file. '

} ... CHARWOUT warning: the number fraction in the top bin is XXX ...
j

i i

Non-fats 1. This is printed when greater than 10% of the airborne particles |
are associated with the last collocation point. Check the collocation point }
specifications and the problem specification in the input data file. |

| ... CHARWOUT warning: the number fraction in the botton bin is XXX ...

' Non-fatal. This is printed when greater than 10% of the airborne particles !

| are associated with the first collocation point. Check the collocation point (' specifications and the problet specification in the input data file, i

i

!
l !

I i
4 e

; i
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|
|

7 CODE WODIFICATIONS

7.1 Scope

Although CHARM can be applied to a wide range of aerosol problems without
modification, we expect situations will arise when the user will find it
desirable to make relatively minor modifications to the model to suit his or her
specific purposes. The sort of modifications we have in mind are: changes to the
physicsl models for gas and flow properties and agglomeration and deposition
rates; adding an output file to interface with graph plotting routines; adding
variables to the existing Input and output subroutines; replacing the library
subroutines GAUS8, SSORT and DEBDF with alternatives; and adding new variables
to those treated as time-dependent. Such modifications can be done with little
difficulty. We outline here a general approach which we recom=end should always
be followed and give two examples. The treatment of multicomponent aerosols,
condensation and evaporation would require non-trivial extensions to CHARW and
considerable development work should an efficient treatment be desired. This is
discussed in Section 9.

7.2 Ceneral methodt

The general method we advocate is to use a software package such as HISTORIAN
PLUS (OPCODE Inc., 1985) or UPDATE (CRAY Research Inc. 1984) which will
automatically execute and keep track of changes made to CHARM. Thereby, changes
for a single purpose can be kept in a single e.ompact file, revoked at any time
to restore the original model and added to others with ease.

.

] You will see from the compiler source listing in Appendix D that each line of
code has a label in columns 13-80. These were generated by HISTORIAN PLUS (but

| are equally compatible with UPDATE). To modify the code, a modification file is
made which comprises a sequence of commands (subsequently called directives to

' conform with HISTORIAN PLUS nomenclature) referring to these labels. HISTORIAN
PLUS is then used to execute the directives in conjunction with the HISTORIAN

,

'

PLUS source file to generate s. new compiler source.

A basic list of HISTORIAN PLUS directives is as follows (the corresponding
,

: UPDATE directives are similar):
'

./ Anything fv11owing this on the same line is a comment.

. insert ' label' The lines of Fortran following this directive are inserted

after the line in the source labelled with ' label'.
.before ' label" The lines of Fortran following this directive are inserted |

before the line in the source labelled with ' label'.
.deltte ' label' The line in the source with label ' label' is deleted andj

replaced with the lines of Fortran following this directive.'

i

I
,
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!
j *ident 'name" This is required at the start of the modification file. 'name" i

is used to generate labels for the Fortran which is inserted |
according to the succeeding directives. |

. call "name' This can appear anywhere in the lines of Fortran which follow
the insert, before and delete directives and causes the block

,

j of Fortran in the source with labels generated from 'name' to |
be inserted at this point. The block of Fortran must have been i

) identified originally as suitable for copying in this way (i.e.
it must have been defined as a ' common deck"). All common'

I blocks in the source were generated from ' common decks'.
i

i . read 'fname" The sequence of directives in the file "fname' are read. |
'

i

! Details of these and other directives can be found in the reference manual for .

i HISTORIAN PLUS but it is hoped that the above outline and the examples which
' follow will serve to illustrate the utility of the approach. ;

;,

] 7.3 Two examples j
I

'

' The first example shows how to obtain values of the dimensionless relaxation r

) time on the output file. This may be desired to determine whether the |
| correlation for turbulent deposition is being used within its range of validity. *

| Th. HISTORIAN PLUS modification file, USERWOD1, is: !

| t
;

?

! */ !

! */ Wodifications to CHARM to output the dimensionless relaxation time, f
j */ i

.ident relax !

* insert agglom.3 |
,diarel(100) '+.

| . insert chadep.77
i distel(icoll)=diarelax ;
'

* insert chmout.339
| if(columns.eq. 80) write (ntape6,9056) !

j i f (col umns , eq.132) wri te (ntape 6,8056) [
; if(columns,eq. 80) write (ntape6,9003)(i,dimrel(i),i=1,ncoll)

| i f (col umns . e q .132) wri t e (nt ap e 6, 8003) (i , d isr e l (i) , i=1, ncoll) ;

; * insert chmout.518 {
{ 9056 format ('Dimensionless relaxation times...',/
j 5 (4x , ' dierelax ')) !

j * insert chmout.539
i 8050 format ('Dimensionless relaxation times...',/ i
i + 8 (4x , ' disrelax ')) i
I

i
! !

; !
'

|

|
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!

|

The first insert directive causes a new array DIWREL to be included in the
common block labelled AGGLOM which appears in the tubroutines CHARMDEP and
CHARM 0UT. The suceneding inserts should be relatively straightforward to follow
in conjunction with the source listing.

This modification file can be implemented with the following HISTORIAN PLUS
commands:

historian (i=charchis,n=charmopl)
historian (i=usermodi,p=charmopl,c=charmeft,f)

CHARWHIS is the HISTORIAN PLUS file. The firct cortmand creates a binary old-
program-library which contains the information HISTORIAN PLUS needs for
subsequent modificat!on runs. The second command is a modification run which
generates the file CHARWCFT which can be read by a Fortran compiler. f at the
end of this command indicates that nothing must be left-out of the CHARWCFT !
file,

The second exa=ph shows how the code can be modified to make the leakage rzte ai

time-dependent <ariable. The modification file, USERMOD2, is:
,

./ i
J ./ Modifications to CHARM to enable the leak rate to depend on tioe. |

*/ '

.ident leakrate
; . insert thrmhydr.10
| , l krta0 (20) , l krtal (20) , lkrtdata (20)+

i . insert thrmhydr.11
,1krta0,1krtal,lkrtdatai +

,

| . delete chmin 119
| 14 re ad (ntape 4, . , e rr= 14, e nd =100) vc,lume -

! 34 read (ntape4, . , err =34, end=100) (lkrtdata(idata) ,idata=1,ndata)
i . insert chmblo.81

de.ta lkrtdata/0.e0,19.-l.e0/a

. insert chmith.56
j call charmwth(lkrta0,1krtal,lkrtdata) (
( . insert ehmuth ?5 '

| leakrate = ikrta0(ithhy) . lkrtal(ithhy) . timemean
.dalete chmout.267 L

i . insert chmout.272
write (ntape6,9030) volume,leakrate

I

The first two insert dire-tives add three real arrays, a data array and two
interpolation formulae coef ficient. arrays, to the THRWHYDR common block. The'

i
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|

delete directive which follows causes YOLUME to be read on one line of the data
file and the leak rate data to be read on subsequent lines. The next three
insert directives result in, in turn, the leak rate data array to be
initialized, the coefficients in the interpolation formulae for the leak rate to
be calculated from the data and the leak rate to be calculated from the
interpolation formulae. The last two directives allow the leak rate to be
written on the output file more than once.

This modification file can be implemented in the same way as the first example
except that USERWOD1 must be replaced by USERWOD2 in the arguments of the
HISTORIAN PLUS commands. Alternatively, the two files USERWOD1 and USERWOD2 can
be implemented in conjunction by defining a third file called USERWODS which
reads:

* read usermod!
. read usermodo

|

!USERWOD1 must now be replaced by USERWODS in the arguments of the HISTORIAN PLUS
commands.

|

;

!
!

,

,

,

i

j
,

, ,

j !

i
<

.

:

!
t

:

!'

'

!
i

:

1
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8 CHARM AS A SU9-MODEL OF A LARGER MODEL

We discuss here some general aspects of how CHARM could be implemented as a sub-
model of a larger model. Though some modifications to CHARM would be needed,
most of the subroutines would not be affected as a consequence of the modular
design of the code. The details, of course, will depend on the particular
application.

In general we envisage the subsuming model to be one which calculates at least
velocities, pressures and temperatures of the flow and surface temperatures, in
each cell of a multicell problem, and convection and possibly mixing of aerosol
from cell to cell (the cells could be Eulerian or Lagrangian) . In some
applications the gas composition may not be constant and we suppose this would

1

also be calculated for the bulk gas and adjacent to walls when a component of
the gas is condensing or evaporating there.

The role of CHARM in this general context would be to calculate aerosol behavior
within each cell, much as is does now for one cell only. This has to be done
explicitly, by which we mean the aerosol equations are solved separately from
the equations coverning the therma'-hydraulics and aerosol transport during each
time step. The problem is therefore seen as two-fold: time step control; and
arranging the data interface between CHARM and the subsuming model and input and
output.

Without condensation or evapcration of the aerosol, aerosol behavior within a
cell will not affect the thermal-hydraulics to any significant extent except
possibly in strong thermal radiation fields (of course, the converse is not
true). This means the maximum allowable thermal-hydraulic time step need not be
reduced as a consequence of the p.esence of aerosol. Some 'imit may need to be I
applied, however, when the thermal-hydraulic conditions change considerably over |
one time step. There is two way coupling between aerosol behavior within a cell ;

and cell to cell transport of aerosol which could in some cases call for the
maximum allowable aerosol transport time step to be reduced. There are no

I internal constraints on the CHARM time step which is simply chosen to match the
subsuming model time step.

Two way coupling can exist between intra-cell aerosol processes and the thermal-
hydraulics when condensation and evaporation of the aerosol can occur (Clement, <

1984). This can entail severe time step limitations or else require that the
split between the thermal-hydraulic calculations and the intra-cell aerosol

|calculations is modified. Since CHARW in its present version does not treat
condensation and evaporation, this need not concern us further here.

l
:

!

!

,
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b

We assume the subsuming model is able to supply C51 ARM with thermal-hydraulic
information and an aerosol distribution, derived from tb> werosol transport
calculations, for each cell corresponding to an instant of time in the problem.
We assume also that this data is not conveniently supplied for two instants of
problem time simultaneously. This eliminates the possibility of interpolating1

; data in time during the calculations done by CHARW. The subroutines CHARWITH,
CHARMnTH, CHARWt'TH, CHARMSLN and CHARWZLN are therefore not needed (we suppose
the source distribution is to be supplied by the subsuming model) and, during
one time step, the agglomeration kernel, deposition and source rates need be :

calculated only once per cell. The ODE solver in CHARM has to be reinitialized |
'at the start of each time step fer each cell. All this msans the main program,

CHARW, can be considerably simplified. ;2

All the data which depends on cell location and/or time has to be supplied to |

CHARW at the r. tart of each time step for each cell. This data includest the
I thermal-hydraulic data, the cell geometry and associated data such as the ;

fi surface roughness and leak rate, the aerosol distribution, the source
| distribution, and the gas composition when it is time-dependent. The aerosol ,

| distribution has to be resupplied to the subsuming model at the end of the time f
j step. Small negative components (see Sub-section 3.2) could be set to zero and ;

| the distribution renormalized to exactly conserve mass. Deposited and leaked i

4 masses and moments of the distribution could also be supplied when these are not
to be output by CRARW,

The cell and time-independent data includes: the collocation information and
quantities derived f rom this such as Ph and np, the aerosol physics data and

'

the tolerance data. Input data relevaat to this category can be read by CHARW i

j and this category of data can be stored within CHARW. CHARWIN and CHARMBLO can

i therefore be considerably simplified. The subroutines which calculate the
!

i derived data need be called once only.
1

'1

As noted in Sub-section 6.3, just three arrays make up nearly one half the size
of the executable code. It may be important with some =achines and depending on
the stre of the subsuming model to make sure these arrays do not take up morej

] apace than needed. This can be done by making the dimensions of these arrays |

l dynamic and having the subsuming model provide space for them. i.

|.i

1 t
-

,

!

l !

! !
! i
1 i
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9 EXTENSIONS TO CHARW

9.1 Vulticomponent cerosols

We discuss what further work needs to be done to enable CHARM to efficiently
treat multicomponent aerosols.

When the aerosol has variable composition and is composed of s components and
agglomeration and deposition for particles of given mass can be adequately
characterized by their average composition then the aerosol behavior can be
characterized by a system of s coupled integro-differential equations (Simons,
1982). The discretization method described in Section 3 for a single component
aerosol is simply generalized to discretime this new system of equations. A
system of nxs coupled ODE's results. Directly solving this system of equations
can pose n. problem when the equations are stiff and s is large since the
solution time of stiff ODE solvers is approximately proportional to (nz )' Fors
example, Grimley et al. (1988) consider 40 or so ccaponents for which the
computing time would be increased by a f actor of order 10' over that for a one
component aerosol.

!

An alternative to the direct method of solution ts, by exploiting the special
structure of the Jacobian, to reduce the equations to a set of n coupled ODE's,

to be solved first and s-1 sets of n coupled linear ODE's whose 6:1ution depends
i

,

on the solution obtained to the first set of ODE's. An exampla of this approach
was considered by Stock et al. (1987) who compared the two methods. However,
they considered a two ccmponent aerosol only and the discretization method was
not the same for the two solutica methods. It is therefore unclear from their

,

results which solution method would be most efficient in general.

So, further assessment of the two methods is needed to determine which is
|

1

| optimum. The modifications required of CHARW to treat multicomponent aerosols t

I using either of the two solution methods are believed to be straightforward.

9.2 Cendensation and evaporation - ene species

j We now discuss how CHARW could be extended to treat condensation and evaporation
'

of one cosponent onto and from the aerosol.
,

;

Extra terms need to be added to the aerosol equations to treat condensation and
; evaporation. These terms cause the equations to become exceedingly stiff.
! Considerable progress with this problem has been made recently by Celbard (1987)'

who treats an aerosol with one volatile component. His method is to split the
! problem into two parte and treat each part in separate numerical steps. The '

first part deals with condensation and evaporation only and is based on the '

i
1
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sethod of characteristics. Particles of different size are coupled only through
mass and energy balances within the volume. The accond part deals with
agglomeration, deposition and leakage only, as considered in this manual.

!

It would seem essential to split the problem in this way if a collocation method,

I is used to treat the aggioreration terms since evaporation and condensation
0

i introduce into Eq. (1) a term of the form g C(m,t)E(m.t), where E(m,t) is the
i particle growth law. This term is ill-defined at the grid points in the l

collocation method A finite difference approximation could of course be
attempted for these terms but it seems likely that it would lead to poor results

hwhen e is large in comparison with unity. In any case, many fixed grid methods
,

introduce artificisi spreading of the aerosol distribution when the aerosol is
evolving domi.nantly by condensation and evaporation (Tsang and Brock, 1983) ,

Lwhich, as Celbard points out, is largely overcome with his method of splitting.
1

1 9.3 Condensation and evaporation - enny species '

I
I Howsver, further work is required to treat aerosols with more than one volatile

componen'., particularly when chemical reactions in the vapor phase must be taken !

into account. The problem here is the computational cost involved in raintaining |;

chemical equilibrium in the vapor phase during the condensation and evaporation I,

step.

i

l
1

!

; '

|
'

i !

i

4

,

J

! ,
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10 CONCLUSIONS

We have described the models in CHARW and given detailed information to enable
others to une and modify the code.

1

We have tried to ensure the code is ' bug' free, both by design of the code -

architecture, transparency of the FORTRAN (we do not claim always to have
succeeded in this respect!), and by testing, However, we cannot guarantee thata

'

it is free of bugs. Should you find bugs or encounter difficulties associated
with the wa/ the code operates, please communicate your findings to the author
so that other users may enjoy the benefits.

We would also be happy to receive details of applications or developments you
| make of CHARW. Indeed, we hope Section 2 makes clear that there is considerable

scope for developing the models for the gas and flow properties, and
agglomeration and deposition.>

Despite the lengthy details about CHARM included here, we do not wish to leave '

the impression that the code is difficult to use or modify. On the contrary, we
have gone to some length in the design of the code to ensure the opposite. Try:

it!

5

: We believe that the code can form the basis of e2 tensions to treat
; multicomponent aerosols, condensation and evaporation as was discussed in
' ;

section 9. However, further development and testing of methods is needed should
; a computationally efficient model be desired.
|
)

|

I
'

t

:

1

J

l
i

*

| r
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APPENDIX A - THE EXAMPLE OUTPUT DATA FILES

We list here the output files obtained from the example input data file shown in
Sub-section 4.4. We have removed the copies of the input data fila from both
output files. These output files are discussed in Sub-section 5.3.

The first file was written on the terminal. Following this you would also see:

charm ctss time 3.356 seconds
cpu = 3.003 1/o= .245 mem= .109

The second file is the main output file, OUT.

I

't

!

:

,

I
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The file written On the terminal

= 0 time = 0.OOOOe+00 asse check = 0.0000e+00step no.
= 1 time = 3.0000e+02 anse check = -6.3442e-Osstep no.
= 2 time = 6.OOOOe+02 mass check = ~7.1820e-05step no.

9.OOOOe+02 mass check = -3.5321e-07= 3 timestep no. =

= 1.2OOOe+03 sass check = -3.5668e-07= 4 timestep no.
1.5000e+03 mass check = -3.6546e-07= 5 timeetop no. =

1.5000e+03 maae check = -3.7419e-07= 6 timestep no. =

2.1000e+03 maae cheek = 3.2025e-07= 7 timestep no. =

2.4000e+03 mass check = -1.1730e-07= 8 timestop no. =

2.7000e+03 maae check = -3.6089e-06= 9 timestep no. =

3.0000e+03 asse check = -3.6441e-0610 timestep no. ==

3.3OOOe+03 mano check = -3.s971e-0611 timestep no. ==

3.6DOOe+03 anos check = -3.8432e-06= 12 timestep no. =

= 7.2OOOe+03 anos check = -3.1102e-0513 timestep no. =

1.OBOOe+04 mase check = 5.0609e-05= 14 timestep no. =

1.4400e+04 mass check = 4.7h71e-05step no. = 15 time =

= 1.SOCOe+04 maae check = 4.8542e-05= 16 timestep no.
= 2.1600e+04 mass check = 4.5610e-0517 timestep no. =

2.52OOe+04 mass check = 4.5708e-0518 timestep no. = =

2.8800e+04 asse check = 4.7011e-05= 19 timestep no. =

3.2400e*04 anse check = 4.7252e-05= 20 timestep no. =

3.6000e+04 mase check = 4.6496e-05= 21 timestep no. =

3.63 doe +04 mass check = 4.1648e 05m 22 timestep no. =

= 3.6600e+04 asse check = 4.1020e-05= 23 timestep no.
3.6900e+04 name check u 4.084se-05= 24 timestep no. =

= 3.72OOe+04 same check = 4.1042e-05= 25 timestep no.
= 3.7500e+04 mass check = 4.1395e-05= 26 timestep no.
= 3.7400e+04 anos check = 4.2Aa7e-0527 timestep no. =

= 4.1400e+04 same check = 4.5sO7e-05= 28 timestep no.
= 4.5000e+04 mase check = 4.5840e-05= 29 timestep no.
= 4.8600e+04 mass check = 4.5914e-05= 30 timestep no.
= 5.22OOe+04 mase check = 4.6001e-OS= 31 timestep no.

= 32 time = 5.5800e+04 mass check = 4.5963e-05step no.
8.9400e+04 mase check = 4.5963e-05= 33 timestep no. =

= 6.3OOOe+04 mase check = 4.5646e-05= 34 timestep no.
6.6600e+04 mass check = 4.6273e-OS= 35 timestep no. =

7.02OOe+04 ames check = 4.6034e-05= 36 timeetop no. =

7.3sOOe+04 same check = 4.5468e-05= 37 timestep no. =

= 38 time = 7.7400e+04 asse check = 4.5340e-05step no.
8.1000e+04 asse check = 4.5453e-0539 timeI step no. ==

= 8.4600e+04 mass check = 4.5437e-OS= 40 time| etep no.
= 41 time = 5.82OOe+04 anse check = 4.5415e-05step no.
= 42 time = 0.1aOOe+04 mass check = 4.5375e-05step no.

9.5400e+04 mase check = 4.55sfe-05= 43 timestep no. =

9.9000e+04 maee check = 4.5619e-05= 44 timestep no. =

= 1.0260e+05 ames check = 4.5690e-05= 45 timestep no.
= 1.0620e+05 ames check = 4.5870e-05= 46 timestep no.

1.09BOe+05 ames chech = 4.5s13e-05= 47 timestep no. =

= 1.1340e+05 mass check = 4.5813e-05= 48 timestep no.
= 1.1700e+05 anos check = 4.5813e-05= 49 timestep no.

1.2060e+05 ames check = 4.5813e-05= 50 timestep no. =

1.2240e+05 anse check = 4.5814e-05= 51 timestep no. =
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The main Output file, Otfr

................................................................................

' ..............e.....e........................e.......e........
| etop no. = 0 time = 0.0000e+00 asse check = 0.OOOOe+00

.....+........................................................

Wase budget...
! air-borne flor dep. wall dep. clns dep. source leaked
| 0.OOOOe*00 f. 0000e + 00 0.OOOOe+00 0.OOOOe+00 O,OOOOe*00 0.0000e+00
' Airborno aerosol momente...

eigna rad &O adensity ndensity geoamekn asse&O
O.0000e+00 O.DOOOe+00 O.OOOOe+00 O.0000e+00 0.OOOOe+00 O.OOOOe+00

Source momente...
eigna rad &O adensity ndensity geoanean same&O

2.OOOOe+00 6.OOOOe-07 3.0884e-06 1.8393e+10 1.9419e-17 1.4661e-18
Airborne mass distribution...

a-distr a-diste a-diste a-distr a-distr
i O.OOOOe+00 3 0.0000e+00 3 0.0000e*00 4 0.0000e+00 & O.0000e+00

| 6 0.0000e+00 7 0.OOOOe+00 a 0.0000e+00 9 0.0000e+00 10 0.OOOOe+00
11 0.0000e+00 13 0.OOOOe+00 13 0.OOOOe+00

Airborne number distribution...
n-diste n-distr nadietr n-distr n-distr

1 0.0000e+00 3 0.OOOOe+00 3 0.0000e+00 4 0.0000e+00 & O.0000e+00
6 0.OOOOe+00 7 0.0000e*00 8 0.OOOOe*00 9 0.OOOOe+00 10 0.0000e+00

11 0.0000e+00 13 0.0000e+00 13 0.OOOOe*00
Source ames distribution...

m-distr a-diste a-distr a-distr a-diste
1 3.3848e-18 3 1.6833e-13 3 3.4663e-10 4 1.0815e-08 & 1.3318e-07
6 4.5719e-07 7 8.3703e-07 5 1.6738e-07 9 1.6&SOe-08 10 4.3&SOe-10

11 3.414&e-13 13 S.0341e-18 13 8.8469e-18
Source number distribution...

n-dietr n-distr n-distr n-distr n-distr
1 S.4611e+08 3 4.30eOe+07 3 S.1407e+08 4 3.8394e+09 5 3.3037e*09
6 1.2180e+O9 7 1.3176e+04 8 4.1531e+06 9 3.8981e+04 10 1.064&o+03

11 s.&361e-03 13 3.0085e-08 13 1.3867e-09
Collocation information...

nelement neoll hvidth syneing ranse
3 la 1.0000e+00 1.0000e+01 1.0000e+13

Indexing for production coefficiente... !
jbar kbarain kbareau nkbar index jbar kbarain kbarass nkbar inden iO O 13 13 1 1 0 13 la 14

3 0 1 2 37 3 0 1 2 39
4 0 1 2 31 & O 1 2 33
A O 1 3 46 7 0 1 2 37
s 0 1 2 39 9 0 1 3 41

10 0 1 3 43 11 0 1 3 46 |
13 0 1 3 47 I

Production coefficiente in indexing order... |pijk pijk pijk pijk pijk pijk
3.990&e-01 1 8370e-01 1.6647e-03 1.6304e-03 1.&350e-04 1.637ae-06
1.637se-04 1.837se-07 1.8375e-Os 1.8378e-09 1.837se-10 1.8375e-11
1.6375e-13 9.1763e-01 S.3354e-03 3.1634e-04 2.030se-06 3.OO44e-04
2.0073e-10 B.OO71e-13 3.OO71e-14 3.OO71e-18 3.OO71e-la 3.OO71e-20
3.0071e-33 3.OO71o-34 9.9330e-01 6.73s6e-03 9.9934e-01 S.64&Oe-04
9.9993e-01 S.6360s-OS 9.9999e-01 6.6351e OS 1.OOOOe+00 6.83&Oe-07
1.OOOOe+00 4.03&Oe-Os 1.OOOOe+00 6.83&Oe-09 1.OOOOe*00 6.e360s-10
1.0000e+00 6.63&Oe-11 1.OOOOe*00 9.8350s-13 1.00GOe+00 S 6360e-13

Normalisation factore...
njk njk njk njk njk

1 8.9189e-01 3 9.3955e-01 3 9.9461e-01 4 9.9947e-01 & 9.9996e-01
8 9.9999e-01 7 1.0000e+00 s 1.0000e OO 9 1.0000e+00 10 1.OOOOe+00

in 1.0000e,00 13 1.0000e*00 13 1.0000e+00
1 9.3985e-01 2 5.9189e-01 3 9.396&o-01 4 9.9461e-01 & 9.9947e-01
6 9.9995e-01 7 9.9999e-01 a 1.OOOOe+00 9 1.0000e*00 10 1.OOOOe+00

11 1.OOOOe+00 13 1 0000e+00 13 1 0000e+00
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1 0.9461e-01 2 9.3965e-01 3 8.9160e-01 4 9.3985e-01 8 9.9461e-01
6 9.9947e-01 7 9.9995e-01 a 9.9999e-01 9 1.OOOOe+00 10 1.OOOOe+00

11 1.OOOOe+00 12 1.OOOOe+00 13 1.OOOOe+00
1 9.9947e-01 2 9.9461e-01 3 9.3985e-01 4 8.9189e-01 & 9.3986e-01
6 9.9461e-01 7 9.9947e-01 e 9.9995e-01 9 9.9999e-01 10 1.OOOOe+00

11 1.OOOOe+00 12 1.OOOOe+00 13 1.0000e+00
1 9.9995e-01 2 9.9947e-01 3 9.9461e-01 4 9.3985e-01 5 S.9189e-01
6 9.3985e-01 7 9.9461e-01 8 9.9947e-01 9 9.9996e-01 10 9.9999e-01

11 1.OOOOe+00 12 1.OOOOe+00 13 1.OOOOe+00
1 9.9999e-01 2 9.9995e-01 3 9.9947e-01 4 9.9461o-01 5 9.3955e-01
6 5.9189e-01 7 9.395&e-01 8 9.9461e-01 9 9.9947e-01 10 9.9995e-01

11 9.9999e-01 12 1.OOOOe+00 13 1.0000e+00
1 1.OOOOe+00 2 9.9999e-01 3 9.9995e-01 4 9.9947e-01 & 9.9461e-01
6 9.3985e-01 7 a.9159e-01 8 9.3956e-01 9 9.9461e-01 10 9.9947e-01

11 9.9998e-01 12 9.9999e-01 13 1.OOOOe+00
1 1.OOOOe+00 J 1.OOOOe+00 3 9.9999e-01 4 9.9995e-01 5 9.9947e-01
6 9.9461e-01 7 9.3985e-01 8 8.9159e-01 9 9.3986e-01 10 9.9461e-01

11 9.9947e-01 12 9.9995e-01 13 1.OOOOe+00
i 1 1.OOOOe+00 2 1.OOOOe*00 3 1.OOOOe+00 4 9.9990e-01 6 9.9998e-01

6 9.9947e-01 7 9.9461e-01 8 9.395&e-01 9 8.9159e-01 10 9.3956e-01'

' 11 9.9461e-01 12 9.9947e-01 13 1.OOOOe+00
| 1 1.0000e+00 2 1.OOOOe+00 3 1.0000 00 4 1.OOOOe+00 5 9.9909e-01
1 6 9.9998e-01 7 9.9947e-01 8 9.9461e-01 9 9.3968e-01 10 s.9189e-01
| 11 9.3986e-01 12 9.9461e-01 13 1.OOOle+00
i 1 1 OOOOe+00 2 1.0000e+00 3 1.0000e+00 4 1.OOOOe+00 6 1.OOOOe+00
| 6 9.99994 01 7 9.999&e-01 5 9.9947e-01 9 9.9461e-01 10 9.3968e-01
| 11 s.9159e-01 12 9.395&e-01 13 1.OO12e+00

1 1.0000e+00 2 1.OOOOe+00 3 1.0000e+00 4 1.OOOOe*00 6 1.OOOOe+00
6 1.OOOOe+00 7 9.9999e-01 8 9.9995e-01 9 9.9947e-01 10 9.9461e-01

11 9.3958e-01 12 8.9159e-01 13 9.9858e-01
1 1.OOOOe+00 2 1.0000e+00 3 1.OOOOe+00 4 1.OOOOe+00 6 1.OOOOe+00
6 1.OOOOe+00 7 1.OOOOe+00 a 1.0000e+00 9 1.OOOOe+00 10 1.OOOle+00

11 1.OO12e+00 12 9.9888e-01 13 3.3439e+00
Collocation points...

ames maen mass case maan
1 4.OOOOe-21 2 4.0000e-20 3 4.0000e-19 4 4.OOOOe-18 5 4.OOOOe-17
6 4.0000e-16 7 4.OOOOe-18 8 4.OOOOe-14 9 4.OOOOe-13 10 4.OOOOe-12

11 4.OOOOe-11 12 4.OOOOe-10 13 4.OOOOe-09
Radii at the collocation pointe...

radius radius radium radium radium
1 6.9867e-09 2 1.8062e-OS 3 3.2429e-OR 4 6.9a67e-08 6 1.8082e-07
6 3.2429e-07 7 6.9567e-07 8 1.6052e-06 9 3.2429e-06 10 0.9567e-06

11 1.6082e-08 12 3.2429e-05 13 6.9567e-OS
Tolerance information...

epe ett seta saucalle asutrye
1.OOOOe-06 0.OOOOe+00 5.0000e-01 30 10

Aerosol physico data...
cohpfetr = 1.LOOOe+00 dehpfcte = 1.6000e+00 stickoff = 1.OOOOe+00
aknudweb = 1.3700e+00 qknudweb = 4.0000e-01 bknudweb = 1.1000e+00
pdensity = 2.sOOOe+03 pthracon = 6.3760 -01

1.OOOOe+00 cabreck = 1.3700e+00 ctbroek = 1.OOOOe+00kbrock =

Cell data...
volume = 1.8000e+05 leskrate = 1.1674e-07

hydrdiaa = 0.0000e+00 eqvrough = 4.6000e-05
arenelns = 0.OOOOe+00 areawall = 2.0000e+04 arenflor = 2.SOOOe+03
tempelng = 3.6315e*02 tempwall = 3.6316e+02 tenpflor = 3.6318e+02

Cas data...
1.0000e+05 velocity = 0 OOOOe+00temp = 367318e+02 press =

= 9.334&o-01 dynvisc = 2.1688e-OS anfrpath = S.8969e-08sdensity
solut = 2.8960e+01 gthracon = 2.6&OOe-02
aolwtv = 1 5016e+01 diffuey = 3.9159e-05

vafreing = 0.OOOOe+00 vafrwall = 0.0000e+00 saftflor = 0 OOOOe+00
vegreira = 0.0000e+00 vegrwall = 0.OOOOe+00 vegrflor = 0.OOOOe*00
veoncing = 0.OOOOe+00 veonwall = 0.OOOOe+00 vconflor = 0.CMOOo+00

Flow data...
= 0.OOOOe+00 ustar = 0.OOOOe+00 vb1 thick = 1.0000e-03eddydise

Diffusion boundary layer thicknees...
dblthich dblthich dblshich dblthick dblthich

1 1.OOOOe-04 2 1.OOOOe-04 3 1.OOOOe-04 4 1.OOOOe-04 8 1.OOOOe-04
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I
l

6 1.0000e-04 7 1.OOOOe-04 a 1.OOOOe-04 9 1.OOOOe-04 10 1.OOOOe-04
11 1.0000e-04 12 1.OOOOe-04 13 1.OOOOe-04

Wobilities at the collocation pointe...
mobility mobility mobility mobility mobility

i 1 6.3986e+12 2 1.1983e+12 3 2.7624e+11 4 6.9072e+10 8 2.0005e.10
6 6.9286e+09 7 2.7413e+0D 8 1.1711e+09 9 6.2176e+08 10 2.3748e+0S |

11 1.OC21e+0A 12 6.0476e+07 13 2.3381e+07
Rate of deposition onto floore...

dep. rate dep. rate dep.* ate dep. rata dep. rate
1 2.2 sole-06 2 2.0180e-06 3 1.8673e-06 4 1.7106e-06 5 1.8780e-06
6 1.6339e-06 7 2.6097e-06 5 7.84529-C6 9 3.2385e-06 10 1.4640e-04

11 6.6708e-04 12 3.Os14e-03 13 1.4272e-02
Rate of deposition onto walle...

dep.rmte dep.rnte dep. rate dep. rate dep. rate
- 1 1.6263e-OS 2 1.4362e-08 3 1.3217e-OS 4 1.1917e-05 6 1.0399e-OS
I 6 8.6800e-06 7 6.6as8e-06 5 4.9772e-06 9 3.8338e-06 10 3 1910e-06
I 11 2.8632e-06 12 2.7041e-06 13 2.62soe-06 i

Rate of deposition onto esilings...
dep. rate dep. rate dep. rate dep.rmte dep.rmte4

1 0.0000e+00 2 0.0000e+00 3 0.0000e+00 4 0.OOOOe+00 & O.0000e+00 '

6 0.OOOOe+00 7 0.0000e+00 N O.OOOOe+00 9 0.0000e+00 10 0.0000e+00
11 0.0000e+00 12 0.0000e+00 13 0.OOOOe+00'

i
Aaglomeration kernel...

agg.rmte agg. rate agg.. ate mas.rmte mag.rmte
, 1 8.2218e-18 2 1.2023e-14 3 2.3269e-14 4 4.6735e-14 8 9.0165e-14 t

1 6 1.8266e-13 7 3.7960e-13 8 a.0311e-13 9 1.7160e-12 10 3.6791e-12
11 7.9097e-12 12 1.7022e-11 13 3.6651e-11

1 1.2023e-14 2 6.8148e-15 3 7.2192e-18 4 1 1199e-14 8 2.0830e-14
; 6 4.0800e-14 7 8.4476e-14 8 1.7884e-13 9 3.8118e-13 10 8 17&Oe-13 |

11 1.7673e-12 12 3.7816e-12 13 8.1423e-12
1 2.3269e-14 2 7.2192e-16 3 3.6009e-18 4 3.5473e-16 6 6.3991e-18 |

} 6 9.9687e-16 7 2.OOO8e 14 8 4.1693e-14 9 s.8434e-14 10 1.8913e-13 |
j 11 4.0617e-13 12 8.7460e-13 13 1.r876e-12 l

, 1 4.67.16e-14 2 1.1199e-14 3 3.8472e-16 4 1.9052e-16 6 1.9339e-15 ,

j 6 3.9443e-18 7 6.4100e-|8 a 1.Os32e-14 9 2.2691e-14 10 4.8124e-14 |
11 1.0403e-13 12 2.2874e-13 13 8.1726e-13

1 9.0166e-14 2 2.0530e-14 3 6.3991e-18 4 1.9339e-18 6 1.17sle-18 i

6 1.2558e-16 7 1.9127e-18 8 3.6323e-16 9 7.2527e-15 10 1.6310e-14 |

J
11 4.OOS4e-14 12 1.1113e-13 13 3.6673e-13 i

1 1.52&&e-13 2 4.08 doe-14 3 9.9687e-16 4 2.9442e-16 & 1.26&&e-16a

I 6 8.7596e-16 7 1.0543e-18 R 1.9276e-18 9 4.8434e-16 10 1.6463e-14
'

11 8.a206e-14 12 2.4308e-13 13 1.0706e-12
|

1 3.79804-13 2 S.4476e-14 3 2.DOO6e-14 4 8.4100e-16 & 1.9127e-18
6 1.0543e-16 7 7.4861e-16 8 2.6613e-16 9 1.1293e-14 10 4.9902e-14

| 11 2.2862e-13 12 1.033&e-12 13 4.7670e-12
1 m.03sle-13 2 1.7854e-13 3 4.1693e-14 4 1.0a32e-14 6 3.8323e-16 I

6 1.9276e-16 Y 2.6613e-16 8 6.B&61e-16 9 3.8937e-14 10 2.1399e-13
> 11 1.0206e-12 12 4.7811e-12 13 2.2038e-11
! 1 1.71EOe-13 2 E.811de 13 3 8.5434e-14 4 2.2891e-14 6 7.2827e-18

|6 4.s434e-16 7 1.1293e-14 a 3.8937e-14 9 6.6779e-16 10 8.116&e-13 i

11 4.5518e-12 12 2.1859e-11 13 7.020se-10 |

|' 1 3.6791e-12 2 8.1750e-13 3 1.8913e-13 4 4.8124e-14 6 1.6310e-14
6 1.6463e-14 7 4.9902e-14 8 2.1399e-13 9 S.1186e-13 10 6.4453e-16

11 1.736se-11 12 9.76sWe-11 13 4.7DO4e-10
'| 1 7.9097e-12 2 1.7573e-13 3 4.0617e-13 4 1.0403e-13 & 4.OO54e-14 {
! 6 6.82884-14 7 2.2862e-13 s 1.0206e-12 9 4.5515e-12 10 1.73&se-11 1

11 6.3878e-16 12 3.7256e-10 13 2.1011e-09 ;,
'

1 1.7022,-11 2 3.7818e-12 3 8.7460e-13 4 2.2874e-13 5 1.1113e-13
6 2.4306e-13 7 1.0336e-12 s 4.7611e-.2 9 2.1559e-11 10 9.7es9e-11 1

11 3.72s6e-10 12 6.359&e-16 13 5.0320e-09 I

1 3.6661e-11 2 a.1433e-12 3 1.ms76e-13 4 8.1725e-13 & 3.6673e-13 !
6 1.0706e-12 7 4.7670e-12 8 2.3038e-11 9 1.020se-10 10 4.7004e-10 !

11 2.1011e-09 12 4.0220e-09 13 6.3462e-16 |

I ................................................................................ ,

, t

'

i .............................................................. ;

= 1 time 3.0000e.02 mass check = -6.3442e-08 ii step no. =

.............................................................. !
|

'

t,

I'
i

I
'

:
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Wase budget...
air-borne flor dep. wall dep. clns dep. source 14aked
1.6640e+02 8.0680e-02 1.8718e-01 0.0000e+00 1.6667e+02 2.8904e-03

Airborne aerosol momente...
t'ama rad 50 adensity ndensity geossaan masu60

1.fLJ2e.OO 8.2914e-07 9.2442e-04 3.6018e+12 4.0888e-17 1.7376e-15
Source momente...

eigna rad 50 udensity ndensity geomaean smee80
2.0000e.00 5.0000e-07 0.0864e-06 1.d292e+10 1.9419e-17 1.4661e-18

................................................................................

..............................................................
= 2 time = 6.0000e.02 mase check = -7.1820e-08step no.

..............................................................

Wase budget...
air-borne flor dep, wall dep. clns dep. source leaked

3.3225e+02 3.3389e-01 7.3329e-01 0.OOOOe*00 3.3333e+02 1.1649e-02
Airborne aerosol acaente...

eigna rad 80 adensity ndensity geoamean asso80
1.n661e+00 6.9020e-07 1.8450e-03 4.3885e+12 7.6102e-17 2.4113e-18

Source acaente...
sigan rad 80 adensity ndensity geo=aean mase60

2.OOOOe*00 6.OOOOe-07 3.0864e-06 1.8292e+10 1.9419e-17 1.4661e-18

................................................................................

.........e.........e............e...........e.........e.e.....
= 3 time 0.000C..v2 same check = -3.8321e-07step no. =

..............................................................

,
Wase budget...

| sir-borne flor dep. vall dep. elns dep. oource leaked
| 4.9757e*02 7.8986e-Oi 6113e+00 0.0000e+00 8.OOOOe+02 3.5987e-02
| Airborne aerosol moment....
i signa rad 60 adensity ndensity geommean mase50
| 1.9069e+00 6.5451e-07 2.7643e-03 4.5489e+12 1.0506e-16 3.2sa4e-16

Source momente...
eigen rad 80 adensity ndensity geonaean asse60

2.OOOOe+00 8.OOOOe-07 3.0864e-06 1.8292e*10 1.9419e-17 1.4661e-18
Airborne mass distribution...

a-distr a-distr a-Jietr a-distr a-distr
1 6.1273e-18 2 1.1346s-11 3 6.6819e-09 4 9.3&OOe-07 & 3.1827e-OS
6 3.0701e-04 7 6.2499e-04 8 2.1862e-04 9 1.9462e-OS 10 6.6626e-07

11 7.2226e-09 12 1.tp61e-11 13 S.3635e-16
Airborne number distribution...

n-distr n-distr n-distr n-distr n-distr
1 1.2818e+0S 2 2.8368e+0S 3 1.6630s.10 4 2.3378e+11 6 7.9667e+11
6 7.6763e+11 7 1.6628e+11 3 8.390he+09 9 4.8631e+07 10 1.66&6e+0S

11 1. SOS 6e.02 12 4.7137e-02 13 2.0909e-06

................................................................................

..............................................................
= 4 time = 1.2OOOo+03 ames check = -3.6668e-07step no.

.................................. ...........................

Waes budget...
air-borne flor dep. wall dep. clns dep. ocurce leshed

6.6232e+02 1.4992e+00 2.7971e+00 0.OOOOe+00 6.6667e+02 4.6096e-02
Airborne aerosol momente...

signa rad &O adensity ndensity geoamoan asse50
1.9535e+00 7.1164e-07 3.6790e-03 4.8703e 12 1.2822e-16 4.2251e-15

Source somente...
oissa rad 50 adensity ndensity geoamean mase&O

2.0000e+00 8.OOOOe-07 3.0864e-06 1.8292e.10 1.9419e-17 1.4661e-18

THE EXAMPLE OL7Pb7 DATA FILF.S 66 --

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -



- _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _

................................................................................

..............................................................
= 8 time = 1.6DOOe+03 anos check = -3.6846e-07etep no.

..............................................................

Wase budget...
air-borne flor dep. wall dep. clns dep. source leaked

8.2646e+02 2.5319e+00 4.2708e+00 0.0000e+00 S.3333e+02 7.1945e-02Airborne aerosol momente...
eigna rad 50 adensity ndensity geotaean amme60

1.996ae+00 7.6952e-07 4.5914e-03 4.8540e*12 1.4871e-16 5.344&e-15
Source somente...

signa rad 50 adensity ndensity geommean asso80
2.OOOOe+00 5.OOOOe-07 3.Os64e-06 1.s292e+10 1.9419e-17 1.4661e-18

................................................................................

..............e......e .....e........e........................
= 6 time = 1.8000e+03 ames check = -3.7419e-07etep no.

..............................................................

Wase budget...
air-borne flor dep. wall dep. clng dep. ocurce leaked

9.8990e+02 3.984se+00 6.0183e+00 0.OOOOe+00 1.OOOOe+03 1.034se-01
Airborne aerosol acaente... (

sigma rad 60 adensity ndensity geotmean mase60
2.034Je OO 8.3827e-07 8.4994e-03 4.8269e+12 1.8884e-16 6.8347e-15

Source uomente...
sigma rad 50 adensity ndensity gecasean asseSO

2.OOOOe+00 8.0000e-07 3.0804e-06 1.8292e+10 1.9419e-17 1.4661e-15Airborne ames distribution...
a-diste a-diate a-distr a-distr a-ilstr

1 3.8116e-16 3 9.6511e-12 3 6.7070e-09 4 S.1363e-07 8 2.703'e-05
6 3.0161e 04 7 1.1984e-03 8 7.6284e-04 9 9.3264e-06 10 6.32Hbe-06

11 1.7402e-07 12 1.3540e-09 13 1.964se-12
Airborne number distribution...

n-distr n-diate n-distr n-distr n-distr
1 9.5289e+08 2 2.4128e+0a 3 1.42afe+10 4 2.0341e.11 6 6.76G2e.116 7.5370e+11 7 2.9910e*11 8 1.9071e+10 9 2.3316e+08 10 1.8821e*06

11 4.3&O4e+03 12 3.3861e+00 13 4.8870e-G4

....................e ...............e..e.......................................

................... .............ee..e .......................
= 7 time = 2.1000e+03 mass check = -3.2026e-07step no.

..............................................................

Wase budget...
air-borno flor dep. wall dep, clng dep, source leaked

1.182&o+03 5.9927e+00 8.0160e+00 0.0000e 00 1.1667e.03 1.4068e-01
Airborne aerosol acaente...

,

sigan rad 60 adensity ndensity deoasean ases&O .

2.0686e+00 9.1087e-07 6.4020e*03 4.4977e+12 1.684se-16 8.8639e-18 |Source somente... '

signa rad 50 adensity ndensity gecasean anse50
2.OOOOe+00 6.OOOOe-07 3.0864e-06 1.8292e.10 1.9419e-17 1.4661e-15

.

|
................................... 9...........................................

..............................................................
= 8 timestep no. = 2.4000e.03 asse check = -1.1730e-07

..............................................................

Waes budget...
air-borne flor dep. wall der, clns dep. ecurce leshed
1.3141e+03 S.7487e.OO 1.025&o+01 0 OOOOe+00 1.3333e.03 1.8351e-01

Airborne aerosol acaente...
sigma rad 50 adensity ndensity gecazean asse50

-
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2.0910e*00 0.9484e-07 7.3OOne-03 4.46 Wee +12 1.7823e-16 1.164se-14
Source momente...

sigan rad &O adensity ndensity geomaean mase60
2.0000e+00 5.OOOOe-07 3.0864e-06 1.8292e+10 1.9419e-17 1. 4 ' 'A e - 16

................................................................... ............

...................................................c..........
= 9 time = 2.7000e+03 name check = ~3.6089e-06step no.

..............................................................

Wome budget...
air-borne flor dep. wall dep. clns dep. source leaked
1.4748e+03 1.2539e+01 1 2723e+01 0.0000e.00 1.8000e+03 2.3192e-01

Airborne aerosol acaente...
signa rad 80 adensity ndensit y geomaean mase&O

2.1113e+00 1.Os31e-06 8.1917e-03 4 4438e+43 1.7960e-16 1.4902e-14
Source nosente...

eigna rad 60 odensity ndensity geosaean samm60
2.0000e+00 8.DOOOe-07 3.0864e-06 1.8292e*10 1.9419e-17 1.4661e-16

Airborne same distribution...
m-distr m-distr m distr a diste n distr

1 3.9967e-15 2 9.1927e-12 3 8.4651e-09 4 7.5430e-07 6 2.6150e-05
6 2.7887m-04 7 1.3492e-03 8 1.5376e-03 9 3.1734e-04 10 4.7160e-05

11 3.3884e-06 12 7.4937e-08 13 3.1724e-10
Airborne number distribution...

n-diate n-distr n-distr n-distr n-distr
1 9.9918e+0S 2 2.2982e.08 3 1.3635e.10 4 1.9608e.11 6 6.5376e+11
6 6.8966e+1) 7 3.3731e+11 8 3.8441e+10 9 7.9338e+08 10 1.1790e+07

11 8.3989e+04 12 1.8734e+03 13 7.9309e-02

................................................................................

..............................................................
= 10 time = 3.OOOOe+03 ages check = -3.6441e-06step no.

..............................................................

Wase budget...
sir-borne flor dep. wall dep. eles dep. source leaked
1.6332e+03 1.7802e*01 1.4904e+01 0.DOOOe*00 1.6667e*03 2.8588e-01

Airborne aerosol momente...
eigna rad 60 adensity ndensity geonaean mase5O

2.1271e*00 1 1716e-06 9.0732e-03 4 4vose+12 1.520&e-16 3.P161e-14
Sourte momente...

eigna rad 60 adensity ndensity geomaean ease 60
2.OOOOe*00 6.0000e-07 3.0864e-06 1.8292e+10 1.9419e-17 1.4661e-16

....................................................v...........................

..............................................................
11 time = 3.3OOOe 03 name check = -3.8971e-06step no. =

.................................co... 4......................

Wase budget...
air-borne flor dep. wall dep. eles dep. ocurce leaked
1.7595e+03 2.6216e.01 1.8246e.01 0.OOOOo+00 1.5331e+03 3.4831e-01

Airborne aerosol momente...
signa rad 50 adensity edensity geomaean mass &O

,

2.1390e.OO 1 2553e-06 9.9416e-03 4.4010e.12 1.s299e-16 2.3360e-14
Source momente...

sigia rad &O adensity ndensity ge**sean mase60
2.DOO9e.30 5.0000e-07 3.0864e-06 1.8292e.10 1.9419e-17 1 4661e-16

................................................................................

..............................................................
etep no. - 12 time = 3.6000e.03 asse check = -3.8432e-06

i ..............................................................
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Mass budget...
air-borne flor dep. wall dep. clng dep. source leaked
1.9424e+03 3.5838e+01 2,1354e+01 0.COOOe+00 2.OOOOe+03 4.1011e-01

Airborne aerosol moments...
cisma rad 50 adensity ndensity goommean mass 50

2.1473e+00 1.3436e-06 1.0791e-02 4.3845e+12 1.8276e-16 2.8451e-14
Source moments...

sigma r6d50 adensity ndensity geommean mass 50
2.OOOOe+00 5.OOOOn-07 3.0864e-06 1.8292e+10 1.9419e-17 3.4661e-15

Airborne mass distribution...
m-distr m-distr m-distr m-distr m-distr

1 6.8464e-15 2 9.0981e-12 3 5.4043e-09 4 7.7890e-07 5 2.6041e-05
6 2.6713e-04 7 1.2857e-03 8 2.1426e-03 9 7.2295e-04 10 2.0660e-04

11 3.2863e-05 12 1.9091e-06 13 2.3576e-08
Airborne number distribution...

n-distr n-diser n-distr n-distr n-distr
1 1.7116e+06 2 2.2745e+08 3 1.3511e+10 4 1.9472e+11 5 6.5103e+11
6 6.6782e+11 7 3.2142e+11 8 5.3564 +10 9 1.8074e+09 10 5.1649e+07

11 8.215Pe.05 12 4.7728e+03 13 5.8941. 00

................................................................................

..............................................................

7.2OOOe+03 mass check = -3.1102e-05= 13 timestep no. =

.............................. ...............................
,

I

Waas budget...
j mir-borne flor dep, wall dep. clng dep, source leaked

2.5552e+03 1.3783e+03 6.5045e+01 0.OOOC.J+00 4.OOOOe+03 1.4441e+004

Airborno aerosol moments...
sigma rad 50 mdensity ndensity geommean mans 50

2.1272e+00 1.9690e-06 1.4196e-02 4.3777e+12 1.7032e-16 8.9533e-14
Source moments...'

sigma rad 50 mdensity ndensity geommean mass 50
2.OOOOe+00 5.OOOOe-07 3.0864e-Od 1.8293e+10 1.9419e-17 1.4661e-15

.............e..................................................................,

! ..............................................................

= 14 time = 1.0800e+01 mese check = 5.0609e-05step no.
eur......................e.....~................e.........o...

| Wass budgws...
; air-borne flor dep. w$11 dap. cln6 dep. source leaked
| 2.5168e+0S 3.3722e+03 1.CN45e+02 0.OOOOe+00 6.OOOOe+03 2.4006e+00
'

Alrborne aerosol momente..
sigma rad 50 rwensity ndanesty geommean massSO

3.1309e+00 1.8995e-C6 1.3982e-02 4 3757e+12 1.7167e-16 8.0386e-14,

Source moments... 1

I sigme rad 50 ad e r.s i t y ndensity geomoean mass 50 [

[
D.00004,00 5.OOOOe-07 3.03640-06 1.8292e+10 1.9412e-17 %.4661e-16

'

i

j. ..o..................................................................a........,.

.. .................................. ............. ..........
= 15 time = 1.4400e+04 maus check = 4.73/1e-Ohi stap no. ,

..w.......................e........................,........ee

!
Waus budget...

I air-borne flor dap. wall dep. clng dep. source leaked
] 2.5167e+03 5.3278e+03 1.5197e+02 0.OOOOe OO 8.OOOOe+03 3.5397e+00

Airborne aerosol momente...t

I sigma rad 50 odensity ndensity geommean mass 50 i

i 2.1303e+00 1.9043e-06 1.3981e-02 4.3762e+12 1.7159e-16 8.0989e-14 |
. Source moments...' ,

sigma rad 50 adensity ndensity geommean mass 50 *

' 2.OOOOe+DO 5 OOOOe-07 3.0864e-06 1.8292e+10 1.9419e-17 1.4661e-15
! Airborne nose distribution... ,

m-distr m-distr m-distr m-distr m-distr

;

I
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1 4.1983e-15 2 9.3044e-12 3 5.5188e-09 4 7.9286e-07 5 2.6447e-05
6 2.7280e-04 7 1.1694e-03 8 1.9934e-03 9 1.1238e-03 10 7.2144e-04

11 5.7546e-04 12 1.7187e-04 13 1.6666e-05
Airborne number distribution...

n-distr n-distr n-distr n-distr n-distr
1 1.0496n+06 2 2.3261e+08 3 1.3797e+10 4 1.9816e+11 5 6.6118e+11
6 6.8199e+11 7 2.9235e+11 8 4.9835e+10 9 2.8096e+09 10 1.8030e+08

11 1.4386e+07 12 4.2987e+05 13 4.1640e+03

...........................:................. ..................................

..............................................................
= ;6 time = 1.8000e+04 m6ss check = 4.8542e-05ster no.

|
..............................................................

Mass budget...
air-borne flor dep. wall dep. clng dep. source leaked

2.5164e+03 7.2835e+03 1.9547e+02 0.OOOOe+00 1.OOOOe+04 4.5883e+00
Airborne aerosol moments...

sigma rad 50 mdensity ndensity geommean mass 50
2.1303e+00 1.9040e-06 1.3980e-02 4.3762e+12 1.7160e-16 8.0957e-14

Source moments...
sigma rad 50 mdensity ndensity geommean mass 502

2.OOOOe+00 5.OOOOe-07 3.0884e-06 1.8292e+10 1.9419e-17 1.4381e-15

................................................................................

..............................................................
17 time = 2.1600e+04 mass check = 4.5610e-05step no. =

...................................... .......................

Mass budget...
kir-borne flor dep. wall dep. clng dep. source leaked

2.5164e+03 9.2390e+03 2.3897e+02 0.OOOOe+00 1.2OOOe+04 5.6368e+00
Airborne aerosol moments...

sigma rad 50 mdensity ndensity geommean mass 50
2.1303e+00 1. 9040e -06 1.iG80e-02 4.3762e+12 1.7160e-16 8.0958e-14

i Source moments...
sigma rad 50 mdensity ndensity geommean mass 50

2.OOOOe+00 5.OOOOe-07 3.0884e-06 1.8292e.1C 1.94199,17 1.4661o-15

k............................................................. ........ .........

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

= 18 time = 2.52OOe+04 mass checb 'step no. = 4.5708e-05
................................. 6........................... ,

Mass budget...
air-borne flor dep. we.Il dep. cing dep. eeurce leaked !

'

2.5164e+03 1.1194e+04 2.8246e+02 0.OOOce+0C 1.4000e+04 6.6853e+00
Airborne aerosol annente...

,

sigma rad 50 mdensity ndensity geonnean mass 50 6

2.1303e+00 1.9040e-06 1.3980e-02 4.3762e+12 1.7160e-16 8.0957e-14,

Source moments...
sigma rad 50 mdensity ndensity geommean mass 50

2.0000a+00 5.OOOOe-07 3.0864e-06 1.8292e+10 1.9419e-17 1.4661e-15
Airborne mass distribution...,

'

.m-distr m-distr m-distr m-distr m-distr [
1 4.1982e-15 2 9.3042e-12 3 5.5187e-09 4 7.9268e-07 5 2.6447e-05. '

6 2.7278e-04 7 1.1696e-03 8 1.9932c-03 9 1.1239e-03 10 7.2132e-04 t

. 11 5.7521e-04 12 1.7170e-04 13 1.6630e-05 !'
Airborne number distribution...

n-distr n-distr n-distr n-distr n-distr '

1 1.0495e+06 2 2.3260e+08 3 1.3797e+10 4 1.9816e+11 5 6.6117e+11
6 6.8190e+11 7 2.9240e+11 8 4.9829e+10 9 2.8097e+09 10 1.8033e+08,'

11 1.4380e+07 12 4.2924e+05 13 4.1576e+03 ,

..........................s.....................................................
i

I

'
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-- - . _

|

eee ....eee.eeeeeee.ee........... ............... . .......... .
= 19 time 2.8800e+04 mass check = 4.7011e-05step no. =

eeee..eeeee.....eeeeee.e......ee.ee e.ee.eee...... ...........

Mass budget...
air-borne flor dep. wall dep. clng dep. source leaked

2.5164e+03 1.3150e+04 3.2590e+02 0.OOOOe+00 1.6000e+04 7.7338e+00
Airborne aerosol moments... I

misma rad 50 odensity ndensity geommean mass 50
2.1303e+00 3 9040e-06 1.3980e-02 4.3762e+12 1.7160e-16 8.0957e-14

Source moments...
sigma rad 50 udensity ndensity geommean mass 50

2.OOOOe+00 5.OOOOe-07 3.0884e-06 1.8292e+10 1.9419e-17 1.4661e-15

.e.e..... ........ ......... .......e...ee........ .ee..ee.ee..................e

.......... ................. .................................
= 20 time 3.2400e+04 mass check = 4.7252e-05 |step no. =

...................................................ee.........

Mass budget...
air-borne flor dep. wall dep. clng dep. source leaked

2.5164e+03 1.5105e+04 3.6940e+02 0.OOOOe+00 1.8000e+04 8.7823e+00
Airborne aerosol moments...

sigma rad 50 mdensity ndensity geommean mass 50
2.1303e+00 1.9040e-06 1.3980e-02 4.3762e+12 1.7160s-16 8.0957e-14

Source moments...
nigma rad 50 mdensity ndensity geommean mass 50

2.OOOOe+00 5.OOOOe-07 3.0804e-06 1.8292e+10 1.9419e-17 1.4661e-15

.e..........ee... ....eee.... ........ ...ee.... ........e.ee...ee..............

.ee..........ee...............................................
21 timestep no. 3.6000e+04 mass check = 4.6496e-05= =

...ee.....eee....ee..... .see.......eee ...............e.e.e..

Mame budget...
alr-borne flor dep. wall dep. clng dap. oource leaked

2.5164e+03 :.7061c+04 4.1295e*02 0.OOOOe+00 2.OOOOe+04 9.8308e+00
Airborne aerosol eusuntt....

sigms re,d50 mdensity ndensity geonmean mass 50
2.1303e+00 1.9040e-06 1.3980e-03 4.3162e+12 3.7160e-16 8.095'e-14

Source moments...
sigma radlio mdensity ndensity geoamean mass 50

2.OOOOe+00 5.OOOOe-07 3.0864e-06 1.8292ev10 1.9419e-17 1.4661e-15
Airborne maus distribution...

m-d'.str m-distr m-distr m-distr e-distr
1 4.1W82o-15 2 9.3042e-12 3 5.5187e-OG 4 7.G365e-07 5 2.64474-05
6 2.727er.04 7 1.1690e-03 8 1.9932e 03 9 1.1 39e-03 10 7.2132e-04
11 5 "d?3e404 12 1.7170e-04 15 1.6630e-05

Airborne t.usbc r 6.x s tribut ie n . . .
n-d!atr n-distu n-distr n-distr n distr

J 1.0495e+06 2 2.3260t.08 3 1.3797e.10 4 1.9816v+11 5 0.03173+11
6 6.8196r 11 7 2.9240e+11 8 4.9829ee10 9 4.8097e+09 10 1.8033e+03

11 1.4380e+07 12 4.2924e+05 13 4.15706+03

e.............ee...ee ..........ee........... ......e.........e............ee..e

oee..w......ee...ee.e.......................ee.......ee..e...e
= 22 timestep no. = 3.63OOe+04 mass check = 4.1648e-05

.......e.ee..e......e...e.. ..............e...e.e..ee...e.....

Waas budget...
air-borne flor dep. wall dep. clng dep. source leaked

2.3503e+03 1.7223e+04 4.1640e+02 0.OOOOe+00 2.OOOOe+04 9.9153e+00
Airborne aerosol moments...

sigma rad 50 odensity ndensity geommean mass 50
1.9358e+00 2.0510e-06 1.3057e-02 2.1450e+12 5.5522e-16 1.0119e-13

Source moments...
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sigma rad 50 mdensit ndensity geommean mass 50
2.OOOOe+00 5.OOOOe-07 0.OOOOe+00 0.OOOOe+00 1.9419e-17 1.4661e-15

................................................................................

.............................................................. ,

|= 23 time = 3.6600e+04 mass check = 4.1020e-05step no.
..............................................................

Wass budget...
i mir-borne flor dep. wall dep. clng dep. source leaked

2.1880e+03 1.7384e+04 4.1954e+02 0.OOOOe+00 2.OOOOe+04 9.9941e+00
Airborne aerosol momente...

sigma rad 50 mdensity ndensity geommean mass 50
1.8922e+00 2.1800e-OS 1.2148e-02 1.4572e+12 8.8039e-16 1.2151e-13

Source moments...
sigma rad 50 adensity ndensity geommean mass 50

2.OOOOe+00 5.OOOOe-07 0.OOOOe+00 0.0000e+00 1.9419e-17 1.4661e-15

.................................................................................

........... ..................................................

= 24 time = 3.6900e+04 came check = 4.0848e-05step no.
................. ............................................ *

Wass budget...
air-borne flor dep. wall dep. Ing dep. source leaked

2.0281e+03 1.7539e+04 4.2239e+02 0.OOOOe+00 2.OOOOe+04 1.OO67e+01
Airborne aerowol moments...

sigma rad 50 md e r.s ity ndensity geommean mass 50
1.8683e+0C 2.2903e-06 1.1267e-02 1.0997e+12 1.1661e-15 1.4091e-13

Source moments...
mismo rad 50 mdensity ndensity geommean mass 50

2.OOOOe+00 5.OOOOe-07 0.OOOOe+00 0.OOOOe+00 1.9419e-17 1.4661e-15
Airborne mass distribution...

m-distr m-distr m-dietr m-distr m-distr
1 -6.1760e-23 2 -4.2209e-20 3 1.0480e-18 4 7.9735e-10 5 1.9142e-06
6 6.*J678e-05 7 7.1373e-04 8 1.6665e-03 9 1.0224e-03 10 6.7864e-04

11 5.5185e-04 12 1.6064e-04 13 1.4939e-05
Airborno nunber diatribution... -

.

n-distr n-distr n-distr n-distr n-diste
1 -1.2940e-42 2 -1.0552e+00 3 2.61w9e+00 4 1.9934e+08 0 s 7854e+10
6 2.0670f+11 7 1.7843e+11 8 4.1664e+10 9 2.5561e+09 30 1.6066e+08

11 1.37J6e+07 12 4.0159e+05 13 3.7348e+03 i

ee......................................................w.........m..............
/

,.......................................... ..................

= 25 time = 3.72OOe+04 muss check = 4.1042e-05step no.
s..e...................e.......................... ..........u.,

Mass budget...4

j mir-Lorne flor dep. vall dep. clng dep. source leaked
'

! 1.8776e+03 1.7687e+04 4.2500e+02 0.0000e+00 2.OOOOe+04 1.0135e+01
Airborne aerosol moments...

; sigma rad 30 mdensity ndensity geoAmean masm50 i
| 1.8517e+00 2.3817e-06 1.0431e-02 8.1799e+11 1.4164e-15 1.5846e-13
| Source moments...'

sigma rad 50 mdensity ndensity geommean mass 50
j 2.OOOOe+00 5.OOOOe-07 0.OOOOe+00 0.OOOOe+00 1.9419e-17 1.4661e-15
i

................................................................................

..............................................................
= 36 time 3.7500e+04 mass check = 4.1395e-05step no. =

.............................................................. ,

Wass budget...
| air-borne flor dep. wall dep. clng dep. source leaked
i
t

t

I
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I
;

l

|
|
,

i

1.7372e+03 1.7825e+04 4.2739e+02 0.OOOOe+00 2.OOOOe+04 1.01the+01Airborne aerosol momente...
sigma rad 50 adensity ndensity geommean mass 501.8395e+00 2.4552e-06 9.6513e-03 7.2683e+11 1.6347e-15 1.7359e-13

Source moments...
sigma rad 50 adensity ndensity geommean mass 502.OOOOe+00 5.OOOOe-07 0.OOOOe+00 0.OOOOe+00 1.9419e-17 1.4661e-15,

................................................................................

..............................................................
step no. 27 time = 3.7800e+04 mass check = 4.2587e-05=

a.............................................................

Wass budget...
air-borne flor dep. wall dep. clng dep. source leaked1.6080e+03 1.7952e+04 4.2959e+02 0.OOOOe+00 2.OOOOe+04 1.0256e+01Airborne aerosol moments... tsigma rad 50 mdensity ndensity geommean mamm50

148303e+00 2.5128e-06 8.9335e-03 6.1730e+11 1.8253e-15 1.8610e-13Source moments...
sigma rad 50 mdenalty ndensity geommean mass 502.OOOOe+00 5.OOOOe-07 0.w3OOe+00 0.OOOOe+00 1.9419e-17 1.4661e-15Airborne mass distribution...

m-distr m-dietr m-distr m-distr m-distr1 -3.4222e-24 2 3.4494e-23 3 2.8243e-21 4 2.2042e-11 5 5.1163e-07 i6 4.1328e-05 7 4.6751e-04 8 1.3118e-03 9 8.5764e-04 10 5.8347e-04
i

11 4.8218e-04 12 1.2524e-04 13 1.OO70e-05
Airborne number distribution...

in-distr n-distr n-distr n-distr n-distr '

1 -8.5555e-04 2 8.,*236e-04 3 7.0608e-03 4 5.5106e+06 5 1.2791e+106 1.0332e+11 7 1.16J9u+11 8 3.2795e+10 9 2.1441e+09 10 1.4587e+0811 1.2055e+07 12 3.1310,+05 13 2.5176e+03

........o.......................................................................

........e.....................................................
step no. = 28 time = 4.1400e*04 mass check = 4.5807e-05 i
..............................................................

'
,

Mass budget...
air-borne flor do?. wall dep. clng dep. source letkad *

7.4924e+02 1.8794e+04 4.4654e+03 0.0000e+00 2.OOOOe+04 1.0712e+01Airborne aerosol momente...
sigma vr.d50 mdensity ndensity gec mear mass 501.7954e+00 2.6468e-06 4.1625e-03 2.OO80e+11 2.9991e-18 2.1749e-13Source moments...
sigma rad 50 mdensity ndensity geomme s t mans 504.OOOce+00 5.OGOOe-07 0.OOOOe+00 0.OOOCe+00 1.9419e-a? 1.4661e-15I

i

.......................~........................................................
,

i...............,,..............................................
u 29 timestep no. = 4.5000e+04 pass check = 4.5840e-05

.....................................................+........

Mass budget...
air-borne flor dep. wall dep. clng dep. source leaked4.5430e+02 1.9079e+04 4.5551e+02 0.OOOOe+00 2.OOOOe+04 1.0954e+01Airborne aerosol moments... <j

sigma rad 50 mdensity nder.sity geommean mass 50
1.7880e+00 2.5873e-06 2.5239e-03 1.1307e+11 3.4472e-15 2.0313e-13Source moments...

sigma rad 50 mdensity ndensity geommean mamm502.OOOOe+00 5.OOOOe-07 0.OOOOe+00 0.OOOOe+00 1.9419e-17 1.4661e-15

............e...................................................................

..............................................................
6
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= 30 time = 4.8600e+04 mass check = 4.5914e-06step no.
.................... ........... . .................. ........

Mass budget...
air-borne flor dep. wall dep. clng dep. source leaked i

3.1588e+02 1.9212e+04 4.6139e+02 0.OOOOe+00 2.OOOOe+04 1.1111e+01 |

Airborne aerosol moments... I

sigma rad 50 mdensity ndensity geosmenn mass 50 I

1.7848e+00 2.5272e-06 1.7549e-03 7.6737e+10 3.6880e-15 1.8931e-13
Source moments...

sigma rad 50 adensity ndensity geommean mass 50
2.OOOOe+00 5.OOOOe-07 0.OOOOe+00 0.OOOOe+00 1.9419e-17 1.4661e-15

Airborne mass distribution...
m-distr m-distr m-distr m-distr m-distr j

1 1.3458e-23 2 -1.7180e-24 3 -1.1105e-25 4 1.2102e-16 5 6.2622e-09 *

6 3.5897e-06 7 6.6789e-05 8 2.7712e-04 9 2.1144e-04 10 1.6397e-04
11 3.7086e-05 12 2.1145e-06 13 2.0952e-08:

h Airborne number distributivu...
n-distr n-c' str n-distr n-distr n-distr

| 1 3.364de-03 2 -4.291 -05 3 -2.7762c-07 4 3.0255e+01 5 1.5656e+08
6 8.9741e+09 7 1. 6697 a+10 8 6.9280e+09 9 5.2860e+08 10 4.0992e+07

11 9.2715e+05 12 5.2863e+03 13 5.2381e+00

ee...........s........................................................ .........

............................................. ................
step no. = 31 time = 5.22OOe+04 mass check = 4.6001e-05
.............. ..........................................ee...

Mass budget...
air-borne flor dep. wall dep. clng dep. source leaked L

2.3584e+02 1.9287e+04 4.6568e+02 0.OOOOe+00 2.OOOOe+04 1.1225e+01
Airborne aerosol moments..,

sigma rad 50 adensity ndensit,' geommean mass 50
1.7815e+00 2.4498e-06 1.3102e-03 5.7266e+10 3.8446e-15 1.7245e-10 ,

Source moments...
sigma rad 50 mdensity ndensity geommean mass 50

2.OOOOe+00 5.OOOOe-07 0.0000a+00 0.0000e+00 1.0419e-17 1.4661e-15

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

..e.....ee.eeeeeu......eeee...........,.eeee.......e........oe.

= 32 time = 5.58 doe +0s mase check = 4.5963e-c5step no.
.........e....... ..ee.........+................ eneo. . .e...

Vans budget...
air borno flor 6ep. wall dep. clng dep. source leaked
1.G400e+02 1.9?,36e+04 4.6994e.02 0.OOOOe+DO 2.OOOOe+04 1.1311e+01

Airborne aerosol moments...
sigma rad 60 mdensity ndencity geommwan mass 50'

1.7780e+00 2.3601e-06 1.0225r 03 4.5253e+10 3.9823e-15 1.6419 -13
Source morente...

sigma radEO adenalty ndensity gecamean man.JO
! 2.OOOOe+00 5.0000e-07 0.0000$+00 0.0000e+00 1.9$19e-1/ 1.16 61 e - 15

.e...... ........................... ...........................e.e..............

..............................................................
= 33 time = 5.9400e+G4 mame check = 4.5963e-06step no.

..................................tt................e.........

Mass budget...
air-borne flor dep. wall dep. clng dep. source leaked
1.4838e+02 1.9369e+04 4.7157e+02 0.OOOOe+00 2.OOOOe+04 1.1380e+01

Airborne morosol moments...
misma rad 50 mdensity ndensity geommean mass 50

1.7762e+00 9.2717e-06 8.2436e-04 3.7150e+10 4.0590e-15 1.3750e-13
1 Source moments...
'

sigma rad 50 odensity ndensity geommeen mass 50 ,

'

i
,
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2.OOOOe+00 5.OOOOe-07 0.OOOOe+00 0.OOOOe+00 1.9419.s-17 1.4661e-15
Airborne mass distribution...

m-distr m-distr m-distr m-distr m-distr
1 2.1814e-21 2 9.6148e-23 3 1.7230e-25 4 2.4821e-18 5 1.5792e-09
6 1.6106e-06 7 3.2662e-05 8 1.4450e-04 9 1.0968e-04 10 6.3448e-05

11 5.9710e-06 12 1.3969e-07 13 4.4123e-10
Airborne number distribution...

n-distr n-distr n-distr n-distr n-distr
1 5.4535e-01 2 2.4037e-03 3 4.3076e-07 4 6.2052e-01 a 3.9479e+07
6 4.0264e+09 7 8.1654e+09 8 3.6125e+O9 9 2.7420e+08 it 1.5882e+07

11 1.4928e+05 12 3.4923e+02 13 1.1031e-01

................................................................................

..............................................................
= 34 timeetep no. = 6.3OOOe+04 mass check = 4.5Gt6e-05

..............................................................

Mase budget...
mir-borne flor dep. wall dep. clng dep. source leaked<

1.2276e+02 1.9392e+04 4.7374e+02 0.OOOOe+00 2.OOOOe+04 1.1436e+01
Airborne aerosol momente...

sigma rad 50 mdensity ndensity geommean mass 50
1.7742e+00 2.1933e-06 6.8199e-04 3.1329e+10 4.1442e-15 1.2374e-13

Source momente...
sigma rad 50 mdensity ndensity geommean mass 50

2.OOOOe+00 5.OOOOe-07 0 OOOOe+00 0.OOOOe+00 1.9419e-17 1.4661e-15

................................................................................

........................e.....................................
= 35 time = 6.660Ce+04 mass check = 4.6273e-05step no.

..............................................................

Mase budget...
air-borne flor dep. wall dep. clng dep. enurce leaked
1.0372e+02 1.9409e+04 4.7657e+02 0.OOOOe+00 2.OOOOe+04 1 1483e+01

Airborne aerosol momente...
sigma radEO mdens8,ty ndensity geommean mass 50,

1.7724e+00 2.12"3e-06 5. 7 6 2 4 t.~ O4 2.6950e+10 4.2192e-15 ?. 1292e-13
Source momente. .

sigma rad 50 udensity ndengity g1ommean nass50
2.0000e+00 5.CCOOe-07 0.COOOe*00 0.COOOe+00 1.0419e-17 1.4661e-15

............................................. ...............e..................

.....e..e..u.................n .s..............................
= FS timestep no. 7.02OOe+04 mase check = 4 BC34e-05. =

........n.................... s...................... ..........

Mase budgot. .

mis-burne flor dup. wall dep. cing r|ep. cource leaked
8.9165e+01 1.0422e+04 4.7714e+02 0.OODOe.OO 2.OOOOe+04 1.1523e+01

Airborne aerosol momente...
sigma rad 50 mdensity ndensity geommetn asse50

1.7709e+00 2.0732e-06 4.9536e-04 3.3538e.10 4.2860e-15 1.0451e-13
Source momente...

sigma rad 50 mdensity ndansity geommean mass 50
2.0000e+00 5.OOOOe-07 0.OOOOe+00 0.OOOOe+00 1.9419e-17 1.4661e 15

Airborne mass distribution...i

m-distr m-distr m-distr m-distr a-distr
1 3.6072e-20 2 1.OO50e-22 3 4.0920e-26 4 2.7196e-19 5 6.8296e-10
6 9.7388e-07 7 2.0752e-05 8 9.5830e-05 9 7.2320e-05 10 2.3869e-05

11 1.3728e-06 12 1.5245e-08 13 -3.8987e-10
Airborne number diotribution...

n-distr n-distr n. distr n-distr n-distr
1 9.0180e+00 2 2.5145e-03 3 1.0230e 07 4 6.7990e-02 5 1.7074e+07
6 2.4347e+O9 7 5.18 hoe +09 8 2.3957e+09 9 1.8080e+08 10 5.9671e+0s

11 3.4321e+04 12 3.8111e+01 13 -9.7468e-02
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ee. ..e........e.........ee................ ......ee.e...ee................. ...

ee.e..................................e.......................
= 37 time = 7.3800e+04 mass check = 4.5466e-05step no.

.e. .............................e..................... ....e.

Mass budget...
air-borne flor dep. wall dep. clng dep. source leaked

7.7731rs01 1.0432e+04 4.7852e+02 0.0000e+00 2.OOOOe+04 1.1558e.01
Airborne aerosol moments...

sigma rad 50 mdensity ndensity geommean mass 50
1.7693e+00 2.0286e-06 4.3184e-04 2.0805e+10 4.3453e-15 9.7912e-14

Source moments...
sigma rad 60 adensity ndensity geommean mass 50

2.OOOOe700 5.OOOOe-07 0.OOOOe+00 0.OOOOe+OO 1.9419e-17 1.4661e-15

......... ......................................................................

..............e.......... ....................................
7.7400e+04 mass check = 4.5340e-0538 timestep no. ==

...............t..e...........................................

Mass budget...
air-borne flor dep. wall dep. clng dep. source leaked

6.8530e+01 1.9440e+04 4.7973e+02 0.0000e+00 2.OOOOe+04 1.1589e+01
Airborne aerosol momente...

sigma rad 50 mdensity ndensity geommean mass 50
1.7678e+00 1.0912e-06 3.8072e-04 1.8508e+10 4.3979e-15 9.2602e-14

Source momente...
sigma rad 50 odensity ndensity geommean mass 50

2.OOOOe+00 5.OOOOe-07 0.OOOOe+00 0.0000e+00 1.9419e-17 1.4661e-15

........... ....................................................................

.................e............................................
= 8.1000e+04 mass check = 4.5453e-05= 39 timestep no.

..........................,..-...e....................e......w

Mass budget...
air-borne flor dep, wall dep. clng dep. pource leaked

6.0900e+01 1.9447e+04 4.8080e+02 0.OOOOe+00 3.OOOOe+04 1.1616e+01
Airborne aeronel moments... -

signa radf4 udensity ndensity geommean mass 50
1. '' 6 61 e . OO 1.9590e-08 3.3870e-04 1.6705e*10 4.4442e-15 8.9179e-14

Source mements...
sigma rad 50 adensity ndensity geommean naas50 ,

2.OOOce+00 5.OOOOe-07 0.OOOOe+00 0.OOOOe+00 1.9419e-17 1. 4 661 st - 15
Airborne same distribution... |

m-distr m-diotr m-diser m-distr e.,- d i s t r
,

1 -2.6526e-20 2 2.9815e-23 3 -0.5324e-28 4 5.9910e-20 5 3.7088e-10
0 6.6798e-07 7 1.47G5e-05 8 7.0241o-05 9 8.1397e-06 10 9.6505e 06

11 3.8124e-07 12 2.3619e-09 13 2.0980e-12
Airectne number distribution... I

n-distr n-distr n-distr n-distr n-distr |
| 1 -6.6316e+00 2 7.4538e-04 3 -2.3831e-09 4 1.4978e-02 5 9.2720e+06 j

6 1.6700e+09 7 3.6888e+09 8 1.7560e+09 9 1.2849e+08 10 2.4126e+06
11 9.5309e+03 12 5.9048e+00 13 5.2460e-04

.... ............... ......e..............................eeee.............e.... j

..............................................................
= 8.4600e+04 mass chack = 4.5437e-0540 timestep no. =

............ ..................................................

Mass budgit...
air-borne flor dep. 4a.11 dep. clns dep. source leaked

5.4631e+01 1.9452e+04 4.8177e+02 0.OOOOe+00 2.0000e+04 1.1640e+01
Airborne aerosol moments...
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sigma rad 50 adensity ndensity geommean mass 50
1.7642e+00 1.9303e-06 3.0351e-04 1.5130e+10 4.4848e-15 8.4355e-14

Source moments...
sigma rad 50 adensity ndensity geommean mass 50

2.OOOOe+00 5.OOOOe-07 0.OOOOe+00 0.OOOOe+00 1.9419e-17 1.4661e-15

................................................................................

.......e.e......ee..........................s.................
= 41 timestep no. = 8.82OOa+04 mass check = 4.5415e-05

..e ..........................................................

Maus budget...
air-borne flor dep. wall dep. clng dep. source leaked

4.9243e+01 1.9456e+04 4.8264e+02 0.0000e+00 2.OOOOe+04 1.1661e+01
Airborne aerosol moments...

sigma rad 50 adensity ndensity geommean mass 50
1.7622e+00 1.9038e-06 2.7357e-04 1.3783e+10 4.5203e-15 8.0935e-14 t

Source moments... I

sigma rad 50 adensity ndensity geommean mass 50
2.0000e+00 5.OOOOe-07 0.OOOOe+00 0.OOOOe+00 1.9419e-17 1.4661e-15

............................. 2.................................................

..............................................................
= 42 timestep no. = 9.1800e+04 mass check = 4.5376e-05

..............................................................

Mase budget...
air-borne flor dep. wall dep. clng dep. source leaked

4.4600e+01 1.9460e+04 4.8344e+02 0.OOOOe+00 2.0000e+04 1.1681e+01
Airborne aerosol momente...

sigma rad 50 adensity ndensity geommean mass 50
1.7601e+00 1.8789e-06 2.4778e-04 1.2618e+10 4.5512e-15 7.7792e-14

Source moments...
sigma red 50 adensity ndensity geonsoan mass 50

2.OOOOe+00 5.OOOOe-07 0.OO%e+00 0.OOOOe+00 1.9419e-17 1.4661e-15
Alvborne mass distribution...

m-distr m-diste u-diste m-diotr m-distr
'

'

1 -3.5620e-20 2 -1.04R9e-23 0 -1.4 Sole-98 4 1.8478e-20 5 2.2854e-10
6 4.J135e-07 7 1.1174e-05 n S.4326e-05 9 3.711be-05 10 4.3750e-06t

| 11 1.2350e-07 12 4.8239e-10 1J 9.3030e-11
i Airborne number distribution...
' 9-distr n-dietr n-dietr n-distr n-distr

1 -8.9051o.OO 2 -2.6223e-04 3 -3.7002e-10 4 4.6195e-03 5 5.7136e+06
6 1.22F4c+09 7 2.793de+09 8 1.3581e+09 9 9.2794e+07 10 1.093We+0S '

11 3.OP76e+03 12 1.2460s.OO 13 1.57373-02

..m....e..e............................................................. .....s.

........................s .......r................................
= 43 timestep no. 9.b400e.04 ames check = 4.5587e-05= '

................ ..........u............e.....................
,

Mass budget...
! air-borne flor dep. wall dep. clns dep. source leaked
| 4.0887e+01 1.9464e+04 4.8416e+02 0.OOOOe+00 2.0000e+04 1.1698e+01

Airborne aerosol moments...
sigma rad 50 adensity ndensity geommean mass 50

1.7578e+00 1.8549e-06 2.2532e-04 1.1601e+10 4.5781e-15 7.4847e-14
Source moments...

sigma rad 50 udensity ndensity geommean mass 50
2.0000e+00 5.OOOOe-07 0.OOOOe+00 0.0000e+00 1.9419e-17 1.4661e-15

................................................................................

..............................................................
= 44 time = 9.9000e+04 mass check = 4.5619e-05step no.

i

i ..............................................................
I
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.

Mass budget...
air-borne flor dep. wall dep. clag dep. source leaked

3.7007e+01 1.9466e+04 4.8482e+02 0.OOOOe+00 2.0000e+04 1.1716e+01
Airborne aerosol moments...

sigma rad 50 adensity ndensity geommean mass 50
1.7554e+00 1.8315e-06 2.0559e-04 1.0707e+10 4.6016e-15 7.2055e-14

Source moments...
sigma rad 50 mdensity ndensity geommean mass 50,

2.OOOOe+00 5.OOOOe-07 C.OOOOe+00 0.OOOOe+00 1.9419e-17 1.4661e-15

................................................................................

..............................................................
45 time = 1.0260e+05 mass check = 4.6690e-05step no. =

..............................................................

Wass budget...
air-borne flor dep, wall dep. clng dep. source leaked

3.3867e+01 1.9469e+04 4.8542e+02 0.OOOOe+00 2.OOOOe+04 1.1729e+01
Airborne aerosol moments... -

sigma rad 50 mdensity ndensity geommean mass 50
1.7529e+00 1.8086e-06 1.8815e-04 9.9161e+09 4.6220e-15 e.9391e-14

Source momente...
sigma rad 50 mdensity ndensity geommean mass 50

2.OOOOe+00 5.OOOOe-07 0.OOOOe+00 0.OOOOe+00 1.9419e-17 1.4661e-15
Airborne mass distribution...

'

m-distr m-distr m-distr m-distr m-distr
I 1 3.1743e-20 2 -2.3109e-23 3 1.7541e-29 4 7.2626e-21 5 1.5264e-10

6 3.7787e-07 7 8.8140e-06 8 4.3480e-05 9 2.6792e-05 10 2.2040e-06
11 4.5370e-08 12 1.2082e-10 13 -1.6069e-10

Airborne number distribution...
n-distr n-distr n-distr n-distr n-distr

1 7.9357e+00 2 -5.7772e-04 3 4.3853e-11 4 1.8167e-03 5 3.8159e+06
6 9.4467e+08 7 2.2035e+09 8 1.0870e+09 9 6.6980e+07 10 5.5100e+05 -

11 1.13A2e+03 12 3.0206e-01 13 -4.0172e-02 ,

....... 4.......................................................................,

...............................................................
= 46 time = 1.06U0g+05 mass chsch = 4.5870e-05step no.

............................c.................................

Wass budget...
air-borne flor dep. wall dep. clng dep. source leaked,

D.1376e+01 1 9471e+04 4.8898a+02 0.0000e+00 2.OOOOe+04 1.1743o+01;

| Airborne aerosol rements...
| nigma rad 50 edensit) ndensity geonmean mass 50
| 1.7501e+00 1 ?863e-OS 1.7264e-04 9.2111e+09 4.6397e-16 6.9849e-14
] Sos.rce noments... i

eigem rad 50 mdensity ndensity geommann maar50<

' 2.0000e+00 6.OOOOe-07 0.OOOOe+00 0.OOJoe+00 1.9419e-17 1.4661e-15 !

!................................................................................
i !
j .............................................................. '

= 47 time = 1.0980e+05 mass check = 4.5813e-05 |step no.
..........e.............................................e.....

Mass budget...
air-borne flor dep. wall dep. clng dep. source leaked

2.85Ble+01 1.9473e+04 4.8649e+02 0.0000e+00 2.OOOOe+04 1.1755e+01
Airborne aerosol moments...

{misma rad 50 adensity ndensity geommean mass 50
1.7476e+00 1.7644e-06 1.5878e-04 8.5794e+09 4.6552e-15 6.4423e-14 -

'Source momente...
misma rad 50 mdensity ndensity geommean mass 50,

2.0000e+00 5.0000e-07 0.OOOOe+00 0.OOOOe+00 1.9419e-17 1.4661e-15
,.

f

; !
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- _ -
-

ee..ee...es..eeeeeeeeee...eeee.....oo.. ...ee.... .... .. .e....................

..e.... ..eeee..ee..e.e...ee.e.....ee........e..e....ee....e.e
= 48 timestep no. 1.1340e+05 mass check = 4.5813e-05=

..e.......ee..oe..e.. ....ee...eeee. ..e.ee.eeee..... ....e.ee
:

Mass budget...4

air-borne flor dep. wall dep. cing dep. source leaked
2.6343e+01 1.9475e+04 4.8696e+02 0.0000e+00 2.OOOOe+04 1.1767e+01,

Airborne aerosol moments...'

sigma rad 50 adensity ndensity geommean mass 50
1.7449e+00 1.74Sle-06 1.4635e-04 8.0106e+09 4.6686e-15 6.2118e-14

Source moments...
*

sigma rad 50 adensity ndensity geommean mass 50
2.OOOOe+00 5.OOOOe-07 0.OOOOe+00 0.OOOOe+00 1.9419e-17 1.4661e-16 rAirborne mass distribution...

Im-distr m-distr a-distr m-distr m-distr
1 -8.9422e-22 2 -6.4798e-25 3 1.3112e-30 4 3.3463e-21 5 1.0776e-10 '

,

8 2.9963e-07 7 7.1518e-06 8 3.5631e-05 9 1.9261e-05 10 1.1959e-06
11 1.8224e-08 12 3.4217e-11 13 -1.4100e-13

Airborne number distribution...
n-distr n-distr n-distr n-distr n-distr

j 1 -2.2355e-01 2 -1.6199e-05 3 3.2781e-12 4 8.3658e-04 5 2.6937e+06
6 7.4908e+08 7 1.7879e+09 8 8.9079e+08 9 4.8154e+07 10 2.9897e+05

11 4.5560e+02 12 8.5544e-02 13 -3.5250e-05

..e............ .e.oe......................... ................. ...........e...

....... .................... .................................
step no. = 49 time 1.1700e+05 mass check = 4.5813e-05=

.......................................... .............. ...

Mass budget...
air-borne flor dep. wall dep. clng dep. source leaked

. 2.4329e+01 1.9476e+04 4.8740e+02 0.0000e+00 3.OOOOe+04 1.1777e+01
| Airborne aerosol moments...

sigma rad 50 mdensity ndensity geommean maus50
1.7422e+00 1.7224e-06 1.3516e-04 7.4960e+09 4.8802e-15 5.9934e-14,

- Source zooents...
l sigma rad 50 mdenuity ndensity geommean mass 50' 2.OOOOe+00 5.OOOOe-07 0.0000e+00 0.OOOOe+00 1.941pe-17 1.4661e-15

...ee.........e... .....e.......... ..e........................ee6.o.. .........

eeee..ee..e..............es...ee..,se....e..... .e+e......e ..
= 50 time = 1.OOPOe+b5 m r.s e check = 4.5Piau-05step no.

e...e................................s...s............... ....e
|

Wase budget...
I air-borne flor dep. wall dep. c]ng dep, source leaked

2.2511e+01 1.9478e+04 4.8761e+02 0.0000e+00 'J . OOOO e + 04 1.1787e+01Airborno aerosol moments...
| sigma rad 50 odensity ndensity gecamean nass50

1.7394e+00 1.7025e-06 1.250Se-04 7.0280e+09 4.6903e-15 5.7873e-14
Source moments... ,

sigma rad 50 mdensity ndensity geommean mass 50
2.OOOOe+00 5.OOOOe-07 0.OOOOe+00 0.OOOOe+00 1.9419e-17 1.4661e-15

| .es.................se.........................................ee............ ..

...........ee.................. ..............................
step no. = 51 time = 1.2240e+05 mass check = 4.5814e-05

,

....e..................... .......ee.....eeee..........ee.e...

Wass budget...i

air-borne flor dep. wall dep. clng dep. source leaked
'

2.1667e+01 1.9479e+04 4.8800e+02 0.OOOOe+00 2.OOOOe+04 1.1792e+01 lr

I Airborne aerosol moments... I

( sigma rad 50 adensity ndensity geommean mass 50 |
| |

t

j

l
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1.7381e+00 1.6928e-06 1.2037e-04 6.8107e+09 4.6948e-15 5.6890e-14
Source moments...

misma rad 50 adensity ndensity geommean mass 50
2.OOOOe+00 5.OOOOe-07 0.OOOOe+00 0.OOOOe+00 1.9419e-17 1.4661e-15

Airborne mass distribution...
m-distr m-distr m-distr m-distr m-distr

1 9.4432e-23 2 -9.3456e-27 3 2.3197e-31 4 1.9197e-21 5 8.3160e-11
6 2.5126e-07 7 6.1057e-06 8 3.0582e-05 9 1.4585e-05 10 7.4486e-07 |

11 8.9202e-09 12 1.2785e-11 13 2.053Co-15 !

Airborne number distribution...
n-distr n-distr n-distr n-distr n-distr

1 2.3608e-02 2 -2.3364e-07 3 5.7991e-13 4 4.7993e-04 5 2.0790e+06
6 6.2814e+08 7 1.5264e+09 8 7.6454e+08 9 3.6464e+07 10 1.8621e+05

i

11 2.J301e+02 12 3.1962e-02 13 5.1340e-07 |
1

. ...eeee................ee.............................e.eeeeeeee..............

|
i

1

I
1

9

1

I

t

,

|

|

1

!

i
i
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APPENDIX B - SUBROUTINE DESCRIPTION |

| .

We will summarize here the purpose of each subroutine in order of its appearance '

in the figure in Appendix 0, reading left to right then top to bottom.
Generally, this will only be a statement of what each subroutine does, since
details can be obtained from the source listing in Appendix D. However, a more !

detailed description will be given when it is thought that some aspects of
| operation of a subroutine may not be immediately apparent. ,

!
CHARM l

This is the main program. It organizes the sequence in which the other
subroutines are called, the aim being to make sure that the common block ,

variables are updated in the right order as the calculation progresses.
?

The values the time dependent variables take, when they are not updated
|

4

continuously, correspond to the mid-point of the current time and the next time t

they are to be be updated. ITHHY is a counter which determines which set of !>

interpolation formulae are to be used.

The ODE solver is allowed to integrate beyond the value of TIME and interpolate
; backwards as needed. Therefore, the subroutines CHARWUTH to CHARMSLN could have ,

been called by CHARWRHS at a time not equal to TIME when the time dependent
variables are updated continuously and so, in this circumstance they are called, 7'

again immediately prior to colling CUARWOUT. |

When the arguoent to CHARWDIP equals RESET it tells the ODE so.1.ver to
reinitialize its variables. This is done whenever the time dependent variables

i or their derivatives say change discontinuous 1y and ensures that the solver is
i not required to integrate across a discontinuity. r
|

CHARjpd |
| !

( This is a block data subroutine which sets default values for all input 1
.

I variables, assigns values to r, g, k and R, and defines thu Fortran unit numbers l

of the input and output streams, i

|
CHARWIN [

f

This subroutine reads the input data file. t
t

| CHARWCOL I
|

| I
hThis subroutine calculates m for i = 1, ...n, h, e and log,(m e'h) , f3 3

1

i

|

| 81 - SUBROUTINE DESCRIPTION L-
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CHARWIND

| This subroutine calculates the indexing which is later used to determine when
Ph for given i, j and k is non-zero and where it is stored.i ;

<

| CHARWFUN 1

!
i

j This function subroutine calculates the function log,(1-e~') . Series expansions
'

and compiler directives to switch-off vectorization during addition of the terms '

"

i in the series are used to reduce rounding errors.

|

CHARWC0E t
4

1

This subroutine calculates all non-zero values of Ph. A change of variable has f
been made in Eq. (56) y' = y - J to avoid adding the result obtained from i

CHARMFUN, which can be small compared to unity, to 3. Gauss-Legendre integration !,

does not work when the integrand is non-smooth and so the integration range is (,

; divided into sub-ranges over which the integrand is smooth and the integral is I

calculated as the sum of the integrals over the sub-ranges. f
!i

| SSORT (
! i
i

; Thir, subroutine sorts the contents of an array into ascending order. Refer to
j the CLAMS compendium (Ford, 1984) for instructions on how to get an abstract, :

documentation and a compiler listing for this subroutine. (,

;

CAUS8 [;
l

! L

This subroutine calculates the definite int.egral of the supplied function using ;

Gauss-Legendre integration. Ref er to the CLAMS compendium (Ford,1984) f or ji

i instructions on how to get an abstract, documentation and a compiler listing for
) this rubroutine. t

ii

j CHARWPJK |
'

i
'This function subroutine calculates the integrand of the production, coefficient

; integral. The addition is done in double precision to avoid rounding errors in |
CHARMPJK when CHARMFE is small compared to unity. j

;
i

1

|

) '

> ;

,

j SUBROUTINE DESCRIPTION - 82 -
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|

|

CHARVFE
l

This function subroutine calculates the basic finite element. The calctlations
are done in double precision to avoid rounding errors in CHARMFE when it is
small compared to unity.

CHARMNOR

This subroutina calculates n for j,k = 1, ...n.p

CHARMRAD

This subroutini calculates r for i = 1, ...n.
i

CHARMZLN

This subroutine calculates the initial values of Y for i = 1, ...n assuming theg

initial aerosol number distribution to be log-normal. The discretized
distribution is renormalized so the airborne mass exactly equals that specified.

CHARMITH

This subroutine sets-up (Initializes) the interpolation formulae for the time
dependent variables. It first calculates the time up to which each formula
applies and the number of formulae and then calculates the interpolation
formulae coefficients for all the time dependent variables.

;

CHARMWTH

| This subroutine calculates a set of interpolation formulae coefficients for a
| given table of data values.

i

j CHARVUTH ;

l

This subroutine calculates (U pd atres) the time dependent variables at the i

specified time using the interpolation formulae previously calculatad.

CHARMCAS

This subroutine calculates p,, n,,1, D,, e,, e, and e . Correlations are used
f

for 9, and D, assuming the gas in the bulk of the cell to be pure air and the
vapor in gas mixture adjacent to surfaces to be steam in air.

|
| CHARVV0B

1
!

|
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!

This subroutine calculates B for i = 1, ...n.
1

CHARMFLO

i
i ibis- ibroutine calculates u,, c., 6, and 6 for i = 1, ...n. The Fanning ;31
;. vi non f actor, which enters the equation for u,, is determined by a

i trtnscendental equation which is solved with C05WHE.
i

'

005WHE
1

1

(

This subroutine finds a root of the supplied function within the specified i
'range.

CHARMFAN !,

The zero of this function determines the Fanning friction factor in a
cylindrical pipe of any roughness at any Reynolds number. Pipes of other cross-

| sectional shape are dealt-with by defining a hydraulic diameter equal to the
diameter of the equivalent cylindrical pipe.

. CHARMACC i

| This subroutine calculates K IT $8h*1 ***"-jk 8

t'

i CHARMDEp

j

j This subroutine calculates A,1, X,1 and 1,1 for i = 1, ...n.

J !

CHARWSLN

! 1

,

This subroutine calculates m S for i = 1, ...n. The number distribution of the ;1i
I source is assumed to be log-normal. The m S are renormalized so that the mass

ii i
; generation rate of the descretized distribution exr.ctly equals that specified. '

\
|

j CHARMDIF
|
t

! This subroutine sets-up the 'nput required by DEBDF, calls DEBDF to integratei

i the governing equations to the specified time and checks whether the call was '

) successful.
.

: !
! |

1 !

l !

!
! r

I |
; .

! SUBROUTINE DESCRIPTION - 84 -
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DEBDF

This subroutine integrates a set of coupled non-linear ODE's using the variable
order backward differentiation method due to Hindmarsh (Shampine and Watts,
1979). Refer to the CLAMS compendium (Pord, 1984) for instructions on how to get
an abstract, documentation and a compiler listing for this subroutine.

CHARMRHS

This subroutine calculates the time derivatives of: Y for i = 1, ...t, the mass
i

deposited on the floor, wall and ceiling, the mass released from the source and
,

the leaked mass. !

CHARMMOV

This subroutine calculates the moments a, r and m , of Wp, N,
m, determined by a

se, 3
discretized distribution using the trapezium rule. m , is3
transcendental equation whose root is found with 005WHE.

CHARMM50

This function subroutine colculates f" mY(m,t) dlog,m - p/2. The trapezium rule
is used to estimate the integral. The zero of CHARMM50 is the natural logarithm
of m ,.3

CHARMFE0

This funct. ion subroutine calculates J", g (J og,,n) dlog,m f or arbitrary m.g

Analytic formulae are used.

CHAR,MOUT

This subroutine writes results on the two output files.

- 85 - SUBROUTINE DESCRIPTION
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APPENDIX C - SUBROUTINE HIERARCHY AND CALLING SEQUENCE

The overall organization of the computations in CHARM is discussed here to
assist those who would like to modify CHARM to suit their own purposes.

1

CHARM is modular in the sense that the eniculations are broken down into a
sequence of tasks and each task is dealt-with within a subroutine devoted to

that task only and nowhere else. The purpose of each subroutine has been
described in the previous section. Here, we describe how the subroutines fit

;

together.
.

This is illustrated in the figure on the next page which shows what calls a
subroutine makes to others and in what order. The logic for when and how often
specific calls are made is outlined below (we indicate on the figure with an
asterisk adjacent to a subroutine when it can be called more than once by its
caller - the reader is referred to the source listing in Appendix D for exact
details of when a subroutine is called). The callees for CHARWCOE and CHARMPJK
are shown in order of their first encounter in the sequence of calls made by thea

callers.
,

Data is communicated largely by means of named common blocks; in some cases it
4

is communicated through subroutine arguments when this is convenient or dictated '

by externally supplied subroutines. Each common block is designed to hold data
| for particular purposes so that subroutines as far as possible do not have long

lists of common block variables. ,

;

Referring now to the sequence of calls shown in the figure, CHARMBLO is a block
: data subroutine and is shown on the sequence for completeness.

!4

; The subroutines CHARMIN to CHARMITH are called once only to calculate variables
[

associated with the discretized form of the governing equations, the initial'

density distribution and coefficients in the interpolation formulae for the time
dependent data.'

L

The subroutines CHARWUTH to CHARMSLN calculate the source distribution and the
agglomeration and deposition rates. These calculations depend on the external
time dependent variables and therefore have to be repeated according to the
specifications chcsen by the user. If the user requires these quantities to be
updated continuously with time then they are recalculated by CHARWRHS each time
it is called. Otherwise they are recalculated by CHARW whenever the current time
exceeds the previous time these variables were updated by a specified time

; period or equals a time when a new set of interpolation formulae for the time
: dependent variables apply, whichever occurs first.

i

i

!

i SUBROUTINE DIERARCHY - 86 -
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| CHARM CHARMBLO.

! CHARMIN

CHARMCOL

l CHARMIND CHARMFUN*

CHARMCOE CHARMFUN*

SSORT*

CAUS8* CHARMPJK* CHARMFUN *

CHARMNOR CHARMFE*
l

CHARWRAD

|
CHARM 2LN

CHARMITH CHARMWTH*
'

CHARMUTH*

CHARMGAS*

; CHARMMOB'

i

CHARMFLO* C05WHE CHARMFAN*-

l CHARMAGG*

CHARMDEP*

CHARMSLN*

CHARVDIF* - DEBDF*
~

CHARMRHS* CHARMUTHi

I ,

CHARMSLN |

CHARMMOM* C05WHE CHARMM50* CHARMFE0*
'

| CHARMOUT*
!

* The subroutine is called more than once by the caller. [A The sequence here is the same as that between CRARWLTH ar.d CHARWS!.N called from CRARW.

i

| The subroutine hierarchy and calling sequence !
| ,.

CHARWDIF is called to integrate the governing equations to the next time output
| is required or the next time the time dependent variables have to be updated !

\

!
4 :
'

!

! - 87 - SUBROUTINE HIERARCHY ;
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a new set of(when they are not updated continuously) or the next time
interpolation formulae apply, whichever occurs first.

CHARMMOM is called initially (i.e. at time equals zero) and following every call ;

to CHARWDIF, since some moments are used in the succeeding call to CHARMDIF to |

set tolerances. |

CHARMOUT is called initially and whenever the goverr.ing equations have been
integrated to a time when output is desired.

1

i

!

|

|SUBROUTINE BIERARCHY - 88 -

1

_ _ - - _ _ - . -. .- -- - _ - - _ _ - ,



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

APPENDIX D - SOURCE LISTING

The subroutines are listed in order of appearance in the calling sequence shown
in the figure in Appendix 0, reading left to right then top to bottom.

i
l

;

I

i

|
|

l
,

t

1

- 89 - SOURCE LISTING
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Al

program charm (charadatetape4=charadat, tty, tape 5= tty charm 2
, out , t ape 6=out) chara 3+

e chara 4
c This program solves the aerosol equation taking account of charm 5
c agglomeration, deposition and leakage of the aerosol. chara 6
e Collocation is uged to discretise the equation. chara 7
c- The agglomeration kernel is calculated on a 3D mesh only charm a
e so it can be updated as the thermal hydraulic conditions chara 9
e change with time without undue computational labor. chara 10
c The agglomeration and deposition rate formulae are based on those chara 11
e in MAEROS but have been extended to treat diffusiophoresis chara 12
e and turbulent deposition. chara la
e chara 14 ;

common /timinge/ time,ietep,thhystep timinges t

+ .itime ntime,timentep(20),timeend(20) tibinge3 i
e

,ithhy,nthhy,timethhy(20) timinge4+ <

,idatm ndata,timedata(20) timinge6+ o ,

c chara 16
j logical reset.noreset. flag chara 17 i

data reset.noreset/.true... false./ charm 18 i
external charmblo chara 19 ;

e chara 20 f.

e Calculate time-independent variables chara 21
e .................................... chara 22 |
c chara 23 L

1 call charmin chara 24 :
call charneol chara 28 I

i call charmind chara 26 !
; call charmcoe chara 27 f

j call charonor chara 2a I

call chararad chara 29 *
;

call charasin chara 30 .

e chara 31 t

c Initialise the time dependent data chara 32
e .................................. chara 33 |

| c chars 34 '

. call charmith chara as
i ithhy=1 chara 36
i timonean= min (thhystep,timethhy(ithhy))/2.eO chara 37

call charmuth(timemean) charm as |
1 ca?.1 charagas charn 39 i

. call charamob chara 40
'

!| call charmflo chars 41
| call charmass chara 42

call charadep chara 43
call charmeln chara 44.

; e chara 45 *

. c Calculate initial momente and print initial values chars 46
*

| e .................................................. chara 47 !
- e chara 4s !
; enl1 charamos chars 49
] istep=0 chara 50
; time =0.eO chara 81 ,

i call charmout chara 82
'

| intepaintep.1 chara 83 i
! c chara 84 i

o Calculate upper bound for number of calle to CHARWDIF charm so,
- e ..................................................... chara 86 |
j c charm 67
; ic all e=ntime + nthhy + time end (1) / time step (1) charm as ;

if(thhystep.ne.O.eO)then chara 894

j icallamicalle+tiseend(ntine)/thhystep chara 60 ,

. endif chara 61 !

{ if(ntime.st.1)then charn 62
'

do 6 itime=2,ntiue chara 63 i
icallamiemlle+(tiseend(itime)-tiseend(itime-1))/timestep(itime)chara 64 ;

& continue chara 68 *

1 endif chara 66 |
1 ncallenicalle chara 67 i

} !
'

,

i

!
S0l1CE LISTING - 90 - i
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e chara Se
c Loop over calls to CHARMDIF chara 69
e ===== =======********=.a=.. chara 70
e chars 71

itime=1 chara 72
flag = reset chara 73
do 10 icalle=1,ncalls chara 74

e chara 75
c Find the next time to which the equations are to be integrated chara 76
e **=.......====*********.**=...==*===...........========. ==... chara 77
e chara 78

if(time.lt.timeend(ntine))then chara 79 *

c chara 80
e Print results at this time charm si
c ===========... *=.=****=*= charm s2
e chara as

i f (itime . e q.1) the n charm s4
timelow=O.eO chara 88
else chara a6
timelow=timeend(itime-1) charm s7
endif chara as

tine 1=timolow chara s9
(in t ((tian-t imelow) /timeste p (itime)) + 1) * time step (itime) chara 90+ +

if(time 1.le. time) time 1= time 1+timestep(itime) chara 91
i f (time 1. st . tise e nd (i time)) time 1= time e nd (itime) chara 92

c chara 93
.

'

e Update the variables at this time chara 94
charm 95e ====............... =====...=*=*=

i c chara 96
) if (thhyste p . ne . o. eo) then chara 97

if(ithhy.eq.1)then chara 9e
i timelow=0.e0 chara 99

else chara100
timelow=timethhy(ithhy-1) chara101
endif chara102

time 2=timolow+ (int ((time-timolow) /thhy s t ep) + 1) * thhy s te p chara103
if(time 2.le. time) time 2= time 2*thhystep chars 104
if (tine 2.st . timethhy (ithhy)) time 2=timothhy (ithhy) charmlos

'

else charm 106
t ime 2 =t i me thby (i thhy) charm 107 |

J

endif chara10s# '

c chara109 i

e Integrate the equations to the new time charm 17.0 ,

c ** .*=******==*==*=*==*.*********.***** charm 111
e charm 112 [,

a e CHARMWDM is alwafs called after CHARWDIF because the following chara113
; e call to CHAPMDIF needs the moments to set tolerances. chara114

e charm 115 .
,

! tine = min (timeletlac2) charm 116 i

! call charedif(flag) chara117 i
: call cha maos charn11s

e chara119
!'c Print results chara120

| c ****====**... chara121 |

j c chara122 i
; i f (t i au . e q. t ise e nd (i t i me) ) it ime mmin (i t ime + 1, nt ine) chara123
1 if(time.eq. tinel)then charm 124 !

i e charm 128 !
c Make sure time dependent variables charm 126 [

'

c are evaluated at the current time. eharm127 |
charm 12s :

- e ........**...........**...*....*..
i e charm 129
! i f (thhy s t e p. e q.O. e0) then chara130 [

call charauth(time) chara131 i

call charagas chara132 i

call charamob charm 133 I

I
j call charaflo charm 134
| call charmass chara135 "

call charadep charm 136 |
! i

!'
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I

call charmeln charm 137
endif charm 13e

call charmout charm 139
intepsistep+1 charm 140
endif charm 141

e charm 142
e Update the time dependent data if necessary charm 143
e *******=. *===****=***=***=====****==***=.. charm 144
e charm 145

i f (time . e q. time thhy (ithhy) ) ithhy= min (it hhy + 1, nthhy) charm 146
if( time.eq. time 2 charm 147

+ .and. thhystep.ne.O.eO charm 14e
.and. time.lt.timeend(ntime) )then charm 149+
timenean= time + min (thhystep,timethhy(ithhy)-time)/2.eO charm 150
call charmuth(timenean) charm 151
call charmans charm 182 .

call charamob charm 153 !

call charmflo charm 154 i
call charnags charm 185
call charadep charm 186
call charmeln char 187 '

4 endif charm 15s !c charm 189 *

c Remet the ODE solver when the var 'il e r h stinuously charm 160-
( c ===... .**=... ..=*****=..=*=====. 'a* * . a=======*= charm 161 ii e char 162

'

4 if(time.eq. time 2)then charm 163
; flaswreset charm 164

c
'

else charm 165
6|flag =noreset charm 166,

endif charm 167 jJ

endif charnies e

; 10 continue charm 169 i^

stop charm 170
[! end charm 171 ;

a
,

,

;,

-
t

!
4

1
1

1

1

1

I

i

!
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block data charmblo chablo 2
e chablo 3
c This subroutine sets-up default data values. Phenotenological ehmblo 4
e constante are those used in MAEROS. The data values can be chablo 5
e altered by CHARMIN. chablo o
e chablo 7

commen /collpts/ neollemlower,mupper, spacing.dlogem,logemO collpte2
r ad iu m (100) , mas e (100) , mob ility (100) collpto3+ e

real logemO,mase, mobility mlower,mupper collpted
e chablo 9

cormon /mersicon/ cohpfetr,dshpfetr,stickoff mersico2
,aknudweb,qknudweb,bknudweb mersicos+

.pdensity.pthracon mersico4+

,kbrock,cabrock,ctbrock sersicos+

real kbrock merslco6
e chablo11

common /gasprope/ tempspress gdensity,dynvisc molwt,anfrpath gasprop2
.gthracon, velocity molwtv,diffusv gespropa+ -

,vmfrcinge vmfrwall,vmfrflor gesprop4+

vegrcings vegrwall,vegrflor gasprop5+
e

vconcingevconwall,vconflor gasprop6+
e

real solwt,anfrpath,molwtv gasprop7
e chablo13

common /fundcon/ pleboltsann,gravitat,gmeconst fundeon2
e chablo15

common /indexcoe/ ne lement s hwidth . j barmin , inde x (-2 : 100) Indexco2
e k b armin (-2 : 100) , kb armax (-2 100) , nkb ar (-2 100) indexco3+

e chablo17
common /lognorms/ sigmasin,rmd50sln,mdensin lognorm2

ndensin,geomsin mas 50 sin lognorm3+ e o

resl mdensln ndensln.eae80 sin lognorm4e

e chablo19
common /thrmhydr/ tgam mO (20) , tgas al (20) , tans d at a (20) thrmhyd2

. pg as aO (20) , pgas al (20) , pg an dat a (20) thrmhyd3+
, v g as aO (20) , vg m e n1 (20) , vg an d at a (20) thrmhyd4+
.tclgaO(20),tclgal(20),telgdata(20) themhyd5+
, tw al mO (20) , twal al (20) , twald at a (20) thrmhyd6+

, t f l r aO (20) , t f l r a1 (20) , t f lrd at a (20) thrmhyd7+

, sige sO(20) . s ige al (20) , eigsd at a(20) thrmhyd8+

.radeaO(20),rmdeal(20),radsdata(20) thrshyd9e

, mde s aO (20) , Lde s al (20) , md e ndst a (20) themhy10; +

real ademmO,mdesalemdesde.ta thrmhy11
e chablo21

common / timings / time,istep,thhystep timinge2
,itime,ntime,timestep(20),timeand(20) timinge34,

.ithhy nthhy,tinethhy(20) timinge4; +
,idata,ndatn.timedeta(20) timinges+

c thr.b ? o23
common /tolerane/ epe, eta,seta,maxcalle smaxtryo toleran2

! e chablo25
common /loflage/ iondia insromeiocoefelonorm ioflage2

.iodepo,iommes ioradioiomobi ioflage3+

,longgl iondie,toedis siombal ioflage4+

.ioindx,iommom,iocell,logasp loflagm5+

,lotole,loscon ioflow toflage6 '+ s

c chablo27
| common /iotapee/ columne,ntape4,ntape5,ntape6 ictapee2
) integer columne lotapem3

.'

e chablo29
common / cell / arescinge aremmalleareaflor call 2,

,tempelng,tempwalletempflor cell 3+;'
+ , volume,lenkrate cell 4

'

.hydediamieqvrough cell 5+

real leakrate cell 6
e chablo31

common / flow / biflag,vblthickedblthick(100) flow 2
,eddydies ustar,reynolde flow 3+ s

integer biflag flow 4
e chablo33

! i

:
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e chablo34 )
e chabloss

data alower.aupper,epacing/4.e-21,4.e-9,10.eO/ chablo36
data nelement$ncoll/2,O/ chablo37

e chabloss
data cohpfctr,dshpfetr,etickoff/1.eO,1.eO,1.eO/ chablo39
data aknudweb,qknudwebebknudweb/1.37eO,0.4eO,1. leo / chablo40
data pdensity.pthracon/2.ses,.6376eO/ chablo41
data kbrock,cabrock,ctbrock/1.eO,1.37eO,1.eO/ chablo42 !

'c chablo43
data molwt.sthracon,molwtv chablo44

+ /28.96eO,.0255eO,1s.015eO/ chablo45
data tamedata.pasadata,vamedata chablo46 r

/293.15eO,19*-1.eO,1.01325e5,19 -1.eO,0.eO,19*-1.eO/ chablo47 '+
data vafreing,vafrwall,vafrflor/O.eO,0.eO,0.eO/ chablo4s
data vegrelngevegrwall,vegralor/O.eO,0 eO,0.eO/ chablo49

e chablo80
data biflagevblthickedbithick/0,0.eO,100*0.eO/ chablo81 ;

e chablo83 '

data pi,boltsann gravitategasconst chablo83 !
/3.141592653eO,1.3sO54e-23,9.sleO,8.3143eO/ chablo64 !+

e chablo85 +

data signasin, rad 50 sin ndensin/2.eO,5.e-7,0.e-3/ chablo66 '
e

4 e chablo67 1

data eigadata,radadata,adeadata chablo5s i
4

' /2.eO,19*-1.eO,5.e-7,19*-1.eO,0.eO,19*-1.eO/ chablo69+
i c chablo60 !

! d at a ntime , time s t e p (1) , timee nd (1) /1,10. eO,10. eO/ chablo61
{ c chablo62
i data ope, eta seta,maxcalle maxtrys chablo63s

/1.e-6,0.eO,0.5eO,30,10/ chablo64+
4

i e chablo65
data iocell iogaspeioscon/1,1,1/ chablo66
data iusson,ioedie,ioflow/1,0,1/ chablo67
data tomase,ioradi,iosobi/1,1,O/ chablo6s ;.

date iodepo,icassl/0,O/ chablo69
data ioindx,iocoef,ionorm/O,0,O/ chablo704

I data iombal.iotele/1,O/ che'alo71
,

'

i data Losmoa iondie,iondia/1,0,O/ chublo72
1 e chsblo73
,'' de,ta columne/80/ chablo74 :

data ntape4,ntape5.ntape6/4,8,0/ chablo75 '

i e chablo76
| data volume,leakrate/1.e5,0.eO/ chablo77 L

data hydt'dian,eqvrough/O.eO,4.5e-5/ chablo7sa
,

I data aremelngs areawsll,areaflor/O.eO,0.eO,0.eO/ chablo79 .
'

j data tcladata,twaldata,tflydsta chubloso [
/293.16eO,19*-1.eO,293.15eO,19*-1.eO.293.15eO,19*-1.eO/ chablo111

+

e shablos2 [
] Jata ndata/1/ chablosO |
1 data timsdate./20eO.eO/ chablos4 [
4 e chables5 :

data thhystep/1.e10/ chabloso "
,

c chablos7
}

<

| end chabloss ,

i
'

i

.

|

f

, r
!|

l
i
j
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,

l
l
r

!

t

! subroutine charmin chain 2 '

| c chain 3 '

I e This subroutine reads in data from the file CHARWDAT. chain 4' ,

c List directed read is used so data itene enn be in free format. chain 7 '

c Since character variables are not in the input liste, a character chain d
c placed in a line will cause it to be read me a comment card, chain 7

The back elmeh can be used to skip reading a line so that chain s !
e

| c default values are used. Otherwise, values read-in will chain 9 i

! e over-ride values preset in the blockdata subroutine CHARWBLO. chain 10 !

e chain 11
common /collpts/ ncollemlower,mupper,epacing dlegem logem0 collpte2e i

, r ad iu m (100) , mme s (100) , mobili ty (100) collpte3; + '

real logemo,mase, mobility mlower supper collpte4e
i e chain is

common /serelcon/ cohpfetr,dshpfetr,etickoff aeruleos t,mknudweb,qknudweb,bknudweb merelco3 i. +
1 + epdensity,pthracon merelco4 Il ,kbrock,cabrock,ctbrock moralco5+

i real kbrock morsico6 'be chain is
common /gasprope/ temp press.gdensity dynviec molwtemnfrpath gasprop2e

.sthracon: velocity,molwtvediffusv gasprop3I,
+

evafrelngevmfrwall,vefrflor gasprop4+
.

vegrcingevcgrwallsvegrflor gasprop5 i+
e

vconclngsvecnwallevconflor gasprop6 I
+

4 e

i real molwtemnfrpathemolwtv gasprop7 !

i e chain 17 I
common /indexcoe/ n e l e me nt , hwid th , j barmi n , ind e x (- 2 : 100) indexco2 f, kb arm i n (-2 4100) , kb arm ax (-2 : 100) , nkb ar (-2 : 100) indexco3+ '

'

e chain 19 jcommon /timinge/ time,istep,thhystep timinge2 ;

.itime,ntime,timestep(20),timeend(20) timings 3 '+

, ithhy , nthhy , t im e thhy (20) timinge4+
,

.idata,ndata,timedata(20) timinge5 t
; +
j e ehmin 21 '

| common /toleranc/ ope, eta,seta,maxcalls maxtrys toleran2 |e

1 e chain 2r i
common /lognorms/ sigmasinerad50Jln mdensin lognsru3 1

e

,ndensin,seemsIn,ume50 sin lognorm3+
P

real mdensin,ndensln,mmeEOsin lognorm4
; c chain 26
| common /thrahydr/ tassaO(20) , tgasal(20) ,tgandate *JO) thrmhyd2 [
l + . pga m aO (20) , pg as al (20) , pgan d a t a (20) thrmhyd3 i

, va me nO (20) , vg as m1 (20) , v gae d at a (20) thrmhyd4 }
i +

| , t elanO (20) , tcigal (20) , tclgd e ta (20) thrmhyd5*
r

, t malaO (20) , t ea) wl (20) , twaldat a (20) thrabyda, +

|
,

s t f irmO (20) , t f 1 ra1(20) , t flrdato(20) thrahyd7 i+

. s i ge nO (20) , s ig e m1 (20) , s ig s d at a (20) thrmhyd8 r
i +

| , r ad e nO (20) , r ad e s.1 ( 23) , cad a d a t a (20) * h rah y t'.C i
+

nd e s aO (20) , md e s m1 (20) , md e nd ats (20) thrs.hy10 t
i +

e

real adeenO,mdesal mdesdata thriahy l i '

e eht.in 27 :
common /loflage/ Londie,iosmom iocoefeionorm ioflage2 !e

.iodepo,iommes ioradi,losobi ioflage3+

.ionaal,iondie,ioedis,iombal ioflaged t
+

.ioindx,iosmos,iocell iogasp loflages
[

+
' .iotole,ioscon,ioflow loflage6+

e chain 29
common /lotapes/ columne,ntape4,ntape5,ntape6 iotapes2 ,

integer columne iotapes3 |e chain 31
common / cell / arencingsareawall.arenflor cell 2 l

.tempelng tempwall,tempflor cell 3 i+

, volume,leskrate cell 4+
| .hydrdiam eqvrough cell 5 !+

e

| real lenkrate cell 6 '

e chain 33 !
! common / flow / blflag,vblthick,dblthick(100) flow 2

t,eddydies ustar reynolde flow 3+
e

r
i

; .
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f

integer biflag flow 4
e chain 35

characterei input (72) chain 36
e chain 37
e Write input file to tapes NTAPE5 & NTAPE6 chain 38

,

e ....e......e...e......e.e..e............. chain 39,

e chain 40
e Tapes is the terminal and tapes is the output file. 82 c v.n 41

* n 42- c .

| 50 re ad (nt ape 4,1000, end=60) (input (i) ,1=1,72) ( ) 43
; wr it e (nt a p e 5,1000) (in pu t (i) ,1=1,72) cha.. 44
| wr i t e (nt m o e 6,2OOO) (i nput (i) ,1=1,72) chain 45

1000 format (72ml) chain 46<

i 2000 format (4x,72al) chain 47
| soto 50 chain 48
> 60 rewind (ntape4) chain 49 ,

o chain 50 |
c Read output flage chain 51 i

i c e e....e==o....ee chain 52 i
! chain 53 Ic

c A sero value for a flag means no info. is printed. chain 54 |!

c A non-sero value for a flag means print the information. chain 55 ;

'
i c It will be printed every 20 flag times (defined by ISTEP) chain 66
; e when the requested quantity is time dependent. chain 57 ,

c ,hmin 88 I
'

! 1 read (ntape4,=, err = 1 end=100)iocelleiosa.p ioncon chain 59 I

| 2 read (ntape4,. erra 2,end=100)icemon,1oedie,ioflow chain 60
,

j 3 read (ntape4,e orra 3,end=100)ionses sioradi,iosobi chain 61 I

i 23 read (ntape4,. err =23,end=100)iodepo,ionggi chain 62
a 4 read (ntape4,*,erre 4 end=100)ioindx,iocoefeionora chain 83

5 read (ntape4 e,orr= 5 end=100)iombal,iotole ohnin 64,

e read (ntape4 e.orra 6,end=100)iosmos,iondis,iondie 3 tin 65i

) c ensin 66
1 c Read step information. chain 67
1 e **eeeeeeeeeeeeeeee *ee chain as .

J c chain 69 |
- e 'fhis Jefines the time steps at which information is pricted chain 70 -

) c on the output file. This allows info. to be printed more chain 71
! c frequently when things get interesting, chain 72 i
? c chain F3 1

:| 7 read (ntage4,e,6rru 7,end=100)ntime chala 74 ;

if(ntise.Ft.kO .or. ntine.le.0)then chain 75
'

i

; w rit e 'u t ape 5,2OO1) chain 76 r

i writekntape6,2OO1) cheia 77 !

stop chm',n 78i <

! 2001 f o est(4x , ' e e. CHARWIN failes NTIh1 is le O or gt 20 ee**) chain 79 I

i enlif chain 40 E

!
re ad (at ape 4, e , o rr= s , e nd=100) chnir. 81 [

* n
(time s t e p (i t ime) , t iac e nd (itime) , itime =1, n t ime) chain 82 |

,

] o chniu as t

: e Number est columne on sutput file. 4% sin 34 |
, e ee ~easeeeeeeeeeeeeeeeeeeeeeeeese cha*.r 85 ,

i o chmin 66
9 read (ntape4,*,erre 9, e nde1GJ) columne ehmin 87 [

i f (columne . ne . sO) columne=132 chain as r
1 chain 89e'

c Road times.mt which thernal-hydraulic data is provid< . chain 90 |

c seeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeestee chain 91 |,

|
c chain 92 |10 read (htspe4 .. err =10,end=100)ndata chain 93

|
,

1 if(ndata.st.20 .or. ndata.le.0)then chain W4 !

Ii writ e (nt ap e s ,2OO2) chain OS
< write (ntape6,2OO2) chain G6 >
I stop chain 97 !

j 2002 format (4x,'e== CHARWIN failei NDATA is le O or at 20 ese') chain 9a l

1 endif chain 99 I

I 11 r e ad (n t a p e 4, = , o r r= 11, e nda lDO) chain 100 !
(timodsta(idata),idata=lendata) chain 101 '+

e chain 102
i

I
i
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e Read how often the thermal hydraulic variables are to be updated, chain 103
o ................................................................. chain 104
e chain 105
c If THEYSTEP = 0 then the thermal-hydraulic variables are updated chmin106
e during the integration of the ODE's. Otherwise they are updated chain 107
o every THRYSTEP seconde, chain 108

| c chain 109
' 24 read (ntape4,., err =24,end=100)thhystep chain 110

if(thhystep.lt.o.eO)thhystap=0.eO chain 111
e chain 112
c Read cell information. chain 113
e ...................... chain 114
e chain 115
12 read (ntape4, . , err =12, end=100) areaclng areawall e arenflor chain 116
13 read (ntare4,., err =13,end=100) chain 117

(tc lud a t a (id at a) , twald a t a (i d at a) , t f 1 rdat a (i d at a) , i d at a= 1, nd at a) chai n 118+

14 re ad (nt ape 4, + ,0rr=14, e nd=100) volume elmaktate chain 119
33 read (ntape4,., err =33,endc100)hydrdiamieqvrough chain 120
e chain 121
e Read information about the gas, chain 122
c ....................+.......... chain 123
e chain 124
15 read (ntape4 .. err =18,end=100) chain 128

(tgmed at a (id at a) , pgandata (idat a) , vgmedat a (idat a) , id at a=1, ndat a) chain 126+

16 re ad (nt ape 4, . . e rt=16, end=100) molwt e gthrmeon molwtv chain 127e
31 read (ntape4.. err =31 end=100)vmfrelng,vmfran11,vaftflor chain 128
32 read (ntape4 .. err =32,end=100)vegrclngevegewall,vegrflor chain 129

| c chain 130
e Read information about the boundary laye,r thicknesses chain 131
o ..................................................... chain 132
e chain 133
30 re ad (nt ape 4 . , e rr=30, ent'*100) blflag , vblthick e dblthick (1) chain 134
e chain 135
e Road information about the initial aerosol. chain 136
c =....... v.e=........................***... chain 137
e chain 138
e It is assumed to be log-normal in C(met)... chain 139
e chain 140
28 read (ntape4 .. err =28,end=100)eigmasin, rad 60 sin,mdensin chain 141
e chain 142
c Read information about the aerosol source. chrin143
c ................................s=........ chain 144 !
e chain 145
e This le treated in the same way me the thermal-hydraulic data, ehmin146
e chain 147
17 read (ntape4,*,orr=17,end=100) chain 148

(eigadata(idata) radadata(idata) ,mdesdata(idata) ,idata=1,ndata) chain 149+

e chain 150
e Read information about the collocation pointe. chain 161
e .............................................. chain 152
e chain 153
e If NCOLL in sero then it is calculated from SPACING etc. chain 154
e otherwise the input value of SPACING is ignored. chain 166
e chain 186
18 read (ntapo4... err =18,end=100)ncoll, spacing chrin157
19 read (ntape4 .. err =19,end=100)mlower,mupper chain 158
20 read (ntape4 =, err =20,end=100)nelement chain 169

| c chain 160
e Road tolerance iafotiation. chain 161
e ........................... chain 162
e chain 163

I 21 read (ntape4,., err =21 end=100)eps,maxcalle,maxtrys chain 164
,22 read (ntape4... err =22,end=100) eta,seta chain 168

t c chain 166 ,

e Read new merosol physico data, chain 167 ic .............................. chain 168
e chain 169
36 read (ntape4...orr=26,end=100)pdensity.pthrmcon chain 170 |27 read (ntape4,., err =27,end=100)cehpfctr,dehpfetr,etickeff chain 171
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28 r e ad (nt ap e 4, . , e rr=25, e nd = 1oo) aknudw e b , qh nudw e b , bk nudw e b chain 172
29 read (ntape4 ., err =29,end=1Do)hbrock,cabrock,ctbrock chain 173

return chain 174
e chain 178
c End of file read - give a warning and carry on chain 176

. c .............................................. chain 177
I e chain 179

100 writ e (ntape 5,3oO3) chain 179
write (ntapes,3oo3) chain 1so i

2003 f ormat(4x , ' ... CMARWIN warninsi end-of -file read - could be' chainisi
+ , ' an error in the data ... ') chmielen
return chain 183
end chain 184
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subroutine characol chaeol 2
e chaeol 3
c This oubroutine calculates the aerosol particle ansees whien chucol 4

collocation points in the subsequent calculations. chaeol 5c will serve as, ,

i e chaeol 6 .

common /collpts/ neoll,alower supper epacing.dlogem logeno collpto2 ie e

+ , radius (100),ames(100),mobi1ity(100) collptes
real logeaO,mase, mobility,alower, supper collpte4 [c chaeol a j

c Set-up parameters which define the collocation points chaeol 9
e .......................======........................ chaco110 !

e chaco111 ,

'if(ncol1.eq.0)then c.hacol12
d ummy= alog (s u p p e r/alow e r) / alos (s p ac i ng) + 1. e O chscolla,

:

neolloint(dumay) chacol14 '

. if(float (ncoll).lt.dumay)ncollancoll+1 chaeol15 ;

| if(ncoll.gt.100)ncoll=100 chacol16
; else chaco117

if(ncoll.st.100)ncoll=100 chaeolls,

s pacing = (auppe r/alowe r) . . (1. . eO/ f loa t (ncoll-1) ) chaeol19 I

endif chaco120
1 m a s e (1) =alowe r chaeol21
i dlogem = alos( epacing ) chaeol22

logeaO = alog( asse(1) ) - dlogen chaeol23;
- e chaco124

e Calculate the collocation pointe chaeol25; ,
i c .......... .............***=.... chaco126 i

e chaeol27 !

do 100 icoll=2, ncoll chaeol2B r

1 asse(icoll)=amme(icoll-1)=epacing chaeol29 '

100 continue chacol30,
' *

supper =ames(ncoll) chaco131
i return chaeol32 r

;j end chaeol33
i

l

!
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subroutine charmind chaind 2
e chmind 3
e This subroutine sete-up the indexing to the terms on the rhe, chmind 4
e For given i and j with 1 <= 1 <= neoll and 1 <=.j <= 1 then chaind 5
e values of k are found much that sk(mi-m) gj (m) f or o < m < mi chmind 6.

e le non-sero, chaind ?
e gj and gk are the j-th and k-th finite elemente and mi is the chaind 8
e mass at the i-th collocation point, chaind 9
e chaind10
e Note that the indexing depends only on 1-j (j bar) and 1-k (kbar). chaind11
e chaind12

cormon /collpts/ neollemlower,mupper.apacingsdlogem logemO collptm2e

, r ad i u m (loo) , mam e (l oo) , mob ili ty (100) collpte3.

real logemO,mamm mobility,alower,mupper collpts4 |e

c
. chaind14

coaton /indexcoe/ n e l e me nt . hwi d t h . j b armi n , ind e x (- 2 : 100) indexeon
, k b armi n (- 2 : 1 oo) , k b armax (-2 : loo) , n k b ar (-2 : loo) indexcoa+ '

c chaindle
comm3n /lotapes/ columns ntape4,ntape5,ntape6 iotapes2e

integer columns iotapem3
e chaindis
e Calculate the element half-width chaind19
e ............................*... chaind20
e chmind21

i f (nele me nt . e q .1) hwidtheo . 5eo chaind22
if(nelement.eq.2)hwidth=1.eo chaind23
iftnelement.eq.3 .or. nelement.eq.4)hwidth=2.ao chmind24i '

i f (ne 19me nt . e q. 5 .or. nelement.eq.6)hwidth=3.eo chaind25
e chmind26
e Calculate the minimum value of jbar chaind27
e ................................... chaind2s
e chmind29

jbarmin = -int (hwidth) chaind30
.

if (float (j barmin) .le. -hwidth) j barmin=j barmin + 1 chaind31
I c chaind32

c Calculate indexing for i=ncoll chaind33
e .............................. chaind34
e chaind35

i f (j barmin. le . ncoll-1) then chaind36 '

do 100 jbar=jbarmin ncoll-1 chaind37e
is j bar=charmf un ( (a bar + hwidth) .dlogem) /dlogem chaindas

kbarmin(jbar) int (e j bar+ hwidth) chaind39= -

if ( kbarmin(jbar)+hwidth .le. -sjbar ) chmind40, ,

kbe rein (j bar)"

kbarmin(jbar) + 1 chaind41+ =

i f (kbarmin (j bar) . It . j barmin) kbarmin (j bar) =j barmin chaind42
,

|if (f loat (j bar) . le . hwidth) then chniqd43 I

kbarmax (j bar) =ncell-1 chaird44
else chaind45 t

ejbar=eharmfun((jbar-hwidth).dlogen)/dlogen chaind46 '
_

kbarmax (j bar)"
int (s j bar-hwidth) chaind47=-

if ( kbarmax (j bar)-hwidth .ge. -sjbar ) chaind48,

kbarmax (j b sr) kb a re.x (j b ar) I chaind49+ = -

if (k barmax (j bar) .st . nco11-1) kbarmax (j bar) =ncoll-1 chaind50
endif chaindal l

nkbar(jbar) kbarmax (j bar) - kbarmin(jbar) + 1 chaind52=
,

i f (nkbar (j bar) . It .0) nk b ar (j bar) =0 chaind53 j'

if (j bar . eq. j barmin)index (j bar) =1 chaind54
, i f (j bar . gt . j barmin) index (j bar) =index (j bar-1) nkbar(jbar-1) chaind55+

100 continue chaind56
e chaind57
c Check number of non-sero values chaind58
e ............................... chaind59

, e chaind60
index(neoll-1)i nonsero = nkbar(ncoll-1) - 1 chaindel.

,index(ncoll)=nonsero chaind62 '

if(nonsero.gt.3Do)then chaind63
write (ntape5,1oOo)nonsoro chaino64 '

j write (ntape6,1000)nonstro chaind65
1000 format (4x,'... CRARMIND fails: NONZERO in ',13,' ...') chaind66

r

i
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stop chaind67
endif chaindes

e chaind69
i e Translate index with respect to kbarmin chaind70
I e ......................................* chaind71
l e chmind72
'

do 110 jbar=jbarmin ncoll-1 chaind73e

index (j bar) =index (j bar)-kbarmin (j bar) chaind74
110 continue chaind75

endif chaind76
return chaind77,

end chaind78
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i

function charmfun(x) chafun 2
e chafun 3
e This function subroutine calculates the f unction alog(1. -exp(-x)) .chaf un 4
c A series expansion is used when x is >= alog (10. ) or x <= .1 chsfun 5
e to avoid rounding errors. chafun 6
e chafun 7

dinaneion term (14) chufun a
data utoff/O. leo / chafun 9

e chafun10
Switch-off vectorisation and expand the exponential if x is < .1 chafun11c

c === **==*.**=*** ..*****.=***====*****=*********==***= ***===*** chafun12
e chafun13 i

c8dir novector chafun14 '

if(x.lt. cutoff)then chafun15
te rm(1) =x chafun16
do 30 i=2,14 chafun17
t e rm (i) =-te rm (1-1) * x/ f loat (i) chafun18

30 continue chafun19
mum =0.eO chafun2O
do 40 i=14,1.-1 chafun21
mum = sum + term (i) chafun22

40 continue chafun23
charmfun=alog(sum) chafun24

else chafun25
e chafun26
c Expand the logarithm if x is large enough ie if y te exp(-x) < .chacun27
e ........ .......... ...a............=====......** .............chafun2s
e chafun29

y = e rp (-x) chsfun30
if(> 1.t. cutoff)then chafun31

.stm(1)=y chafun32
do 10 i=2,14 chafun33
term (i) dt e rm(1-1) .y chafun34

10 continue chafun35
oum=0.eO chafun36
do 20 i=14,1.-1 chafun37
aum=6um+ term (i)/ float (i) chafun38

20 con.inue chafun39
| charmfun=-sua chafun40
1 else chafun41

e chafun42
e Use standard functione and switch-on vectorisation chafun43
c .........=.........................=.............. chafun44,

e chafun45
charmfun=alog(1.eO-y) chaf ur.16

endif chufun47
. endif chafun48
i c8dir vector chafun49
i return chafun50 ,

and chafun51 !

;

1
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1

subroutine characoe chacoe 2
e ehmeo. 3 '

c This subroutine calculates all non-sero values of the integral chacoe 4
c of sk(mi-a) gj (a) w. r . t. loge (s) for the ranse O < a < mi. chacoe 5=

These depend only on i-j and 1-k and are stored using the chaeoe 6c
e indexing developed in charmind. chacoe 7
c chaeoe a l

common /collpts/ neoll,alower,mupperespacing dlogem logenO collpte2e

3 radiue (100) , amme (100) , mobility (100) collpte3+
i

er 1 logeno,smes.aobility,alow9resupper collyte4 i

e chacoe10
common /indexcoe/ nelement.hwidth.jbarain,index(-2:100) indexco2 i

, k b ars in (-21100) , kbaraux (-2 : 100) , nkbar (-2 : 100) indexcos |
+

c chacoe12 *

common /coef/ pi j k (3 OO) , n j k (100,100) coef 2 I
real njk coef 3 r

'e chacoe14
saaxtrys toleran2 (co2 mon /toleranc/ eps, eta seta,maxcalle

c chacoe16 ,

common /jandkbar/ jbar kbar jandkba2 ,e
'e chacoels

common /iotapen/ columne,ntape4,ntape5..stape6 intapes2
integer columns iotapes3 |

c chacoe2O |
dimension xlimit(14), dummy (14) chacoe21 *

external charapjk chaeoe22 ,

e chacce23 ,

e set all pijk to aero chacoe24 |
checoe25 ic ....................

e chmece26 i
do 150 ind=1,3OO chaeoe27 :
pijk(isd)=0.eo chacoe28

150 continue chacoe294

; e chacoe30
e Calculate all non-sero values of pijk chacoe31) r

chacoe32 [4 c .................................. ..

I c chacoe33 '

i i=ncoll chacoe34
) if(1-jbarain.se.1)then chacoe35 i

j do 210 =1,8.-jbarsin chacosas ;

jbar-i- chacoe37 f,

if (n bar(j bar) .ne.0) than chacoess L

'
i do 220 kbar=kbarsin(j bar),kbaranx(jbar) chacoe39
) k=i-kbar chaeoe40 L

i e chacoe41 !

c Find integration range chaeoe42'
,

c ...................... chacoe43 ri

j c chacce44 >

| i f (k bar-hwidth . le . O . eO) the n chaeoe45 |

i ylower=-hwidth-jbar chacce46
I else chacoe47

ylowe r= max (-bwidth-j bar , charmf un ((kbar-hwidth) .dlesea) /dloses) chacoe4s .
,

! endif chacoe49 |
! yupper= sin ( hwidth-jbar charmfun((kbar.hwidth).dlogem)/dlogen chacoe60 t

+ .O.eO ) chscce51
if (ylowe r . ge . yuppe r) then, chscce52
write (ntapes,1oOO) chacoe53 '

write (ntapoo,1000)
.

chacoe54 i

1000 f ormat (4x , * . .. CHARWCOE fails YLO%IR is se YUPPER ...') chaeoe55 (
etop chacoe66 i

endif chacoe57 I
e chsccess r
e No need for sub-ranges if NELEMENT = 1 chacoe69 |chacoe60c ...................................... '

e chacce61 !

if(nelement.eq,1)then chacoe62 f
[ call gauss (charapjk,ylower yupper,eps, answer,ierror) chacoe63 j
[ if(ierror.re.1)then chacoe64 ,

write (ntape5,1010)ierror chacce65 !,

I i

| !

|

|
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a

l write (ntape6,1010)iertor chacoe66
1 'J10 format (4x,'... CHARWCGE warning: IERROR is ',12 '

...') chacoe87
endif chmecess

p i j k (ind ex (j bar) + kbar) = an sw e r chacoe69
else chocoe70

e chacoe71
c Split integration range into sub-ranges chocoe72 ;

d

e ....................................... chacce73 i
c' chacoe74 '>

n11mit=2. int (hwidth)+1 chaeoe78
do 80 klimitr1,nlimit chocoe78
ylimit=-hwidth+ float (klimit-1) chocoe77
xlimit(nlimit+klimit)=ylimit-jber chacoe7s

if(kbar+ylimit.at.O.eO)then chacoe79
xlimit (klimit) =charmf un ((kbar+y11mit) .dloge m) /dlose n ehmeoeso
else chacoest i
x11mit(klimit)=-hwidth-jbar chacoesa >

endif chmecess -;
60 continue chacoes4 l

call esort (xlimit, dummy 2.nlimit,1) chacoess !,

' c chocoese
c Integrate between successive limite chacces? [c ................................... chaeoess :

i e chaeoes9 |
' sum =0.eO chacoe90 L

do 100 klimit=1,2.nlimit.1 chacoe91 i

xlower=xlimit(klimit) chacoe92 I
xupper=xlimit(klimit+1) chacoe93 ;

if( xlower.lt.xupper chacoe94 '

I .and. xlower.go.ylower chacoe96+

.and. xupper.le.yupper )then chacoe96; +
;

i call gauss (charapjk.nlower,xupper eps, answer ierror) chaeoe97
; if(ierror.ne.1)then chacoe9s !

', write (ntape5,1010)ierror chacoe99 ;

write (ntape6,1010)ierror choco100 |
i endif chaco101

'

eum = sua + answer chaeo102
endif chaco103 '

I 100 continue choco104 ;

I pij k (index (j bar) .kbar) =sua chaeo106
|endif chaco106
i

, 220 continue chaeo107 &

J endit chaco10s (210 continue chaco109 :

endif chaco110 I
return chaeolli (

j end chaco112
I
,
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!
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function charapjk(ars) chapjk 2e chapjk 3
i e This function subroutine calaulates the integrand in the chapjk 4
j c integral required for the production coefficient. chapjk 5e chapjk 6

common /collpts/ neollemlower,mupper, spacing.dlogen,logeno collpte2
, r adiu s (l oo) , m me s (l oo) , mob ility (100) collptes+

real logemO,mmes, mobility,alower supper collpte4e
c chapjk a

common /jandkbar/ jbar kbar jandkba2e chapjklo
charapjk = charafe(dble(arg)+jbar,0) chapjk11

= charmf e (dble (charmf un (-arg * dlogem) /dlogem) + kbar.0) chapjk12+

return chapjk13and chapjk14

I

i

r

!

f.

i r

!

l
,

i !

!
4

1

,

;
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f unction charmf e(arg,k) chafe 2
chafe 3e

e This function subroutine calculates the value of one from a chafe 4
e choice of several finite elements at ARG. The elemente chefe 5
c herein calculated are centered with respect to ARG=0, are chafe 6

symmetric and have unit spacing. ARG is therefore scaled chafe 7e
e by the collocatien interval (the pointe are equally spaced) chafe 8
c and translated, assuming the argument to be mass. chafe 9
e i.e. for the k-th element the following transformation is chafe 10

(loge (m) - loge (mO))/dlogem - k. chafe 11e performed x =
e The transformation is not done when k = 0. chefe 12

chafe 13e
e The choice of element is determined by b~ ELEMENT chefe 14

chefe 15e
double precision ars x,y s chefe 16

chefe 17e
common /collpts/ neollemlower,mupper epacing.dlogemelogemo collpte2

, r ad i u m (100) , mme e (100) , mob i li t y (100) collpte3+

real logemO,mmes, mobility,alower,mupper collpte4
chefe 19e

common /indexcoe/ nelement hwidth.jbarmini ind e x (-2 : 100) indexco2
,kbarmin(-2: 100) , kb armax (-2 : 100) , nkb ar (-2 : 100) indexco3+

chafe 21e4

c Transform the argument and select an element chefe 22
c .................'....................as.... chafe 23

chafe 24e
charmfe = 0.eo chefe 25

' abs ( arg ) chmfe 26i f (k . eq. 0) x =

if(k.ne.0) x= abs ( (log (arg) - logemo) /dlogem - k ) chafe 27
goto(1,2,3,4,5,6)nelement chafe 28

chafe 20e
e First order element chafe 30

chafe 31e ...................
chafe 32e

1 continue chafe 33
if(x.le.O.5do)charmfe=1.eO chafe 34
return chefe 35

chafe ase
c Second order element chafe 37'

chafe 38e ....................
chefe 39e,

2 continue chefe 40
; i f (x . lt .1. do) eharaf e =1. do-x chefe 41

return chafe 42
chafe 43e

e Third order element chafe 44
chafe 45e ...................
chafe 46c

3 continue chefe 47
y=2.dO-x chafe 48

1 if(x.lt.2.dO .and. x.gt.1.dO) chafe 49
charaf e= (1.do-x) .y.y/2.do chafe so

| +

i if(m.lt.1.dO) chafe 51
charafe=(2.do-5.do.x.x+3.do.x.x.x)/2.do chafe 52j .

return chafe 53 i

chafe 54e
c Fourth order element chafe 55

chafe 56e ....................
,

chafe 57! e

| 4 continue chafe 58
y.2.dO-x chafe 59
if(m.lt.2.dO .and. x.gt.1.dO) chnfo 60

charmf e=-(1.do-x) .y y.y. (1.do-2. do.x) /2.do chafe 61+

i f (x . lt .1. dO) chafe 62
charmf e = (1. do-x) . (1. dO+ x-4. 5eo. x .x.x.3. do.x .x.x.x) chmfe 63.

return chafe 64
chafe 65 i4 c

e Fifth order element chefe 66
chmfe 67e ...................

|

|
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c chmfe 68
5 continue chafe 69

y=2.dO-x chafe 70
s=3.dO-x chafe 71
if (x . lt . 3. dO .and. x.gt.2.dO) chafe 72

charmfe=y y=y.s.s. sos /12.dO chafe 73| +
| if (x . lt .2.dO .and. x.gt.1.dO) chafe 74
| charaf e=-y = y y. (1.dO-x) chafe 75+

| = (1. dO-61. dO.y.89. dO.y y-35. dO=y y y) /12. dO chafe 76+
l i f (x . l t .1. dO) chafe 77
| + charmfe=1.dO-x.x-91.dO x.x.x.x/6.dO chafe 78
' +38.dO x.x.x.x.x-32.dO x.x.x.x x.x+55.dO x.x.x.x.x=x.x/6.dO chafe 79+

return chafe 80
e chefe 81
c Sixth order element chefe 82

chafe 83e ...................

e chafe 84
6 continue chefe 85

y=2.dO-x chafe 86
a=3.do-x chefe 87
if(x.lt.3.dO .and. x.gt.2.dO) chefe 88

charmf e=-s.a.s .s.s.y y =y. (16. dO-9. dO.x) /24. dO chafe 89+
if(x.lt.2.dO .and. x.gt.1.dO) chafe 90

charmfe=-y=y y (1.dO-x)*(2.dO+3.do.y-432.dO y y chafe 91+

1010.dO.y y y-830.dO y y.y.y+235.do y y y y=y)/24.dO chafe 92+

if(x.lt.1.dO) chmfe 93
charmf e= (12. dO-12. dO.x.x + 3. dO.x.x.x.x-689 dO.x.x.x.x.x chafe 94+

2226.dO x.x.x.x.x.x-2880.dO.x.x.x.x.x.x.x chafe 95+

+1685.dO.x.x.x.x.x.x.x.x-375.dO.x.x.x.x.x.x.x.x.x)/12.dO chefe 96+

return chafe 97
end chmfe 98

i

I

I

I

4

I

I

I

I

.

:
i

|
) ,

1

- 107 - SOURCE LISTING

, - _ - - _ - - _ _ - . . . _ _ _



,

1

i

|

|

|

subroutine charanor chanor 2
e chanor 3
e This subroutine emiculates a normalisatiott for the agglomeration chanor 4
e terms which guarantees name conservation, chanor 5
c The production term must be multiplied by the normalisation if chanor 6
e it is non-sero, otherwise the corresponding destruction term chanor 7
e must be set to sero, chanor a
c chanor 9

common /collpts/ neollemlower,mupper,epacing dlogen,logesO collpte2
r ad i um (100) , m me s (100) , mobility (100) collpte3+

e

real logeaO,mmes, mobility,alower,mupper collpte4
e chanor11

common /indexcoe/ n e l e me nt , hwidth , j b armin , i nd ex (-2 : 100) indexco2
e kb armin (-2 : 100) , kba rmax (-2 : 100) , nk b ar (-2 : 2 00) indexco3+

e chanor13
common /coef/ pijk(3OO),njk(100,100) coef 2
real njk coef 3

e chanoris
c Loop over j and kt the normalisation is synastric so k <= j . chanor16
e ............................................................ chanor17
e chanoria

do 100 j=le ncoll thanor19
do 200 k=1,j chanor2O
sum =0.eO chanor21
do 300 i=1,ncoll chanor22
jbar-i-j chanor23
kbar-i-k chanor24

e chanor25
c Extract Pijk chanor26
e ............ chanor27
e chanorsa

cijk=0.e0 chanor29if (j bar . ge . j barmin) t he n chanor30if (kbar. ge . kbarmin (j bar) .and, kbar . le . kbaraax (j bar)) chanoraleij k=pij k (index (j bar) + kbar) chanor32+

endif chanoras
e chanor34
e Extract Pikj chanor38
e ............ chanoras
e chanor37

cik j =f (kbar. ge . j barmin) then
0.eO chanoran

i chanor39
if (; bar.go .kbarain (kbar) . e nd . j bar. l e . kbarmax (kbar)) chanor40
cik; =pij k (index (kbar) +j bar) chanor41+

endLf chanor42e chanor43c Add to the normalisation sua chanor44
e ...........................a chanor45
e chanor4s

sua = sua + mame(i) ( cijk + cikj ) chanor47.

300 continue chanor48c chanor49e Calculate the normalisation chanor50e ........................... chanor81e chanor52if (sus. eq.O. eO)n k (j , k)=0. e0 chanor53
if (sus.ne .O.eO) n k (j , k)= (ames (j ) + ames (k)) /ous chanor54
njk(k j)=njk(j ,k chanor55300 continue chanor56100 continue chanor57
return chanor58
e tad chanor59
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eubroutine characad charad 3
e charad 3
e This subroutine calculates particle radii at the collocation charad 4 t

c pointe. charad 5
e charad 6 i

common /collpts/ neoll,alower,mupper,apacins,dlosen,loseno collptea
r ad i u m (100) , mas e ( 100) , mo b i l i ty (100) collptea+

o

real loseno,mase, mobility,alower,mupper collpted
c charad a

common /meralcon/ cohpfctr dehpfctr,eticheff morelco2 '
o

,aknudweb,qknudweb,bknudweb mersicos+

.pdensity pthracon moralco4+

,kbrock,cabrock,etbrock merelco8+
real kbrock mersleos

e charad10 '

common /fundcon/ pi,boltsann gravitat,gasconst fundcon2 ie

e charad12
e The radiue defined here is an equivalent radius, which is the charad13 ,c radius of a spherical particle of equal mass. Non-sphericity is charad14
e taken into account via correction factore (called shape factore). charad15
e charadis

factor = 4.e0 e pi pdensity / 3.eO charad17e

do 100 icoll=1,ncoll charad18
radiue(icoll) ( mame(icoll) / factor )**(1.e0/3.e0) charad19=

100 continue charad20
return charad21 -

Iend charad22
:
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|

2

) subroutine charasin chasin 2
e chasin 3
c This subroutine initialises the number density distribution. chasin 4
e chosln 6'

e It takes the initial distribution to be log-normal. The three chaaln 6i c input parmasters are the cube root of the geometric mase chosln 7
i c standard deviation (in keeping with the norsel convention) , chasin S

c signasin (no units). the ames.nedian radium, rad 6Osin (m), chasin 9 j1 e and the total mass density, adensin (kg == =-3) . chaaln10
1 e chasin11
J e The three parameters of the log-normal distribution are the total ehmain12

, e number density, ndensin (m**-3), the geometric mean mass, chasin13
J c geoasin (kg), and the logarithm of the geometric mase standard chasin14

e deviation, logeigna (no units). chasin16
e chasin169 e The discretised distribution is stored me the number density chasin17

i e times mass, einee this is the chosen dependent variable of chas1nts >
| c the aerosol equation, chasin19 ie chasin2O |common /fundcon/ pi,boltsannegravitat,gasconst fundcon2 t

4

; e chasin32
[' common /mersleon/ cohpfetr,dshpfetr,stickoff merelco2 +

} .aknudweb,qhnudweb,bknudweb morsico3 {
*

.pdensity.pthracon aersleo4 -
i +
'

.kbrock,cabroek,etbrock noralcos !*

real kbrock merelcoe '
c chaeln24

y common /collpts/ neoll,alower,mupper. spacing.dlogem,logesO collpte2
4 , r ad i ve (100) , mas e (100) , mob ili ty (100) collpte3+

k

real logeaO,ames, mobility,alower,mupper collpted (
4

' e chasin26 .

'

common /distrib/ setore (105) distrib2 |
.

e chasin2s :,

; common /lognorms/ eigassinirad&Osin,adensin lognora2 (; + .ndensin,seonsin.nas50 sin legnora3
|I real adensln ndensln mas 50 sin lognora4I e e ,

e chasin30 !
l real logeissa,adensity chasinal [| c chasin32
j e Convert the input parmasters to the log-normal parametere chasin33 !
t c ********************=*********e************************** chaeln34 7
] c chasin36 "

| logeigna = 3.eO*alog( eigensin ) chasinas [amm&Osin=4.eO* ispdensityerad&Oslnerad60sinerad50sln/3.e0 chasin37<
!

! goonsin=ame&Os n'exp(~loseigemelogeigma) chasin3s I
1 ndensin=adensineexp(~loseigan=1ogeigna/2.eO)/geoasin chesln39 i
) e enasin40 !
; e Calculate the distribution at the collocation pointe and the ches1n41 I
4 c total ames concentration density of the discretised distribution chasin42 I
| c ********************************************************===***** chasin43 |t c chasin44 fadensity=0 eO chasin45 I

const=ndensin/( eget(3.eO*pi) logeigna ) chasin46 Le
do 100 icoll=1,ncoll chasin47 I

exponent =alog( amme(icoll)/seomain ) / logeigna chasines
s e tor e (icoll) = con s t e e x p (-e x pone nt e e x pone nt/2. eO) chasin49adensit y =ade ns ity *dlogene s store (icoll) *ames (icoll) chasin60

| 100 continue chasin61e chasin82e Renormalise so that no mase to lost chasin&3o *******===************************* chaaln64,

i c chasin68
!'i if (ade nsity . ne . O . eO) the n chasin56

1 renorn-adensin/adensity chasin57 !

| do 200 icoll=1.acoll chasin6s !
j s e tore (icoll) = s etore (icoll) * re nora chasin59 [4 200 continue chasin60

endif chasin61 h'
return chasin62 !

l
,

I
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subroutine charmith chmith 2
e chmith 3
e This oubroutine translates the data for the time depender,t chmith 4
e variables into a form which can be used by CHARWUTH. chmith 5
e It is monumed that the times for the data pointe are in chmith 6
e non-deeressing order Consecutive times enn be equal to allow the chmith 7 |
c variables to chango discontinuously. chmith 8 i

c The interpolation formulae are of the forms 30 a1 . time. chmith 9 1
;
' c al is sero (i.e. constant extrapolation is used) when TIME lies chmith10 |

c outside the range of the times of the data. chmith11
e chmith12

common / timings / time,intep,thhystep timings 2
nt ime , time s t e p (20) , tise e nd (20) timinge3.itime e*

.ithhy.nthhy,timethhy(20) timinge4+
]

.idata,ndata,timodata(20) timinge5*
!

I c chaith14 ,
'

co mmo n / t h r ahy d r/ t g me nO (20) , t ga s al (20) , t g a n d at a (20) thrahyd2 '

.pgmenO(20),pgamal(20),pasadata(20) thrahyd3+

vgas aO (20) , v aam m1 (20) , vgand at a (20) thrahyd4+ e

.telgaO(20),tclam1(20),tcladata(20) thrmhyd5+;

.twalmO(20),twalal(20),twaldata(20) thrahyd6i
+

i|
etfltmO(20),tflra1(20),tflrdata(20) thrmhyd7+

eigemO(20) migem1(.10) sigadata(20) thrahyd8+ s

] radenO(20),radsal(20),radadata(20) thrahyde+
s

, md e m aO (20) , md e e m1 (20) , md e s d a t a (20) thrahy10+4

real ndesso,mdesal,mdesdata thrmhy11i

e chmith16
e Find the end-point times for each set of formulae chmith17
e ................................................. chmith18

3

e chmith19
ithhy=0 chmith20
do lo idata=1 ndata chmith21

if( ithhy.ne.O chmith22
+ .and. timedata(idata).st timethhy(ithhy) chmith23
+ .and. timethhy(ithhy).lt.timeend(ntino))than chmith24

ithhy=ithhy+1 chaith25
t ime t hhy (it hhy) = t ime d s t a (i d at a) chmith26
endif chaith27

1 if(ithhy.eq.O .and, timedata(idata).gt.O.eO)then ehmith2s
ithhy=1 chaith29

4

t im e t hhy (1) = t im e d at a (id at a) chmith30-
,

I endif chmith31 '

10 continue chmith32
! if(ithhy.eq.O .or. ndata.eq.1)then ehmith33

nthhy=1 chmith34'

timethhy(1)=timeend(ntine) chaith35
g else chaith36

if(timethhy(ithhy).ge.tiseend(ntine))then chmith374

nthhy=ithhy chaithms
else chaith39
nthhy=ithhy.1 chaith40

| timethhy(nthhy)=timeend(ntine) chmith41
j endif chaith42
! endif chaith43
> c chmith44
! e Calculate a0 and al for the time dependent variables chmith45 ,

, e .................................................... chaith46
'

,

e chaith47
call charawth(tgeenO,tgasal e tamedata) chatth4s !

'call charawth(pgneaO,pameal.pgandata) chmith49,

.' call charawth(vsmeaO,vgamal,vgandata) chmith50 !

call charawth(tclgaO tclamisteladata) chaith51 |i

1 call charewth(twalmo,twala1 twaldata) chaith62 ;
j call charmuth(tf1raO,tfiral .tflrdata) chaith53 ;
i call charawth(sigeaO,sigenle sigsdata) chaith54
| call charawth(radesO,rmdsale radadata) chmith55
) call charawth(adesaO,mdesal mdeedata) chaith56
i return ehmith57

{ end chmith58

|SOURCE LISTING - 112 -
|

A
. - _ _ . _ . . . - -- ._. - _- . _ _ - _ _ _ _ _ _ _ _ _ __ ___ _ - - _ - . _ _ . _ - . . - - _ - .



- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

eubroutine charawth(mO,al,xdata) chawth 2
e chewth 3-

e This subroutine calculates the interpolation coefficiente chewth 4
o 30 and al from the data table XDATA. chewth 8
c chawth a

common /tisinge/ timesistopethhyetop timinge2
+ eitise ntises tise s t e p (20) , tise e nd (20) timinge3e

+ eithhyenthhy , time thhy (20) timinge4
+ eidatm ndata,timedata(20) timingo8a

e chawth a
dimension mO(100), al(100),xdata(100) chawth 9

chawth10
Special case when NDATA = 1 chewth11

e ........................... chewth12
e chawth13

i f (nd at a. e q .1) the n chewth14
mO (1) = x d at a () ) chawth18
al(1)=0.eO chawth18
return chawth17
endif chewthis

c chewth19
e copy data points when insufficient supplied chewth20
e ........................................... chewth21
e chawth22

if(ndata.st.1)then chawth23
do 6 idata=2.ndata chawth24
if (xdat a (idata) . lt.O. eO) xd ata (idata) =xdata (idat a-1) chewth26

5 continue chawth26
endif chawth27

e chawth28
e Set-up interpolation formulae when NDATA > 1 chewth29
e ............................................ chewth30
e chawthat

ithhy=1 chawth32
do 10 idata=1,ndata chewth33
if(ithhy.le.nthhy)then chawth34
i f (tisedat a (idat a) . eq. time thhy (ithhy)) the n chewth38

i f (idat a. e q.1) then chewthae
aO (1) = x d at a (1) chmuth37
al(1)=0.eO chawth3s
else chawth39
aO(ithhy)=( xdata(idata-1).timedsta(idata) chawth40

+ - xdata(idata).timedata(idata-1) ) chawth41
+ / ( timedata(idata) timedata(idata-1) ) chawth42-

al(ithhy)=( xdata(idata) xdata(idata-1) ) chewth43-

/ ( timedata(idata) timedata(idata-1) ) chewth44+ -

endif chawth45 i

ithhy=ithhy+1 chewthee |endif chewth47
endif chawth4a

10 continue chewth49
if(timedata(ndata).lt.timethhy(nthhy))then chawth&O
aO(nthhy)=xdata(ndata) chawthat
al(nthhy)=0.eO chawth52
endif chawth&3
return chewth84
end chewth88
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eubroutine charauth(tisemean) chauth 2
e chauth 3
c This subroutine updates the thermal-hydraulic data at time chauth 4
c TIMEWEAN using the interpolation formulae calculated previously. chauth 5
e chauth 6

i common /timinge/ time,ietep,thhystep timinge2
.itime,ntime,timestep(20),timeend(20) timings 3# +

.ithhy nthhy,timethhy(20) timinge4+
' sidata,ndata tinedata(20) timinge5+

s
a c chauth a
| common /thrahydr/ teammO(20),tansal(20),tsmedata(20) thrahyd2 |

.pgaenO(20),psamm1(20),pgandata(20) thrahyd3+

vgam aO (20) , vgam m1 (20) , vs me d at a (20) thrahyd4+; e

e telgaO (20) , tclgal (20) , tcladata (20) thrahyd5+

. tw almO (20) , twal al (20) , twald at a (20) thrahyde+

4 . tflrmO(20) , tflra1 (20) , t flrd at s (20) thrahyd7+

.sigenO(20),eigem1(20),sisadata(20) thrahyds ,

' +

rmdenO(20),rmdem1(20),radadata(20) thrahyd9 |
+

e

. ad e s aO (20) , md e s m1 (20) , ad e a d at a (20) thrahy10+ >

i real adesaO,mdesal,adesdata thrahyll I

: e chauth10 '

! common /gasprope/ tempspress sdensity dynvisc.nolwt.anfrpath gasprop2e
l .athracon velocity,aolwtv,diffuev gasprop3+

,vefreing,vsfrwallevafrflor semprop4+,

vegrcing,vegrwallevegrflor gasprop5| +
e

vconcing,vconwallevconflor gasprop6+
e

real molwt.anfrpath.molwtv gasprop7
e chauth12 >

common / cell / areaclng,areawallearraflor cell 2
.tempcIng,tempwalletempflor cell 3 1

+

l, volume,leakrate cell 42 +

.hydrdias,egyrough cell 5 I
# real lenkrate cell e i

1 e chauth14 I

i common /lognorms/ eigameln red 50eln ndeneln lognora2
[e e

.ndensin geoaoln mmo80eln lognorm3+
e

q real adeneln ndeneln,ame50eln lognora4e

e chauthis .

1 temp = teammO(ithhy) tamen1(ithhy) timenean chauth17 f+ =

pgmeaO(ithhy) pgasal(ithhy) = tineaean chauth18; pream a +

velocity = vgamaO(ithhy) vassal (ithhy) tineaean chauth19* + 'e

tempelng = telgaO(ithhy) telsal(ithhy) timenean chauth30+ *
;

tempwall = twalmO(ithhy) twalal(ithhy) timenean chauth21
'

+ e
tempflor = sfiraO(ithhy) tflrat(ithhy) timenean chauth22+ .

signmaln = eigemO(ithhy) sigeal(ithhy) . timenean chauth23 '+
rad 50 min = radenO(ithhy) radeal(ithhy) tineaean chauth24 :+ =

adeneln ademaO(ithhy) adeem1(ithhy)* timenean chauth25
'

= + =

return chauth26
end chauth27 *

!
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subroutine charagas chegas 2
e chegas 3
e This subroutine calculates properties of the gas from its chsgne 4
c temperature, pressure and molecular weight, chegne 8
c The formulae are those used in MAEROS. chagas 8
e chagme 7

common /gasprope/ temp, press.gdensity,dynvisc.nalwt,anfrpath gasprop2
.gthracon, velocity,molwtv diffuev gasprop3+

e

vafrelngevmfrwall.vefrflor gasprop4+ e

vegrcingsvegrwallevegrflor gasprop5+
e

vconelngevconwallevconflor gasprop6+
e

real molwt,mnfrpath,molwtv gasprop7
e chassa 9

common / cell / arencingeareawall,arenflor cell 2
.tempelng,tempwall tempflor cell 3+

, volume,leakrate cell 4+

.hydrdiam,eqvrough cell 6+

real leakrate cell 6
e chagnell

common /fundcon/ pi,boltsann gravitat,gasconst fundcon2e

e chmans13
data dynviscr tempr1/15.68e-6,114.eO/ chegam14e

data diffuevretempr2,preser/2.11e-5,273.15eO,1.01325e5/ chegme15
e chegas16
c Density the molecular weight has unite kam/kmol. chagas 17=

chegastae ***===.

e chegme19
adensity = press molwt / ( 1.e3 temp ) chmane2Ogasconste = .

e chagme21
c Dynamic viscosity chagme22

chegme23e ****====*********
e chagme24

dynvise = dynviece = (temp / temprl) * *1. 5eo + 1. eO/ (1. eO+ temp /temptl) chegme25
e chagme26
e Wenn free path chasse27

chagme28c ==********====

e chmane29
anfrpath = dynvisc sqrt(pi/(2.eO+preemegdensity)) chagne30=

e chegassi
e Diffusivity of water vapor in air chagne32

chegan33e .............................=*==
e chegas34

diffuey = diffueve = (preser/ press) (temp /tempr2)=*1.94 chegan35*

e chagne36
e Vapor density near surfaces chagne37

chmgeoCCc ************===============
e chegae39
c The molecular weight has unite kam/knol, chegme40=

e chegme41
vconcing prese+molutvevafrcing /( 1.e3egasconstatempelng ) chegme42a

vconwall = prese+molwtv vafrwall / ( 1.e3+gasconstetempwall ) chegme43
vconflor = pressemolwtvevafrflor / ( 1.e3=gasconstetempflor ) chegas44
return chman 45
end chegme46

!

l

,
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subroutine charmaob chsaob 2
e chamob 3

i e This subroutine calculates particle mobilities at the collocation chmaob 4
e pointe using the MAEROS formula. chmaob 5
e chamob e

common /collpts/ neoll,alower.aupper spacing.dlogem logeno collptese e

pradium(100),mase(100), nobility (100) collpte3; +
i real logeaO,ames, mobility,aloser supper collptede

] e chmach a
common /aerelcon/ cohpfetredehpfctr atickoff merelco2e

| + .aknudwebeqknudwebebknudweb merelco3
,pdensity pthracon seralco4+

skbrock,cabrock,ctbrock moralco&1 +
real kbroek seralcos

e chmoob10
l common /gasprope/ temp, press,gdensityedynvinc,solwt.anfrpath gasprop2

.sthencon, velocity,molwtv diffuev gaspropa+
e

,vsfrelng,vafrwallevafrflor semprop4 !
+

vegrelngevegrwall,vegrflor gasprop5 !
+

e

,vconcing,veonwall,vconflor gasprope |
1 +

real solut,anfrpathemolwtv gasprop7 >

a chmoob12 ;.,

; common /fundcon/ pi,boltsann gravitategasconst fundeon2 :e
I c chamobl4 [
a e chamob18 t

c chamoble *

j de 100 ico11=1.nco11 chmaob17 [; e chamob13 .

e Stoke's law mobility chamoblej '

c .................... chmaob20 '

) c chmaobal '

stokes 1.eO/(e.eO.pi dshpfetr dynvinceradiue(ieoll)) chmoobas ;=
,

i c chmoob33 '

| c Cunningham elip correction ehmacb34 !
c .......................... chamob36 [c chmaobse i

. r1 = radius (ieoll)/anf rpath chmaob37 ii cunning = 1.eO + aknudweb/rl chmaob33
] qknudweb/rl.exp(~ min (bknudweb.rl.100.eO)) chamob39 |+ +
; e chmaob30 |
| e Combine the two factore chamob31 ;

] c .*......*.............. chmaob33 [
] e chmachas i

mobility (icoll) stokes cunning chmaob34 !
= =

I 100 continue chmaob35 r' return chmaob36 '

i end chmasb37 !
t

i t

i

1 ,

| !

i l
i !
j !
!
,

f

i

!
I

i
; :
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; I
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h
subroutine charnflo chaflo 2 r

'

i e chsflo a t

I e This subroutine calculates flow properties which are needed chsflo 4
,'

e for the calculation of deposition velocities and cheflo & j
e agglomeration rates. chaflo 6 ;
e chsflo 7 -

common /gasprope/ teep,prese,gdensitredynvise,molut,anfrpath gesprop2 j
| + esthracon velocity,aolutv diffuev gespropa ie

! ,vafrelna,vafrwall,vafrflor gasprop4 I+
' evegrelng,vegrwall,vegrflor gespro+ '

{
+ veonelngeveonwall,veonflor gasprop.e

< real solut,anfrpathemolwtv gasprop7
3 e chaflo 9

common /fundeon/ pieboltaann gravitategasconst fundeon2 fe,

! e chaflo11 [
] common /collpts/ neollemlower suppersepneing dlogen,1cgenO collpte2 ee

r ad i u e (100) , a m m e (100) , so b i l i t y ( 100) co11pto3 Ii + e

real logeno amos, mobility,alower supper collpted '

s e

e cheflota j
common / coll / aremelnge areawall,arenflor cell 2 1

.tempelnset apwall,tempflor cell 3 [+

| . volume leskrate cell 4 (.

.hydrdine,eqvrough cell 5
i1 real lenkrate cell e ;

| c chaflo15 |
common / flow / biflagevblthick dbithick(100) flow 2 :

ustar reynolde flow 3 i,eddydios+
s e

integer biflag flow 4 f
1 chaflo17 ie
i common /tolerane/ eps, eta seta,atucalle,maxtryo toleran2 }s

e chsflo19 t,

] common /lotapee/ columne ntape4,ntape5,ntape6 totapes3 |integer columne tota es3 i

i chaf$o31 (e
i real kt chsfless !

| real kinvise chsflo3J )
J logient firstgo chaf1ca4 t

i data firetgo/.true./ chsfloss t

] data reyneut/23OO.eO/ chaflose :
1 external charafan chaflo37 '

j e chsfloss I

|
kt = boltsann temp chsflone (

< c chsflo30
e Friction velocity chafloal I

chafloaa :e .................

e chsfloss |
e The formulae are from Schlichting. They are for a pipe of any chaflo34 ;

I e roughnese the roughnese required by the correlation le the chaflo35 |
-

,
e equivalent emnd roughnses se first used by Nikuradee. The chafinas ;

the flow area / the wetted perimeter, chsflo37 ii e hydraulie diameter le 4 .
j e This equale the pipe diameter for cylindrical pipes but enables chsfloag I

e the correlation to be used for other croom-sectianal shapes. chafloas |e chsflo40 i;

kinvise=dynvise/adensity cheflo41 t,

I reynolde= velocity.hydrdias/kinvise chaflo43 |

| if(reynolde.lt.reyneus)then chaflo43 i

ustar=O.eO chsflo44 |,

q else chsflo45 6

ifail = 1 chaflo46 fj

flower = 1.e-10 chaflo47 ;,

) fupper = 1.eO chaflo45 t,

,
rtol = eps chaflo49 6

'
j stol = eta chsflo60
I stol = seta chsflo61
I nealle = maxcalle chsflo83
I call coswho chafloss I

(flower.fupper,rtol atol.charafan nealle,stolefanning,ifail) chaflo64 f| +

if(ifail.ne 0)then chaflo65 '
4

write (ntape5,1000)ifa11 chsflo66 [
l

I

! l
i
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write (ntape6,1000)ifaL1 chaflo87
1000 format (4x,*... CHARWFLO failes IFAIL is ' 12,' ...') chaflo8s,

stop chaflo89
endif chaflo60

ustar = velocity . eqrt(fanning /2.eo) chaflo61
endif chaflo62

e chsflo63
e Eddy dissipation rate chsflo64
e ..................... chsflo65
e chsflo66
e The eddy dissipation rate le calculated by assumins all the energychsflo67
e coneused by ahear stresses at the walle in dissipated by turbulenechsfloos
e chaflo69 !

if(hydedina.eq.0.eo)then chaflo70 .

eddydies=0.e0 chaflo71 '

else chsflo72 '

eddydies=4.eo. velocity.untar.uetar/hydtdian chsflo73
'

endif cheflo74
e chsflo76
e Viscous boundary layer thicknese chsflo76
e ................................ chsflo77
e chaflo7s

if(b1flas.eq.0)then chaflo79
if(untar.eq.0.eo)then chsfloso
vbithick=0.eo chaflest
else chsflos2
vb1 thick =kinvise/uetar chafloss
endif chaflos4i

i' endif chafloss
'

e chafloso
e riffusion boundary layer thicknees chsflos7
e .................................. chafloss |' e chaflose

'

e the diffusion boundary layer thicknese is an input data ites chaflo90
e or else defaults to 1.e-6 in MAEROS. chaflo91
e chaflosa
e Here it is calculated from the viscous boundary layer chaflo93 |
e thicknese using the Keller (1973) formula. chafloG4,

' e chsfloes
if(b1flas.eq.0)then chsfloss

do 10 ico11=1,nco11 chsflo97
i schaidt kinvise/(ht. nobility (ico11)) chafloss=

dbithick(ieoll) vb1 thick / ochaidt**(1.oo/3.ao) chaflo99i =

| 10 continue chaf1100
f else chaf1101

i f (f irs t so) the n chefl102
t firstso = . false. chaf1103
i do ao ico11=1 chaf1104

dbithick(ieolkneo11) dblthiek(1) chaf1106
20 continue chaf1106.,

endif chaf1107 |
i endif chaf110s

return chafl109,

| end chaf1110

)
,

1

t

h

!

,

|

|
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i
,

i

|
)
!oubroutine cO8whe(x1,xu.eps, eta.func naxcalle sota,x,1 fail) c08who 2 |e e

c coswho a i

c This subroutine locates seroe of a function of one variable. The c06who 4 i
e method employs inverse quadratic interpolation and bisection. cO6who 5 i
e cO6who e I

e ifail = 1 on entrys soft fail. ifall = 0 on entry: hard fail. cO8who 7 |c ifail = 0 on returns success. ifail = 1 on returns no sero, cO&who a ,

! c ifail = 2 on returns annealle' reached. c0&who 9 '

j c e05whe10 i,
e written by C.J.wheatley October 1ssa, e08 he11; ,

l e c0&whe12 t

| common /lotapee/ columne.ntape4,ntape5.ntape6 totapes2 finteger columns totapoe3i 5

e cO&whe14 f
'

| e p e = aa nx 1 (1. e - 14, e p s ) cO&whe18 |
' e t am aa mm 1 (0. e 0, e t a) c0&whole I

s o t a= aa nx 1 (0. 5eO, s e t a) cO5whe17 I

samcallesamm0(3,maxcalle) c06whe18 i,

| e c05whe19 [I e check if sero present and start iteration. c05whe2O i

j c ********************=********************* c08whe21 i
! c cOSwhe22
| m1=x1 c08whe23
i x3=mu c05whe24 '

| y1 = f unc (x1) cO6whe25 !

] y3 = func(x3) c05whe26 [italle*3 cO5whe27
)- x2=(x1+x3)/2.e0 c05whe29 :

ii f (y 1 * y 3. ge .O. eo) so to 1000 cO5whe28 [
'o c05whe30

c start of iteration loop. c08whe31
c ************************ cOSwhe32 ;

c e08whe33 I

100 y2 = f unc(x2) c05whe34
k icalle=icalle+1 c08whe38
j e cO6whe38 t
1 e test for last iteration step. eO6whe37 !
I e ***************************** e0&whe38
j c eO5whe39
L if (abs (y2) . le . eta)3oto 800 cO6whe40 -

if (y1 * y 2. lt .O. e0) . and . (abs (x2.x1) . ) e . e ps)) soto 800 c08whe41 f)
I if (y2*y3. le .O. eO) . and . (abe (x3-x2) . le . eps)) goto 700 cO6whe42

,

i if icalle.eq.mancalle)soto 20% cO&whe43 ;
I e c0&who44 -

c test for inverse quadratic interpolation step. c0&whe48 !|
c *************=******************************** cO6whe48 :

'
'

e c0&whe47 1
denom=x1 * (y2-y3) * m2 * (y3-y1) * m3 * (yl-y2) c0&whe4s [i f (denom.eq.O. eO) soto 200 cO&whe49 i
dy=0. 5eO* (y l-y2) * (y 2-y 3) * (x3-a l) /de nom eO6whe60

I if(abs (dy).go.setaanbs(y3-yl))soto 200 cO6whe&1
I e c05whe&2 ;
! c interpolate. c08whe53 j
| c ************ cO5whe64 ;

a e cO5whe66 ?

| i f (y 1 * y2. lt . O. eO) m =0. Se0* (m 1 * m 2) c05whe86 I
| L L'(y 2 * y 3. lt .O. e0) m =0. 8 eO* (x 2 + m 3) cO5whe87
| goto 300 cO5whe6s
j m=m2-y2* (y3* ((x2-m1) / (y2-y1))-y t e ((=2-m3) / (y2-y 3))) / (y3-yl) c05whe89200
, e cO5whe60

|| c revise range. cO5whe61
{ c **********==* cO5whe62

e cO5whe63
300 if(yley2.lt.O.eO)goto 310 c05whe64

x1=m2 c0&whe65
y1=y2 cO5whe86
goto 400 cO5whe67

310 x3=x2 cO6whe68 s
y3=y2 c08vhe69 -

:
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J e cO&whe70
e revise intermediate point. cO6whe71
e ************************** cO&whe73
e cOSwhe73

1 400 x2=x cO&whe74
i f (abs (x3.x1) . le .2.eO* eps) x2*O.SeO* (x1+ x3) cO&whe78
if (abs (x3.x1) . le .2. eO* epe)3oto 100 cOSwhe74,

if (abs (x2-x1) . lt . eps) m2=x1 + e ign (epe , x3-x1) cO6whe77
if (abe (x 3-x2) . lt . eps) x2=x3-o ign (epe , x3-x1) cO&whe78
goto 100 cOSwhe79

e cO&whetO
e end of iteration loop, eOswheat
c ********************** cO&whe82
e cO&whe53
400 x=x2 cO6whos4

goto 710 cO&whe86
,

800 x=x2 cO&whe84 .

if (abs (y1) . lt. abs (y2)) m=m1 cO&whos7 !

goto 710 cO&rheSS
700 x=x2 cO&whose

i f (abs (y3) . lt . abs (y2)) x=x3 cO6whe90
710 ifail=O cO6who91

) return cO&whe92 i

j e cO&whe93 ;
e no aero found. cO&ehe94

. e ************** cOSwhe98
.,

|5 c cO&whe98 '
'

1000 if (if all.eq.1) return cO&whe97
write (ntapea,9000) cO&whe98 !I

write (ntape&,9001)x1,y1,x3,y2 cO&whe99 i

i writo(ntapet,9000) cO6wh1GO
write (ntapet,9001)x1,ylex3,y3 cOSwh101

| stop cO6wh102 !

e cO&wh103 .

'

e annealle reached. cOSwh104 !
1

i e ***************** cO&wh106 i

i e cO5wh104 ,

4 9000 if(ifmil,eq.1)ifmil=2 cO&wh107 [
i if(ifail.eq.3) return eOSoh104

Iwr it e (nt ape a ,9002) man call e eO6wh109,

. write (ntapea,9001)x1,y1.x3,y3 cO&wh110 ,

I write (ntapet,9002/mancalle cO&uh111 i
'

write (ntapes,9001)x1,y1 x3,y2 cO&wh113 !

stop cOSuh113 |,

9000 format ( eO&wh114 -<

|+4x,'*** cO&who failot interv64 does tot contain e, sero ***') cO&wh115
9001 format ( cOSuh116 L

| *4u,'*** x1 y1 x3 y3 ***',/ cO&wh117 i

+4x,'****,1p4e12.4 ' ****) cO&wh11a >,
; 9002 format ( cO&wh119 |
| +4s.'*** cO&who fallea sero not found after ',13,' stepe ***') cO&wh130 ,

end cO& whist i
i
|

: ;

1

.

i

|
4

|i

! !
i

,

; .'

4 :
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i
4 ,

i

i function charafan(f) chafan 9e chafan # '

e This funetton subroutine is used te calculate the fannins ehnfan 4 ,friction factor for a cylindrieml pipe with arbitrary roughness. chafan & le
,

l e chafan e icommon / cell / aremelog cell 3 i.tempelna,areawall,areaflor
, volume,le,tempwall,tempflor

+ cell a l
,

{ skrete cell 4+

! .hydrdias,eqvroush cell 5+
!

|'
real lenkrate cell e |c chafan s !common / flow / biflag,vbithick,dbithick(too) flow a r

:
'

,eddydies,uster,reynolde flow a 1
+

j integer biflag flow 4 !
e ehnfan10 .

,

eqrtfrie = 2.oo a eqrt(f) chafan11 !charafan = 1. o - egrsfrie . ( 1.74 0 - 2.so e ehnfants ;
,

j aloglo( 3.eo.eqvrough/hydrdian + 1s.7eo/(roynoldeosqrtfrie) ) )ehnfanta
L

*

return chafan14
'

i and chafanta
*

,

I
,

I !

<
,

1 1

! I
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subroutine charmagg changg 2
i e changs a
1 c This subroutine calculates the agglomeration rates of the chsagg 4
i e particles at all combinations of the collocation points. This chamas 5
1 e in done in a nested DO loop which could be written as a single chmass 6

o loop to enable full vectorisation if this program unit turne-out chsagg 7
e to be computationally costly. The agglomeration rates are changg a

+ c identical to those used in WAEROS to facilitate comparisons. The chmagg 9
| c particle radius, ames and mobility at the collocation pointe are changg10 '

e assumed to have been previously calculated. chamas11 '

;

, e changg12
1 common /collpts/ neollemlower,mupper spacing,dlogemelogesO collptes

,

I rad i v e (100) , ma m e (100) , mobil i t y (100) collpte3 j* e
I real lege=0.same mobilisy,alower,mupper collpte4 :
i e chenagl4 r

common /seralcon/ cohpfotr,dshpfete,etickoff merelco2 I
'

,mknudweb,qhnudwebebknudweb mereleos '
. ,

I
] ,pdensity.pthracon aereleo4.

,kbrock cabrock ctbrock merelco8 !+
'

real kbrock morelcoS ,

I chamas16 ,c
ij common /gasprope/ temp. press.gdensity.dynvinc molwt.anftpath gasprop2e

.athracon: velocity,molutv,diffuev gasprop3+,

,vafreing,vsfrwall,vattflor ansprop4 ;
- +

,vegrelngevegrwall vegeflor gaspropa i
- e

j ,veoncingevconvall,veonflor gaspropse

j roml molwt anfrpathemolwtv gasprop7 ,

; e chanagig !
common /fundcon/ pleboltsann gravitategasconst fundcon2'

)
.

e chmagg2O !

I
j common /aggloa/ aggloart (100,100) , d e po o r t f (100) agglom 2

, d e po o rt w (100) , d e po o rt e (100) agglos 3
]

*

j e changg22 !

4 real malemm2 mol no2.ht chsagg23 |
] kt = boltsannetemp changg24 t
j e changg28 i
4 e Nisted DO loops to calculate agglomeration rates. changg33 j

changg27 jc *******+eeseseeeeee***e========seene*************

| e changg35
1 do 100 icoll1=1,ncoll changg29 '

f do 200 icoll2=1 icolli chmagg30 j
radium (icok11) chmagg31} r1 = :

| r2 = radive(ieoll2) chmagg33 |
ames(icoll1) changg33 imat =

f ma2 = ames(icoll2) chamag34 f
a col u mobility (icolll) chmagg35 I

| so2 = mobility (icoll2) changg33 f

crlarlocehpfetr chang.37 [.

| cr2er2 cohpfetr changgag '

e changg39 r

c Brownian agglomeration chmass40 [
changg41 ic seese==============*ee

i e chmagg43 !
i vbar = o grt ( g.cookte (1.eO/ mal 1.eO/ma2)/p1 ) chamag43 ;*

fuchel = kte(sol + so2) / (sticheffsvbare(r1 * r2)) chmagg44 I
'

e changg46 '

1 a1 = molesqrt( 2.eoekteaml/pi ) chamages
] m2 = so2.sqrt( 2.eOoktema2/pi ) chamas47

((rieml)==3-(rler1*alem1)==1.5eO)/(3.eoorleal)31 r1 chanages= -
,

32 * ((r2em2)==3-(r2er2es2 a2)==1.5eO)/(3.ooer2em2) r2 chsegg49-

abar = eget( 31'g1 32 32 ) changg&O*

r2)) chmagg61 !j fucho2 = 1.eO / (i.eO + 2.eO*gbar/(r1 *
* c chsagg52 {c Note that there is no sticking efficiency factor. changg53

i

j c FUCHS2 equale unity in Dunbar et al., EUR 9172. chmagg54 t

J e chmagg56
1 fuchocor = 1.eO / (fuchet fuche2) chamas56+

j aggb = 4.eO e pi kt (cr1 + cr3) fuchecor changs57(sol so2)e = + = =

; chmaggage

i
i
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l
,

!
I

e Gravitational agglomeration chmagg89 i

c ........................... chmaggeo
chaaggete i

,

i c The Fuche collision efficiency... changges ,

chnaggese
collof f = 1.5eo . ( ain(r1,r2)/(r1+r2) ).3 changste

e chmagges
e Dunbar et al. has pdensity - 3 density / pdensity here... changget .

changge7c ;

relvel = gravitat . ( mal nol - ma2.ao2 ) changg68 y

; e chamages ;

; e chmagg70 i

(ert.cra). 3 chmagg71 {aggs = collef f . stiekef f . abs (rsivel) . pi .

chmagg72 l
,

e
c Turbulent agglomeration changg73 |

'

e ....................... changg74 L'

e chanag73 ;

S.eO.pi.3 ensity eddydise/(16.eO.dynvinc) changg76 !dtfactor e
agate = stickoff . (erl.cr2). 3 . eqrt( tfactor ) changg77 i

ag6ti = stickoff . (cr1.cr2). 3 . eqrt( s.eo.pi.eddydies ) chmagg78 i

( tfactor ).. 26 0 abe(relvel) / gravitat chmagg79. .
; changs o (s
. c
; e Add the shear and inertial contributions in quadrature - note changs ts

1 e the collision efficiency inetor is missing from both terne. chamas 2s
changg831 e

agstiesggti) changg841 aggt = eqrt(agste. agate .
chanages

| e
j c Combine the agglomeration contributione changg86
a e ....................................... changgS7

chmaggagj e ,

aggloart(ieo111,1co112) = agab + aggs . asst chmaggae
aggloart(ico112,1co111) = aggloart(ico111,1co112) chanagDOd

',

200 continue chmagg91
i 100 continue changgS2
t return chmaggea ?

end chmagg94
[
,

1
r
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1 !
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|
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eubroutine charadep chadep 2
e chadep .i
e This rubroutine calculates the particle deposition rates chadep 4
e at the collocation points. The deposition rates for chadop 5

| c gravitation, Brownian diffusion and thermophoresis are chadop 6
e identical to those used in MAEROS to facilitate comparisone. chadap 7
e Deposition due to turbulent diffusion, turbulent impaction and chadep a|

- e diffusiophoreale have miso been included. The diffusiophoresis chadep 9
e formula is taken from a lat er vareton of MARROS which includes chadop10

i e this mechanien. It was an input data item in early versiong. chader11
e chadep12

+ c The particle adium, ames and mobility at the collocation pointe c'adepl3
' e are neoused r, have been previously calculated. chadop14

e chadep15
c Deposition rates .Sto floore, walle and ceilings are kept chadop16
e separate to enable ti e depcsited maem onto the three chadop17.

e surfaces to be separately integrated, chma+pla
i e chadep19
: common /collpts/ neoll,alower, supper.epacing.dleges,logeno collpta3

. r ad i u m (100) , a m e s (l oo) , sob il i ty (100) collpte3+
real logesO,ameJ,nobilityenlower,mupper coilpted

e chadep21
common /norelcon/ cohpfctr,dehpfctr sticheff merelco2

"
o ,

.aknudweb,qknudweb bknudweb moralco3+,

! * .pdenalty.pthracon norsico4 i
,kbrock,cabrock.ctbroek sermicos I+

real kbroek merelco6
c chadop23 |

'

'

common /gr,eprope/ temp. press,gdensity,dynvisc.nolwt,anfrpath gasprop2
| .gthracon, velocity,molwtv diffuuv gasprop3 |

+
e

,vafrelngevafrwallevsfrflor gasprope*

vegrcing,vegrwallevegrflor gasprop5+
e

vconcingsvconwall vconflor gaspropo1 +
e i

; real solvt.anfrpathenolwtv gasprop7
e chadep25,

3

common /fundcon/ pl.boltsann gravitatesmeconst fundcon2<

e

! c chadep27 !
j common /agglon/ aggloart(100,1mO),depoortf(100) agglom 2 !

j ,depoortw(100),depoorte(100) agglom 3*

i e chadep29
) common / coll / aremelng areawall.areaflor uwll 2 r

j .tempelna tempwall sempflor cell 3+

, volume leakrate . 411 4- *

.hydrdian,egsrough cell 5 i+
j real leakrate cell 6 '

. cande;31 |
e

)| common / flow / bi f l a g , v bl t h i c k . d bl t h i c k (100) flow 2 i

I ,eddydies.uetar reynolde flow 3*
e

; integer biflag flow 4
j c chadepi'3

rest htemo chadep34i

1 e chadep35
i e In WAEROS, ratiocou defaults to 0.05, chadep36
i e chadop37
) kt boltsann temp chaJep3s*

) ratiocon sthracon/pthracon chadop39=

deltcIng m.1.eO - tempelng/ temp chadep40
,

deltwall = 1.oo - temp =all/ temp chadep41
delsflor = 1.e0 - tempflor/ temp chadop42 |.

c chadop43
DO loop to calculate deposition rates chadop44c

,

t c .r................................... chadep45
! c chadep46 |

do 100 icoll=1
I r = radiue(ico,nco11 chadep47 ',

ll) chadep48 '

r1 = r/anfrpath chadep49 !,

i ao = mobility (icoll) chadep50
e chadopEl

] e Gravitational deposition velocity chadep53
'

i

k

!
i
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e ................................. chadep53
.c chadep54
e Dunbar et al. have pdensity - gdensity / pdensity here... chadop55
e chadepse

varavity = gravitat.mmes (icoll).mo chadop57
e chadepse

| Brownisn diffusion deposition velocity chadep59c
, e ...................................... chadopeO

c ' chadep61if (dblthick (icoll) . eq.O. eO) then chadep62i
' vbrown = 0.eO
l chadep63

else chadep64
vbrown = 0.0594eO . ht.no/dblthick(icoll) chadep65
endif chadep66

e chedep67
c Turbulence deposition velocity chudepsa
c r*****.********==..**.***..*** chadopS9
e chadep70
c The correlation used here is derived from the Liu and Agarwal chadep71
e data for dimensionless deposition velocity vs dimensionless chadep72
e particle relaxation time. The correlation is unverified for chadep73
e dimensionless relaxation time It .1 and gt 100. chadop74
e chadep75

relaxtim = mase (icoll) .mo chadep7s
disrelax = relaxtim . untar = ustar . gdensity / dynvisc chadep77
i f (dier el ax . e q.O. eO) the n chadep78

dimvturb=0.eO chadep79
else chadep50

dimvturl = 6.e-4 dimrelax dimrelax chadep51* =

dimvtur2 = 2.13e-1 * disre l ax * . (-0.125eO) chsdep52
diavturb = 1.eO / chadep53
sqrt( 1.eO/(diavturledimvturl) 1.eO/(dievtur2+dievturJ) ) chajep54

- + +
endif chadops5
vturb a dimvturb = ustar chadopse

e chadeps7
Thermophoresis deposition velocity chadepsee

c .................................. chadopS9
chadep00

The adensityavblthick term is missing in early versions of MAEROS.chadep91
chmdep92

brockfac = kbrock / (i.eO + 3.eO=cabrock/rl) chadep93
+ / (2.eO + 1. eO/ (r atiocon + ctbrock/rl)) chadep04
if (vblthick . e q. O. eO) th en chadep05
vthermo = 0.eO chmdep96
else chadep97
vthermo = 9.eO*pi.dynvinc.dynvisc chadop08

ar.moabrockfac/ gdensity*vblthick) chadep99+

endif chade100
e chsde101
e Diffusiophoresis deposition velocity chade102
o **.=.*************====**********.*** chade103
c' chade104

: c This is taken from a later version of MAEROS. chade105j c chade106
if (vconcing. e q.O. eO) then chade107
vdfocing=0.eO chade108
else chade109

,vdfoclng = diffusv . vegrclng / vconcing chade110
vsfrclng / ( vmfrcing (1. eO-vmf rolng) = sqrt (molwt/molwtv) ) chade111+ . +

endif chade112
| c chade113

if (vconwall . r.4 0. eO) then chade114
|v.Uosall*O.eO chade116 .

else chadelle
vdfowall a diffusy . vcgewall / vconwall chade117

* vmfrwall / ( vmfrwal) (1. eO-vmf rwall) * sqrt (molwt/molwtv) ) chade11s+ +

endit chade119
c ched 120

if(vconflor.eq.O.eO)then chade121

,
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vdfoflor=0.eO chade122
else chade123
vdfoflor = diffusy vegrflor / veenflor chade124=

= vmfrflor / ( vmfrflor + (i.eO-vmfrflor)*sqrt(molwt/molwtv) ) chade125+
endif chade126

e chade127 i
Not deposition velocity onto ceiling, walls and floor chade12s 1e

e ===**=**===******========***==***==*****==**==****=== chade129
e chade130
c Note the thermo- and diffusiophoresis terms could be negative... chade131
e chade132

'vclng = max (0.eO,vbrown+vturb+deltcIngevthermo+vdf oclng-vgravity) chade133
vwall = max (0. eO,vbrown+vturb+deltwallevthermo+vdf owall) chade134
vflor = max (0.eO,vbrown+vturb+deltflorevthermo+vdf ofler+varavity) chade135

e chadelas
e Store deposition rates for ceiling. walls and floor chade137
c ****************************==******===************ chade138
e chade139

depoortf(icoll) = areafloreyflor/ volume chade140
depoortw(icoll) areawalleywall/ volume chade141=

depoortc(icoll) areaclngevelng/ volume chade142=

100 continue chade143
return chade144
end chade145

,

I

d

<
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subroutine charmeln chmeln 2
chmeln 3e

e This subroutine sets-up the source number density distribution, chmeln 4
e chmeln 5
c It takes the source distribution to be log-normal. The three chasin 8
e input parameters are the cube root of the geometric mass chmeln 7 .

e standard deviation (in keeping with the normal convention) , chmeln s I

c sigmamln (no units), the mase median radium, rad 50eln (m), chmeln 9
e and the mass density generation rate, mdensin (kg mee-3 s**-1). chmeln10
e chmeln11
c edeneln = the mass generation rate divided by the cell volume, chmeln12
e chreln13
e The three parameters of the log-normal distribution are the chmeln14
e number density generation rate, ndensin (meo-3 e**-1), the chmelnis
c geometric mean mass, geomeln (kg), and the logarithm of the chmeln18 ,

e geometric mass standard deviation, logsigma (no units). chmeln17 i

e chmelnis
e The discretised distribution is stored as the number density chmeln19
c generation rate times mass, uince this is the most convenient ehmeln2O
c variable for the aerosol equation. chmeln21
e chmeln32

common /fundcon/ pi,boltzenn,gravitat,gasconst fundcon2
e chasin24

common /mersicon/ cohpf etr, del.pf etr, stickef f moralco2
,aknudweb,qknudweb,bknudweb mersico3+

,pdensity,pthrmcon morelco4+
,kbrock,cabroek ctbrock aersicos+

real kbrock meralco8
e chmeln2e

common /collpts/ neollemlower,mupper, spacing.dlogen,lojemO collpts2
rad iu m (100) , mas e (10v) , mobili ty (100) collpte3+

e

real logemO,mmes, mobility,mlower,mupper collpte4
e chmeln2s

common /lognorms/ sigmaeln rad 50 min ndensin lognorm2e a

,ndeneln,geomeln, mas 50eln lognorm3+

real mdeneln ndeneln, mas 50 min lognorm4e

e chmeln30
common /mource/ sourcert(100) source 2

e chmain32
res1 logsigma,mdensity chmeln33

e chmeln34
c Convert the inpct parameters to the log-normal parameters chmeln35
e *********===========************************************* chmeln36
e ehweln37

logsigma = 3.eO*alog( sigmasin ) chmeln38
mam50 min =4.eDepl+pdensityerad50sinarad50minerad50 sin /3.eO chasin39
geomeln= mas 50sineexp(-logeigmaelogeigma) chmeln40
ndensin=mdensineexp(-logeigma=logsigan/2.eO)/geomeln chmeln41

e chmeln42
c Calculate the distributi a at the collocation pointe and the chmeln43
e mass density generation rate of the discretised distribution chmeln44

chmeln45e **************************=====***********************+=*===

e chmeln46
mdensity=0.eO chmeln47
const=ndeneln/( eqrt(2.eO*pi) logelgma ) chmeln48e

do 100 icoll=1,ncoll chmeln49
exponent =alog( mase(icoll)/geomeln ) / logeigma chmeln50
sourcert(icoll)=consteexp(-exponenteexponent/2.eO) chmeln51
mdensity-adensity+dlogemasourcert(icoll) mase(icoll) ahmeln52

100 continue chmeln53
c chmeln54

. c Renormalise so that no maan is lost chasin85
c ***=*****=================********* chmeln56

L c c',m e l n 57
i f (ade ns ity . ne . O . eO) th e n chmeln58
renorm=mdeneln/adensity chmeln59
do 200 icoll=1,ncoll chasineO
sourcert (icoll) =sourcert (icoll) e renorm chneln61

200 continue ehmelno2
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endif chasin63
return chasin64
end chmelnes

|

I
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subroutine charmdif (re set) chadif 2
e chadif a
e This subroutine meta-up the input for the CLAMS ODE solver chadif 4
e DEbDF, calls DEBDF for one time step and checks that the chadif 5
e integration was done correctly, chadif 6
e chadif 7

common /collpts/ ucoll,mlower supper, spacing.dlogem,logenO collpts2e

. radius (100) , mas e (100) , mobility (100) collpte3+
real logemO, mass, mobility,alower,mupper collpte4

I c chadif 9
common /distrib/ s e tore (105) distrib2,

' e chadifil
common / timings / time,istep,thhystep timings 2

sitime ntime,timestep(20),timeend(20) timings 3+
e

.ithhy,nthhy,timethhy(20) tioings4' +
I ,idata,ndata,timedata(20) timings 5+

e chadif13
common /toleranc/ eps, eta,se.a,maxcalls,maxtrys toleran2

e chadif15
common / moments / digma,r.d50 cdensity,ndensity,geommean, mass 50 moments 2
real mdensity,ndensity, mass 50 moments 3

e chadif17
! common /lognorms/ sigmaaln rad 50 sin,mdensin lognorm2e

.ndensin,geomsln, mas 50 sin legnorm3+
real mdensin ndensln, mas 50mln lognorm4e

e chadifl9 *

common /lognorms/ sigmaeln rad 50 sin,mdensin legnorm2e

ndensin,geomaln, mas 50 sin lognorm3+
e

real mdensin ndensln, mas 50 min lognorm4e

; e chadif21
! common /lotapws/ columns,ntape4,ntapes,ntape6 iotapes2

integer columns iotapes3
e chadif23

dimension s(105) chadif24
dimension rwork(12325) ,1 work (160) chadif25
dimension info (15) chadif26
dimension rtol(100) , atol(100) chadif27'
logical reset.firstgo chadif28
data firstgo/.true./ chadif29
external charmrha chadif30

e chadif31
e Set-up input for DEDDP chadif32

i e ...................... chadif33' e chadif34
if (firs tgo) the n chadif35

i. timoin=0.eO chadif36
else ehedif37,

if(remet)timein= timeout chadif38
'

endif chadif394

timeout = time chadif40
e chadif41,

i e Initial number density distribution and deposited mass chadif42
e ......................................a............... chadif43
e chadif44 t

e s(ncoll+1) holds the integrated mass deposited on floors chadif45 '

; e s(ncol1+2) holds the integrated mass deposited on walla chadif46 i
j c s(ncoll+3) holds the integrated mass deposited on ceilings ehedif47
i e s(ncoll+4) holds the integrated source mass chadif4s
i e a(ncoll+5) holds the integrated leaked mass chadif49
,4 e chadif80

i f (f i r s tr.o) t he n chadif51
'

do 100 icoll=1,ncoll chadif52
a(icoll)=setore(icoll) chadif53

100 continue chadif54
e chadif55

: neqns=ncoll+5 chadif56
! do 105 leqns=ncoll+1,neqns chadif57 i

i s(iegns) = 0.eO chadif58
105 continue chadif59

i
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endif ' chm 41f 60e chadif61e Information for DEBDF chadif62e ..................... chadif63e chadif64e Flag first/ reset enl1 or subsequent call chadif65c Reset is set whenever the independent variables change chadif66
discontinuously so that derivatives are calculated afresh on chadif67e
passing the discontinuity. chadif6se

c chadif69
if(firstso .or. reset)then chadif70
inf o (1) =0 chadif71

1 else chadif72
in f o (1) =1 chadif73
endif chadif74e chadif75e Both tolerances are vector

! chadif76e chadif77if(firstgo)then chadif7s
inf o (2) =1 chadif79e chadifsoe The solution i,a not required at intermediate times chadifs1

9 chadifs2
in f o (3) =0 chadifs3e chadifs4e The integration can be done without restriction on t chadifase chadifse'

inf o (4) =0 chadifs7e chadifese Partial derivatives should be calculated by differencing chadife9
'

e chadif90
in f o (5) =0 chadif91e

chadif92e The Jacobian is dense chadif93e chadif94
in f o (6) =0 chadif95
endif e.hadif96e chadif97e inf o (7) to info (15) are not used by DEBDF chadif9so chadif99e Set-up relative and absolute tolerances chadi100e ....................................... chadi101e chadi102atol is chosen to obtain accuracy in both the number density chadi103e

e and mass density distributions. rtol is used as a trap in chadi104e case ndensity or adensity decrease by large amounto during chadi105e the time step, chudi106 |c chadi107do 150 icoll=1,ncoll chaditosrtol(icoll)=eps chadi109if(adensity.eq.O.e0)then chadi110
stol(icoll)= min ( mdeneln.(timeout-timein)/mmes(icoll) chadi111'

ndensin.(timeout-timoin) ).epe/dlogem chadi112+
' e

else chadi113atol (i eoll) = min (maensity/mase (icoll) , ndens ity) .epe/dlogem chadi114,

endif4

chadi115150 continus chadi116e chadi117do las ioqne-ncoll+1,neqne chedi11ertol(ieque)=eps chudil19if(adensity.eq.O.eO)then chadi120atol(iegns)=mdeneln. (timeout-timein) eeps chadil21 i
else chadi122stol (ie qn e) =ad e ncity e ep s chadi223

.

3 endif chadi124155 continue*

! chadil25e chadi126Dimenolone of rwork and iwork arrays. chadi137c
! c ..................................... cheat 12s
d

;
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c chadil29
if (firstgo) then chadi180
Irwork=12325 chadi131
liwork=160 chadi132

if( (250 + 10.neqns + neqns.neqns) .gt. Irwork)then chadi133
write (ntape 5,2OOO) chudi134
write (ntape 6,2OOO) chudi135

2000 format (4x,'... CHARWDIF fails LRWORK is too samil ..* ') chadi136
stop chadi137
e n d .8. f chadi138
if( (55 + neqns) .st. liwork)then chadi139
write (nt ape 5,2OO1) chadi140
writ e (nt ape 6,2OO1) chudi141

2001 format (4x,'*.. CRARWDIF fails LIWORK is too small . . . ') chadi142
stop chadi143
endif chadi144

endif chadi145 |
c chadi146 i

e Call DEBDF and check that the call was 0.K. chadi147 !
c ........................................... chadi148 ;
e chadi149

'

icall=0 chadil50
160 call debdf(chararhs,neqns,timein,s, timeout, info,rtol,atol chadi151

.idide rworkelrwork iwork,liwork,rpare ipar. j ac) chadil52+

icall=ical1+1 chadi153
if(idid.eq.-1 .and. icall.lt.maxtrys)then chadil54
info (1)=1 chadi155
goto 160 chadil56
endif chadi157
if(idid.lt.2)then chadilas
write (nt ap e 5,1000) idid chadil59
writ e (nt ape 6,1000) idid chadi160

1000 format (4x,'... CHARWDIF fails: IDID is ,13,' ...') chadi161'

stop chudi162
endif chudi163

e chudi164
c Store the answer chadi165

chadi166e ................

e chadi167
do 200 icoll=1,neqns chadi16s
s etore (icoll) = s (icoll) chadi169

200 continue chadil70
e chadil71
e Kill the flag which signale first call to DEBDF chadil72
e ............................................... chadil73
c chadil74*

firstgo=. false. chadil75
return ehedil76
end chedil77
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subroutine chararhe (timenow, s , dsdt e rpar, ipar) charhe 2
e cherhe 3e This subroutine calculates ds/dt arising from the agglomeration, charhs 4e deposition, source and leak terms on the rhe of the discretised charhe 5
e equations. charhe 6
e charha 7e The dependent variable of the aerosol equation is chosen charha 8
e to be the number density times mass. This quantity is charho 9

better suited to numerical quadrature. charhs10e
e charhellThe mass deposited on floors is integrated in s(ncoll+1) charhe12c
e The mass deposited on walls is integrated in z(ncoll+2) charhs13The mass deposited on ceilings is integrated in s(ncoll+3) cherhe14e
e The source mass is integrated in s(ncoll+4) cherhe15e The leaked mass is integrated in s(ncol1+5) charhalee charbs17

common /collpts/ neollemlower,mupper opacing,dlogen,logem0 collpte2
r adiu m (100) , m a m e (100) , mob ility (100) collpte3+

e

real logemO, mass, mobility mlower,mupper collpte4 6

e charhe19 |common /agglom/ agglomrt(100,100),depoortf(100) agglom 2
e d e poo rtw (100) , d e po o r tc (100) agglom 3

.
+

e cherhs21common /indexcoe/ nelement hwidth.jbarmin,index(-2:100) indexco2
, kbarmin (-2 : 100) , kb armax (-2 : 100) , nkb ar (-2 : 100) indexco3+

e ,

charha23 ~

common /coef/ pijk(3OO),njk(100,100) coef 2
real njk coef 3e charha25common /lognorms/ signmeln, rad 50aln,mdeneln lognora2

+ .ndeneln geoneln,mme50 sin lognorm3e

real adensln ndeneln mas 50eln lognorm4e e
e charhs27

common / cell / areaclns,areawall,areaflor cell 2
,tempelng,tempwall,tempflor cell 3

+,

'
+ , volume,leakrate cell 4.hydrdiam,eqvrough cell 5
+

L, real lenkrate cell 6e charhe29
common / source / sourcert(100) source 2e charhaal
common /timinge/ time,letep,thhystep timings 2 r. itime , ntime , time s te p (20) , time e nd (20) timings 3 !

+

.ithhy,nthhy,timethhy(20) timinge4+

,idata,ndata,timedata(20) timingo5 i

+ ,

e charbs33 1dimension e (105) , d s dt (105) cherhe34 Le cherhess |
4 c Update time dependent data if required charhe36e ...................................... cherhs37 ;e charhs3s ;if(thhystep.eq.O.eO)then cherhs39 e

call charmuth(timenow) charhs40 ,call charmans cherhs41 I

call charamob cherhs42
{call charmflo cherhm43call chartags cherhs44 t

,

call charadep cherheds
call charmeln cherhedeendif charhe47'

c cherhe4ac Initialise the mass counters charhm49.

e ............................ cherhe50c charhm81 !

neqne=ncol1+5 cherhs52 ido 5 Legne=ncoll+1,neqne charhe53dedt(iegne) = 0.eO ahnrhe845 continue ,cherhe55 .c charhe86

!
,,
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e Loop over the collocation points charhs57
e ***=======****==****=**=****==** charhs58

cherhusoe
do 100 i=1,nco11 cherhs60
dadt (i)=0.e . charhool

charho62e
e The production terma charhees
c *************==***** charhm64

charheese
if(1-jbarmin.ge.1)then cherhsBS
do 10 j =1, min (1-j h armin, nco11) cherhso7
jbar=1-j chmrhoos
prod =0.eO chmthso9

if (nkbar (j bar) . ne .O. eO) the n charhs70
do 20 kbar=kbarmin (jbar) ,kbarmax (jbar) charhs71
k=1-kbar charhm72

if(k.ge.1 .and. k.le.ncoll)then charhs73
prod = prod + agglomrt (j , k) * nj k (j , k) * s (k) cherhs74

* pij k (index (j bar) + kbar) charhm75+
endif charhm76

20 continue charhs77
prod = prod a s (j ) .dlogem charhs78
endif charhm79

d e dt (1) =d sdt (1) + prod charhs80
10 continue charhs81

endif charbssa
100 continue cherhesa

chssrhe s4e
e The destruction terms chmrhs85

cherhs86c **************=***==*
charhus7e

do 200 i=1,ncoll cherhesa
dest =0.eO charhuse

# do 30 j=1,neoll charhs90
if (njk(i, j) .ne.O.eC)de st= dest +agglomrt(1, j) s(j) charhs91

30 continue charhs92
de stade st e s (i) *dlogem charhs93
d a d t (i) =d s dt (i) -d e s t cherhs94

charheose
e Sources and sinks charhs96
c *********=******* charhs97

cherhoose
d adt (i) =d sdt (1)-s (1) * d epoo rtf (i) cherhs99
da dt (i) =d sdt (i) -s (i) .de poortw (i) cherh100
d s dt (i) =d s d t (i)- s (i) .d e poo rte (i) chmth101
da dt (i) =d sdt (i) + source rt (i) charh102
d sdt (i) =d s dt (i)-s (i) * le nkrate cherh103

charh104e
c Update mass counters charh105
e *****************=== cherh106

cherh107e
f actor = dlogemevolume mmes(i) charh108
dadt (ncoll+ 1)=dsdt (ncoll+1) + s (i) .depoortf (i) * f actor charh109
dadt (ncoll+ 2) =dadt (ncoll+2) + s (i) *depoortw(1) * f actor cherh110
dadt (ncoll+3) =dsdt (ncoll+3) + s (i) .depoorte(i) * f actor charh111
ondt(nco11+4)=dsdt(ncoll+4) +sourcert(1) *f actor charh112
dadt (ncoll+5) =dsdt (ncoll+5) + s (i) =le nkrate * f actor charh113

200 continue cherh114
return charh115
end cherh116

- 133 - SOURCE LISTING

_- _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _



subroutine charamos chamom 2
e chamom 3
e This subroutine calculates moments of the discretised number chamom 4
c density distribution using the trapesium rule. chamom 5
c chamom 6

common /collpts/ neolls alower supper spacing dlogem,logem0 collpts2e e

, r adiu s (100) , m a s a (100) , mobility (100) collpte3 j
+
real logemO, mass, mobility,mlower mupper collpte4s

c chamon 8
common /merelcon/ cohpfctr,dshpfetr,etickeff morsico2

*

,aknudweb,qknudweb,bknudweb morslco3+
,pdensity,pthracon morsico4+

+ ,kbrock,cabrock,ctbrock morsico5
real kbrock morsicoS

e chs' nom 10
common /fundcon/ pi,boltsanr.,gravitategasconst fundcon2

e chamom12
common /toleranc/ eps, eta,seta,maxcalls,maxtrys toleran2

e chamom14
common /distrib/ s e tore (105) distrib2

e chamom16
common / moments / sigma, rad 50,mdensityendensity,seommean, mass 50 moments 2
real mdensity,ndensity, mass 50 moments 3

e chamosis
common /indexcoe/ nelement,hwidth.jbarmin,index(-2 300) indexco2

, kbarmin (-2 a 100) , kbarmax (-2 : 100) , nkb ar (-2 : 100) indexco3+
e chamon2O

common /lotapeo/ columns,ntape4,ntape5,ntape6 lotapes2
integer columns iotapes3

e chmaon22
external charam80 chmaon23

e chmaom24
e Calculate sums -x is loge (mas s) chmaon25
c ************** chmaon26
e chamos27

sumi = 0.eO chamon28
mus2 = 0.eO chmaon29
sum 3 = 0.eO chamon304

sum 4 = 0.e0 chamom31
) do 10 i=1,neoll chamom32
j x = logemO + iedlogem chmaos33

sumi = sumi + s e tor e (i) .mme s (i) chamom34
sum 2 = sum 2 + s e tore (i) chamom35

setore (i) *x chmaom364 sum 3 = sum 3 +

sum 4 = sum 4 + s etore (i) *x *x chamom37
10 continue chmaom38
c chamom39
c Calculate moments from these numa chmaom40
e =*****************ce************* chamom41
e chamom42

i f (s um2. e q . O . eO) th e n ch amom43 ,

misma=0.eO chamom44
rad 50=0.eO chamon45
adensity=0.eO chamom46

) ndensity=0 eO chamom47
geommean=0.eO chmaom48
aass50=0.eO chmaon49

,return chmaom50 i

endif chmaom51
adensity = dlogem * sual chamom82
ndensity = dlogem a sus 2 chanomS3dummy 1 = dlogem * sum 3 chmaom84,

geommean = exp( dummy 1/ndensity ) chanom85
dummy 2 = dlogea e sus 4 chamoa56
dummy 3 = (dummy 2 - dummy 1* dummy 1/ndensity) /ndensity chmaon57

j if (d ummy3. lt . O. eO) d ummy 3=0. eO chamon58
1 sigan = exp( sqrt( dumay3 )/3.eO ) chamon59
i e chamon60
| c Calculate mass median mass chamom61
1

1
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|
|

c ........................ . chamones
e chamones
e set-up input for co8who - ifall = 1 is the soft fail option chamon64
e chamones

ifall = 1 chamon66
xlower = logenO + dlogen chamon67
xupper = logenO + dlogemencoll chamon68
rtol = eps chamon69
atol = eta chanom70
stol = seta chamom71

maxcalls chamom72nealls a

call cO5who chamom73
(xlower,xupper,rtol,atol,charamSO,ncalls,stol,x50,1 fail) chamom74+

if (if ail.ne.0) then chamom75
write (ntape5,2 OOC)ifall chamom76
write (ntape6,1000)ifall chamom77 ;

1000 f o rm s.t (4 x , ' . . . CHARWWOW fails: IFAIL is ' ,12,' ...') chamom78 |
stop chamom79

1
endif chamom80

mass 50 = exp( x50 ) chamonal
rad 50 = (3. eO.ua s s 50/ (4. eO * pi e pd e n sity) ) * * (1. eO/3. eO) chamon82
return chamon83
end chamom84
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f unction charam60(x) cham 50 2
e cham 50 3
c This function subroutine calculates the mass density of the chanso 4

discretiaed distribution up to x and subtracts cham 50 5e
e half the total maso density. The result is sero when cham 50 e
c x is x50) x is loge (mass). cham 50 7
e cham &O a

common /collpts/ neoll,mlower supper, spacing.dlogem logem0 collpte2e e

, radius (100) , mas e (100) , mobility (100) collpte3+
real logeno,mmes, mobility,mlower,mupper collpted

c cham 5010
common / moments / sigma rad 50,mdensityendensity,geommean, mass 50 moments 2e

real adensity,ndensity,mmes50 somente3
e chan5012

common /distrib/ s e tore (105) distrib2
e cham 8014

sum = 0.eO cham 8015
do 10 i=1,ncoll cham 8016
sum = sum + s etore (i) *mase (i) *charmf eO(x ,1) cham 5017

10 continue cham 8018
charam60 = dlogem.oum - 0.5eO.mdensity cham &O19
return cham 5020
end cham 5021
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function charafeO(ars,k) chafeO 2
e chafeO 3
e This function subroutine calculates the integral of the k-th chafeO 4
e finite element up to ARG, where ARG is loge (mass) . As for chafeO 5
e CHARWFE, ARG is scaled by the collocation interval and chefeO 6
e translated so that the element is centred about sero. chafeO 7
e chefeO s
e The elements are symmetric and have total integral unity chafeO 9
e so only the integral from sero up to the absolute value chefe010

, c of the scaled argument is calculated. chafe 011
e chafe 012
e These integrals are calculated from analytic formulae since chefe013
c they may be done many times. They are used in the calculation chafe 014
e of the mass median mass of the discretised distribution. chafe 015
e chafe 016
c The choice of element is determined by NELEMENT chafe 017
e chafeOla

common /collpts/ neoll,alower mupper, spacing,dlogem logenO collpts2e e

, r md i u m (100) , m a s e (100) , mobili ty (100) collpta3+
real logemO, mass, mobility,mlowerimupper collpte4

c chafeO2O
common /indexcoe/ nelement.hwidth j barmin,index (-2 :100) indexco2

, k b a rm i n (-2 : 100) , k b a r m ax (-2 : 100) , nk b ar (-2 : 100) indexco3+
e chafeO22

real integral chefeO23
e chafeO24
c Transform the argument and select an element chefeO25
e ....................................-....... chafeO26
e chafeO27

if(k.ne.0) x= (ars - logemO)/dlogem - k chafeO2s
if (k . e q.0) x = arg chafeO29
if (x . le . -hwidth) then chafe 030

charmf O = 0.eO chafe 031
return chefe032

endif chafe 033
if (x . go . hwidth) then chafe 034

charafeO = 1.eO chafe 035
return chafe 036

endif chafe 037
y = abs (x) chafe 03s
goto(1,2,3,4,5,6)nelement chafe 030

c chmfeO40
c First order element chefeO41
c *****..**.......... chafeO42
e chefeO43
1 continue chefeO44

charmfeO = 0.5eO + x chefeO45
return chafeO46

e chefeO47
c Second order element chafeO48
e ............*=...... chafeO49
e chefeO50
2 continue chefeO51

integral = y - y.y/2.eO chefeO52
charmfeO = 0.5e0 + sign (integral,x) chafeO53
return chafeO54

e chefeO55
c Third order element chafeO56
o ................... chefeO57
e chafeOss
3 continue chefeO59

1.eO chafeO60s=y -

if(y.lt.2.eO .and, y.go.l.eO) chefeO61 ,

integral =13.eO/24.eO-s.s.s/6.eO*s.s.s.s/s.eO chafeO62 !
+

if (y . lt .1. eO) chefeO63 <

integral =y-5. eO.y.y y/6. eO+ 3. eO.y y.y.y/8. eO chefeO64 I+

charmfe0 = 0.5eO . sign (integral,x) chafeO65
return chefeO66

e chafeO67 |
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c Fourth order element chafeO68'

e ======***======***== chafeO69
e chafeO70
4 continue chefeO71

s=y- 1.eO chefeO72
if (y . lt . 2. eO .and. y.ge.l.eO) chafeO73

+ integral =13.eO/24.eO-3.eO*seseses/8.eO+s=sas=ses/2.eO chafeO74
-sesas*ses*s/6.eO chafeO75+

if (y . lt .1. eO) chefeO76
integral =y-y*y*y/3.eO-9.eO*y* yay *y/8.eO+3.eO*y=y*y=y*y/2.eO chafeO77> +

+ -yeyeyey*yey/2.eO chafeO78
charafeO = 0.5eO + sign (integral x) chafeO79
return chafeOSO

chafeOS1e
e Fifth order element chafeOS2
e ****=======e******* chafeOS3
e chafeOS4
5 continue chafeO85

s=y- 1.eO chafeOSS
u = y - 2.eO chefeOS7
i f (y . lt. 3. eO .and. y.ge.2.eO) chafeOSS

integral =1681.eO/3360.eO-ueu*ueueu/60.eO+ueu*ueu=ueu/24.eO chafeOS9 [+
+ -ueu=u*ueueuau/28.eO+ueuoueuoueuoueu/96.eO chafeO90 ,

if(y.lt.2.eO .and. y.go.1.eO) chafeO91 |

integral =303.eO/560.eO+soseses/48.eO-31.eO*seseses=s/30.eO chafeO92+

+25.eO*seseses=ses/12.eO-31.eO=ses*ses=seses/21.eO chafeO93+

+ +35.eDesasemasosaseses/96.eO chefeO94
if (y . lt .1. eO) chefeO95 <

integral =y-y*y*y/3.eO-91.eO*y*y=y*y*y/30.eO chafeO96 1+
+19.eO*y*y y=y*yey/3.eO-32.eO*y=yey*yeyey*y/7.eO chefeO97

,

' +
+55.eO*y=y*y*yey*yeyey/48.eO chafeO98 e+

charmf O = 0.5 0 + sign (integral,x) chefeO99 ;

return chafe 100 '

c chefe101
e Sixth order element chefe102
c .e.e**...*==e****** chafe 103*

e chufe104
6 continue chafe 105

s=y- 1.eO chafe 106
u = y - 2.eO chafe 107 :

if (y . lt. 3. eO .and. y.ge.2.eO) chafe 108 |

+ integral =1081.eo/2160.eO-11.eO*uenoueuoueu/144.eO chafe 1094

| + +ueuaueuoueuou/4.eO-5.eDeuausueuau*u=ueu/16.eO chafe 110
+ +19.eO*ueuoueuoueuausueu/108.eO chefe111 '

-3.eO*ueuausueuauau*ueuou/80.eO chefe112 l+
if (y . lt.2. eO .and, y.go.l.eO) chafe 113

4

integral =73.eO/135.eO+sesemes/48.eO+sesesosas/120.eO chafe 114 |+
+ -145.eCasesemesosas/48.eO+103.eO=seses=ses*ses/12.eO chefe115 ,

-115.eOes s sasesosases/12.eDe355.eO*seseseses*ses=ses/72.eOchafe116 r
. +
j -47.eO*s*ses=sesases=seses/48.eO chafe 117 |+

if (y. lt .1. eO) chefe118 t

integral =y-y* yay /3.eO+y=yeyeyey/20.eO chafe 119 {+,

~659.eO*y y*yey*y=y/72.eO+371.eoey*yeyey*yeyey/14.eO chate130 -
' +

+ ~30.eO*y=yeyeyeyey=yey+1665.eO*yeveyeyey*yeyeyey/108.eO chute 131
+ -35.ooey=y yey*yeyeyey*yey/d.eO chafe 122
ch..refeO = 0.5eO + sign (integral,x) chafn123 ;'

d return chefe124
end chafe 125 i

i

I

)
i
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subroutine charmout chmout 2e chmout 3e This oubroutine writes to tapee 8 & 6 (tty & output file resp.) . chmout 4e No form control characters are printed. chmout 8e chmout 6common /collpts/ neoll,alower supper,epacing dlogem logem0 collpte2e e

r ad iu e (100) , mme s (100) , mobi lity (100) collptes
+

e

real logemO,mase, mobility,alower supper collptedee ehmout acommon /seralcon/ cohpfctr,dshpfctr atickeff aeralco2e

nknudweb,qknudweb,bknudweb merelco3
+

e

,pdensity,pthracon merelco4+

,kbrock,cabrock,ctbrock morelco8
+

i real kbrock merelco6! c
chmout10common /gasprope/ temp, press gdensity,dynvinc molwt,anfrpath gasprop2e e

.gthracon, velocity,molwtvidiffuev gasprop3
+

symftclngevmfrwallevafrflor gasprop4
+
+ ,vegrcings vegrwallevegrflor gasprop8

veoncings vconwall,vconflor gasprop6
+

e

real molwt,anfrpath,molwtv gasprop7e chmout12
, common /agglom/ agglomrt(100,100),depoortf(100) agglom 2t

e d epoo rtw (100) , d epoort e (100) agglom a
+

e chmout14
common /indexcoe/ ne lem e n t e hwid th . j barmin, ind ex (-2 : 2 00) indexco2

, kb armin (-2 : 100) , kb armax (-2 : 100) , nkb ar (-2 100) indexco3+
e chmoutlecommon /coef/ pi j k (3OO) , nj k (100,100) coef 2real njk coef 3e chmoutis

; common /distrib/ s e tore (108) distrib2
1 e

chmout2Ocommon /lognorms/ sigmaelnerad80 sin,mdeneln legnorm2
ndensin geoseln,mae80eln lognorm3+

e,

e

real mdensin,ndeneln, mas 50eln lognorm4
4

e chmout22i common / source / sourcert(100) source 2i e *

chmout24common / timings / time,letepethhystep timings 2
>

| i time , ntime , time s t e p (20) , time end (20) timings 3
+ .

ithhy,nthhyetimethhy(20) timinge4
; + .

idata,ndata,timedsta(20) timingm8+
,

e chmout26common /toleranc/ eps, eta,seta,maxcalle,maxtrys toleran2e chmout2s! common / moments / sigma,rmd80,mdensity,ndensity,geommean,mase80 momente2real mdensity,ndensity,maso80 momente3e ehmout30"

common /fundcon/ pi,boltamnn,gravitat,gasconst fundcon2i e chmout32
common /ioflage/ iondie,iosmon,iocoef,ionorm ioflage2

iodepo,iomane,ioradi,lomobi ioflage3+, ,

ionggl,iondia ioedia,iombal ioflage4
4 +

,'

ioindx,iosmos,iocell,logasp loflage8+ .
+ iotole.ioacon,ioflow ioflags6 i.

|c chmout34common /lotapes/ columne ntape4,ntape8,ntape6 iotapes2 '

integer columns iotapes3; e chmout36common / cell / arencing,areawall,aremflor cell 2
<

'

tempcIng,tempwall tempflor cell 3
+ .
+ volume,leskrate cell 4,

2 Lhydrdiam,eqvrough cell 8 i
+ .
real leakrate cell 6

! e chmout3s; common / flow / bi flag , vblthick e d bithick (100) flow 2 :

,

'

eddydies,ustar reynolde flow 3 >
+

, e
integer biflag flow 4

,

i
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c chmout40
logical firstgo chmout41
data firstgo/.true./ chmout42

e chmout43
e Rule-off page first time round chmout44
e ****************************** chmout45
e chmout46

if (f irstgo) then chmout47
if(columns.eq. 80) write (ntape6,9999) chmout48
i f (coluans . e q.132) write (nt ape 6,8999) chmout49
endif chmout50

e chmo u',51

c Current time and mass balance chmout52
o ***************************** chmout53
e chmoutS4

if (firstgo)balanceo = adensity* volume chmout55
balance = adensity* volume chmout56

setore(ncoll+1) chmoutS7+ +
+ + setore(ncoll+2) chmoutS8

setore(ncoll+3) chmoutS9+ +

setore(ncoll+4) chmout00+ -

+ + setore(ncoll+5) chmoutel
balanceO chmoutS2+ -

w r it e (n t ape 5,9009) i s t e p , t im e , b al an c e chmout63
write (nt ape 6,9038) i s te p , time , b alanc e chmoutS4

e chmoutes
c Waes balances chmout66
c ***o********* chmout67
e chmoutS8

if(lombal.ne.0)then chmoutS9
if (mod (istop , iombal) . eq.0) then chmout70 ,

write (ntape6,9010) e.hmout71
w r it e (nt ap e 6,9001) md e n s it y e v ol ume , s e to r e (n col l + 1) chmout72

astore(ncoll+2),sstore(ncoll+3) chaout73+ e

+ .setore(ncoll+4),sstore(ncoll+5) chmout74
endif chmout75i

' endif chsJut76
i chmout77e

e Sound alarm if too much mass at end collocation pcinte chmout78
c ****************************************************** chmout79
e chmoutSO

' i f (ade ns ity . ne .O. eO) the n chmout81
f raction = setore(ncoll)*mase(ncoll)*dloges/adensity chmoutS2
if (f raction.st.1. e-1) then chmoutS3
write (ntape5,9015) f raction chmoutS4
writ e (nt ape 6,9015) f raction chmout85 i

endif chmoutSS
f raction = s etore (1) *mame (1) *dlogem/mdensity chmoutS7
i f (f raction . st.1. e-1) the n chmoutBS

,

write (ntape5,9053) fraction chmout99j
write (ntape6,9053) fraction chmout90
endif chmout91
endif chmout92,

4 e chmout03
e Sound alarm if too many particles at end collocation points chmout94 ;t

e *********************************************************** chmout95 [

c chmout96
i f (nd e ns ity . ne .O . eO) the n chmout97
fraction = setore(neoll) dloges/ndensity chmout98

,

' if(fraction.st.1.e-1)then chmout99
write (ntape5,9054) fraction chmoulO0

| write (ntape6,9054) fraction chmoulO1
endif chmoulO2
f raction = setore(1) dloges/ndensity chmoulO3
i f (f raction. st .1. e-1) then chmoulO4
write (nt ape 5,9055) f raction chmoulO5
write (ntape6,9055) f raction chmoulO6
endif whmoulO7
endif chmoulO8

s r
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e chmou100
c. Womente chmou110
c ....... chmou111
e chmou112

if (iosmon. ne .0) then chmou113
if (mod (istep , iosmon) . e q.0) then chmou114
write (ntape6,9002) chmou115
write (ntape6,9001) signm rad 50,mdensity,ndensity ,seommean, mass 50 chmou116e

endif chmou117
endif chmou118

c chmou119
c Source moments chmou120

chmou121c *=.***...=.. =

e chmou122
if (lossom . ne .0) then chmou123
if (mod (is tep , lossom) . eq.0) then chmou124
write (ntape6,9021) chmou125
write (ntape6,9001) chmou126

sigmasin,rmd50 sin ndensin,ndensin,geomaln, mas 50 sin chmou127+ e

endif chmou128
endif chmou129

e chmou130
e Mass dansity distribution chmou131

chmou132e .........................

e chmou133
if (iomdis . ne .0) then chmou134
if (mod (istep iomdia) . eq.0) then chmou135
write (ntape6,9044) chmou136
if(columne.eq. 80) write (nt ape 6,9016) chmou137
i f (columns . e q.132) writ e (ntape 6,8016) chmou138
if(columns.eq. 80) chmou139

write (ntape6,9003) (1, s etore (i) mase (1) ,1=1, ncoll) chmou140+
i f (columns . eq.132) chmou141

write (nt ape e ,8003) (i . s e tore (i) . mas e (i) ,1=1, ncoll) chmou143+
endif chmou143
endif chmou144

e chmou145
c Number density distribution chmou146
c ................ a......... chmou147
e chmou148

i f (iond is . ne .0) th e n chmou149
if (mod (is tep ,iondis) . eq.0) then chmou150
write (ntape6,9045) chmou151
if(columns.eq. 80) write (nt ape 8,9017) chmou152
if(columns.eq.132) write (ntape6,8017) chmou153
if(columns.eq. 80) write (nt ape 6,9003) (i s etore (i) ,1=1, ncoll) chmou154
i f (columns . e q.132) writ e (nt ap e 6,8003) (1, s e tore (i) ,1=1, ncoll) chmou155
endif chmou156
endif chmou157

e chmou158 |

c Source mass and number density distributions chmou159 |
chmou160 ic ............................................

e chmou161 '

if (iosdia . ne . 0) then chmou162
i f (mod (istep , iosdia) . e q.0) then chmou163
write (ntape6,9022) chmou164
if(columns.eq. 80) write (ntape6,9016) chmou165
i f (. col umn s . e q .132) wri te (nt ape 6,8016) chmou166
if(columns.eq. 80) chmou167

+ write (ntape6,9003) (i sourcert (i) .mase (i) ,1=1, ncoll) chmoul68
if(columne.eq.132) chmoul69

write (ntapeo,8003) (i sourcert (i) =ames (i) ,1=1 ncoll) chmou170+

write (ntape6,9039) chmou171
if(columns.eq. 80) writ e (nt ape 6,9017) chmou172
i f (colum ns . e q .132) w rit e (nt a p e 6,8017) chmou173
if(columns.oq. 80) writ e (nt ape 6,9003) (1, s our c e rt (1) ,1=1, ncoll) chmou174
i f (columns . e q.132) write (ntape6,8003) (i source rt (1) ,1=1, ncoll) chmou175
endif chmou176
endif chmou177
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e chmou178
c Element, number of collocation points etc. chmou179
c ****************************************** chmou180
e chmou181

if (firs tgo) then chmou182
range = mupper/mlower chmou183
write (ntape6,9004) chmou184
write (ntape 6,9005) n el eme n t encoll,hwidth, spacing, range chmou185
endif chmou186e chmou187e Indexing for production coefficiente chmou188

c ************************************ chmou189e chmou190
if(firstgo .and. ioindx.ne.0)then chmou)91
write (ntape 6,9023) chmou192
write (ntape6,9024) (j bar , kbarmin (j bar) , kbarmax (j bar) , nkbar (j bar) chmou193

s index (j bar) , j bar=j barmin ncoll-1) chmou194+
e

endif chmou195e chmoulos
e Production coefficiente chmou197
c *********************** chmou198c chmou199

if(firstgo .and, locoef.ne.0)then chmou2OO ;if(columns.eq. 80) write (ntape6,9007) chmou201 i
i f (column s . e q .132) wri t e (nt ap e 6,8007) chmou202
if(columns.eq. 80) write (ntape6,9001) (pij k (ind) , ind=1, index (ncoll ) chmou203
if (columns . e q.132) write (ntape 6,8001) (pi j k (ind) , ind=1, ind ex (ncoll } ) chmou204,
endif chmou205e chmouaO6

c Normalisation chmou207
c ************* chmou208e chmou209

if(firstgo .and. lonorm.ne.0)then chmou210if(columns.eq. 80) write (ntape6,9008) chmou211
i f (col umn s . e q .132) wri te (n t ap e 6,8008) chmou212j do 10 j=1,ncoll chmou213
if(columns.eq. 80) write (ntape6,9003) (k , nj k (j , k) , k=l e ncoll) chmou214
if (columns . eq.132) write (ntape6,8003) (k , nj k (j , k) , k=1, ncoll) chmou21510 continue chmou216
endif chmou217e chmou218Collocation points chmou219c

c ****************** chmou220e chmou221
if(firstgo .and. iommes.ne.0)then chmou222if(columns.eq. 80) write (nt ape 6,9006) chmou225
i f (columns . e q.132) writ e (nt ap e 8,8006) chmou224
if(columns.eq. 80) wri t e (ntape6,9003) (i , m a se (i) ,1=1, ncoll) chmou225
i f (columns . e q.132) write (nt ap e 6,8003) (i , mas e (i) ,1=1, n coll) chmouJ26
endif chmou227 |c chmou228
Radii at the collocation points chmou229 L

e
c ******************************* chmou230e chmou231

if (firstgo .and. ioradi.ne.0)then chmou232 l

|

if(columns.eq. 80) wri t e (nt ap e 6,9011) chmou233if(columns.eq.132) write (ntape6,8011) chmou234
if(columns.eq. 80) write (nt ap o o ,9003) (i er adiu m (i) ,1= 1, ncoll chmou235 |i f (column s . e q .132) wri te (nt ap e 6,8003) (1, r mdiu m (i) ,1=1, nc oll)) chmou238
endifi

chmou237 .e chmou238e Tolerances chmou239e ********** chmou240e chmou241
if(firetto .and, iotole.ne.0)then chmou242 iwrite (nthpe6,9025) chmou243 '

write (ntape6,9025)eps, eta,seta maxcallss emaxtrys chmou244endif chmou245e chmou246

i

!
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c Aerosol physics data chmou247e ******************** chmou248e chmou249if(firstgo .and. loacon . ne . 0) the n chmou250write (ntape6,9040) chmou251write (ntape6,9041)cahpfetr,dshpfetr,stickeff chmou252writ e (nt ap e 6,9027) ak nu dwe b , qk nu dwe b , bk nu dwe b chmou253write (ntape8,9028)pdensity,pthrmcon chmou254write (ntape6,9029)kbrock,cabrock,ctbrock chmou255endif chmou256e chmou257e Ce'l data chmou258c ===******
chmou259e
chmou260if (locell . ne . 0) theni chmou261i f (mod (is tep , iocell) . eq .0) thenI

chmou262write (ntape6,9042) chmou263l endif chmou284'

endif chmou265if(firstgo .and. locall.ne.0 thenwrite (ntape6,9030) volume , lea). .te chmou266
k chmou267write (ntape6,9048)hydrdiam,eqvrough chmou268writ e (nt ape 6,9031) mre acl ng , are aw all , are nf lo r chmou269endif chmou270i f (ioc e ll . ne . 0) th e n chmou271if (Lod (istep , iocell) . eq.0) then chmou272write (ntapeo,9032)tempelng,tempwall,tempflor chmou273endif chmou274endif chmou275e

chmou276e Gas data chmou277e ********
chmou27dc chmou279if(iogasp.ne.0)then chmou280if (mod (istep, logasp) . eq.0) then chmou281write (ntape6,9043) chmou282write (ntape6,9033) temp press, velocity chmou283write (ntape6,9034)gdensityedynviscianfrpath chmou284if(firstgo)then chmou285write (ntape6,9036)molwtegthrmcon chmou286write (ntape6,9001)molwtv diffusy

e chmou287write (ntape6,9049)vmfrclng,vmfrwall,vmfrflor chmou288write (ntape6,9050) cegrcing evcgrwall,vcgrflor chmou289write (nt ape 6,9052) v concing , vconwall, vcon f lor chmou290endif chmou291endif chmou292endif chmou293e chmou294c Flow data chmou295c *********
chmou296e chmou297

i f (io f low . n e . 0) th e n chmou298if (mod (intep , ioflow) . eq.0) then chmou299write (ntapes,9046) . chmou3OOwrite (ntape6,9035)eddydiss ustar,vblthick chmou301e

wr i t e (r.t ap e 6,9047 )
. chmou302

if(columne.eq. 80) w ri t e (nt ap e 6,9003) (i , dbithick (i) ,1=1, ncoll) chmou303
i f (column s . e q.132) write (ntapo o ,8003) (1, dbithick (i) ,1=1, ncoll) chmou304endif chmou305endif chmou306e chmou307c Wobilities at the collocation points chmou308e ************************************ chmou309e

chmou310
i f (lomo bi . n e . 0) t h e n chmou311if (mod (istep, iomobi) . eq.0) then chmou312if(columns.eq. dO) wri t e (n t ap e 6,9012) chmou313if(columns.eq.132) write (ntape6,8012) chmou314
if(columns.eq. 80) wri t e (n t ape o ,9003) (i , mo bili ty (i) ,1= 1, n co ll) chmou315
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i f (columns . e q.132) write (ntape 6,8003) (1, mobility (i) ,1=1, ncoll) chmouS16
endif chmou317
endif chmous18

e chmous19
c Deposition rates at the collocation points chmou320
c ****************************************** chmou321
e chmou322

if(iodepo.ne.0)then chmouS23
i f (mod (is tep , iodepo) . eq.0) the n chmouS24
write (ntape6,9018) chmou225
if(columns.eq. 80) write (ntape 6,9013) chmou326
if (columns . e q.132) write (ntape 6,8013) chmou327
if(columne.eq. 80) write (ntape6,9003) (1, d e poo rtf (i) ,1=1, n coll) chmouS28
i f (columns . e q.132) write (nt ape 6,8003) (1, d e po o rt f (i) ,1=1, ncoll) chmouS29
write (ntape6,9019) chmou330
if(columns.eq. 80) write (ntap e 6,9013) chmou331
i f (columne . eq .132) write (ntape 6,8013) chmouS32 ,

if(columns.eq. 80) wr i t e (nt ape 6,9003) (i , de poo rtw (1) ,1= 1, ncoll) chmouS33 "

i f (columns . e q .132) write (ntap e 6,8003) (i , d e poo r tw (i) ,1=1, ncoll) chmou334
write (ntape6,9020) chmouS35
if(columns.eq. 80) write (nt ap e 6,9013) chmou336
if(columns.eq.132) write (ntape6,8013) chmous37
if(columns.eq. 80) write (ntape6,0003) (i depoorte (i) ,1=1, ncoll) chmou338
if (columns . eq 132) write (ntape6,8003) (1, de poorte(i) ,1=1, ncoll) chmou339
endif chmou340
endif chmous41

e chmous42
c Agglomeration rates at the collocation points chmou343
c *******************=************************* chmouS44
e chmou345

if(ioaggl.ne.0)then chmous46
if (mod (intep , ioaggl) . eq. 0) then chmou347
if(columns.aq. 80) write (ntape6,9014) chmouS48
if(columns.eq.132) write (ntape6,8014) chmou349 '

do 20 j=1,nco11 chmou35C
if(columne.eq. 80) write (nt ape 6,9003) (k , agglomrt (j , k) , k=1, ncoll) chmou351
if (columns . eq.132) wr ite (ntape6,8003) (k , agglomrt (j , k) , k=1, ncoll) chmouS52

20 continue chmou353
endif chmou354
endif chmou355

e chmou356
e Kill FIRSTCO flag & rule-off page chmou357
e ********************************* chmou358
e chmouS59

firstgo=. false. chmou360
if (columns . eq. 80) write (ntape6,9999) chmou361
i f (column s . e q.132) write (ntape 6,8999) chmou362
return chmou363

e ehmou364
e Format statemente chmou365
e ***************** chmou366
c chmou367
9001 format (1p6e12.4) chmou368
9002 format (' Airborne aerosol momente...',/ chmou369

+' sigma chmou370'
,

+' rad 50 ', chmou371
+' adensity chmou372'

,

+' ndensity 'e chmoy373 .

'+' geommean ', chmouS74
+' mamm50 ') chmou375

9003 format (5(14 1ple12.4)) chmou376format ('Colkocationinformation...',/ chmou3779004
+' nelement ', chmouS78 |+' neoll ', chmou379
+' hwidth ',4x, chmou380
+' spacing ',4x, chmou381
+' range ') chmou382
format (2(16 4x),3(1ple12.4,4x)) chmou3839005
forrat(' Col $ocationpoints...',/ chmou3849006
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+5(4x,' mass ')) chmouS85
9007 fornat( chmousse

+' Production coefficients in indexing order...',/ chmouss7
+6(' pijk ')) chmou3ss

9008 format ('Normalisation factors...',/ ebmouS89
+ 5 (4 x , ' njk ')) chmouS90

9009 format ( chmouS91
+' step no. ' ,13,' time m',1ple12.4,' mass check =',1ple12.4) chmouS92=

9010 format (' Mass budget...',/ chmouS93
+' air-borne', chmouS94
+' flor dep.', chmouS95
+' wall dep.', chmou296
+' clns dep.', chmouS97
+' source ', chmouB95
+' leaked ') chmou399

9011 format (' Radii at the collocation points...',/ chmoudOO
+5(4x,' radius ')) chmou401

9012 format ('Wobilities at the collocation points...',/ chmou402
+ 5 (4 x , ' mobility ')) chmou403

format (5(4xkomeration kernel. . . ',/
' dep. rate ')) chmou4049013

format ('Agg chmou4059014
+5(4x,' agg. rate ')) chmou406

9016 format (4x.'**= CHARWOUT warnings the mass fraction in the', chmou407
+' top bin is ,1ple12.4,' ==*') chmou40s'

9016 f ormat (6 (4x , ' a-distr ')) chmou400
9017 f ormat (5 (4x , ' n-distr ')) chmou410
9018 format (' Rate of deposition onto floors. . . ') chmou411
9019 format (' Rate of deposition onto walls. . . ') chmou412
9020 f ormat(' Rate of deposition onto ceilings. . . ') chmou413
9021 format (' Source moments...',/ chmou414

+' signa chmou415'
,

+' rad 50 's chmou416
+' udensity ', chmou417
+' ndensity 8, chmou415
+' geommean ', chmou419
+' mass 50 ') chmou420

9022 format (' Source mass distribution...') chmou421
9023 format (' Indexing for production coefficients...',/ chmou422

+' jbar ', chmou423
+' kbarmin', chmou424
+' kbarmax', chmou425
+' nkbar ', chmou426
+' index ', chmou427
+' jbar ', chmou428
+' kbarmin's chmou429
+' kbarmax', chmou430
+' nkbar ', chmou431
+' index ') chmou432

9024 format (16,918) chmou433
9025 format (' Tolerance information...',/ chmou434

+' eps ,' chmou435
+' eta chmou436 |

'
,

+' seta chmou437' ,
+' maxcalls ' chmou438,

+' maxtrys ') chmou439
9026 format (1p3e12.4,is,112) chmou440
9027 format ( chmou441

+' mknudweb m',1ple12.4, chmou442
+' qknudweb m',1ple12.4, chmou443
+' bknudweb m' 1ple12.4) chmou444

9028 format ( chmou445 j+' pdensity =',1ple12.4 chmou446 1+' pthracon =',1ple12.4) chmou447 i

9029 format ( chmou448 )+' kbroch =',1ple12.4, chmou449
+' cabrock =',1ple12.4, chmou450 |
+' ctbrock =',1ple12.4) chmou451

9030 format ( chmou452+' volume =',1ple12.4 chmou453
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+' leakrate =',1ple12.4) chmou454
9031 format ( chmou455

+' arescing =',1ple12.4, chmou456
+' areawall =',1ple12.4, chmou457
+' areaflor m',1ple12.4) chmou458

9032 format ( chmoud59 j
i +' tempelng m',1ple12.4, chmou460 :

. +' tempwall m',1ple12.4, chmou461 |+' tempflor =',1ple12.4) chmou462 i

9033 format ( chmou463+' temp =',1ple12.4, chmou464+' press =',1ple12.4, chmou465;

+' velocity m',1ple12.4) chmou466
i 9034 format ( chmou467
* +' gdensity =*,1ple12.4, chmou468' +' dynvisc =',1ple12.4, chmou469 ;+' anf rpath . = ' ,1pl e 12. 4) chmou470 ;j9035 format ( chmou471' +' eddydies =',1ple12.4, chmou472+' ustar =',1ple12.4, chmou473+' vb1 thick =',1p1 12.4) chmou474 I9036 format ( chmou475+' molwt =',1ple12.4, chmou476
'

1 +' sthracon =',1ple12.4) chmou477
; 9038 format ( chmou478

+62(**'),/ chmou479 '
'

+'etop'no. ',13,' time =',1ple12.4,' mass check =',1p1=12.4,/chmou4SO=

+62('* )/) chmou481 '
,

9039 format (' Source number distribution. . . ') chmou4829040 format (' Aerosol physica data. . . ') chmou483
,

9041 format ( chmoud84+' cohpfetr =',1ple12.4, chmou485
+' dehpfctr =',1ple12.4, chmou480,

+' sticheff =',1ple12.4) chmou487 t
! ,

9042 format (' Cell data. . . ') chmou4SS
9043 format (' Gas data. . . ') chmou489

,

9044 f ormat(' Airborne mass distribution. . . ') chmou490a

9045 format (' Airborne number distribution. . . ') chmou491
i

I 9046 format (' Flow data. . . ') chmou492
format chmou493| 9047 +5(4x, ' ('Dif fusion boundary layer thickness. . . ',/dbithick ')) chmou494

'

f ormat (diam = ' ,1 pl e 12. 4,
9048 chmou4954

t+' hydr chmou496+' eqvrough =',1ple12.4) chmoue97
.
'

! 9049 format ( chmou498
i +' vafrelng =',1ple12.4, chmou499'

+' vafrwall =',1ple12.4, chmouSOO
+' vafrflor =',1ple12.4) chmou501,

; 9050 format ( chmou502
) +' vegrelng =',1ple12.4, chmou503 1

+' vegrwall m',1ple12.4, chmou504 i

+' vegrflor m',1ple12.4) chmousO5 {
f ormat (lwtv m ' ,1pl e12.4,

9051 chmousO6 t+' mo chmousO7 -+' diffusy =',1ple12.4) chmou508 L9052 format ( chmou509
+' vconclns =',1ple12.4, chmouS10+' vconwall =',1ple12.4, chmouS11+' vconflor m',1ple12.4) chmouS12 *

9053 format (4x,'e== CHARMOUT warnings the mass fraction in the', chmouS13 [
+' bottom bin le ,1ple12.4,' ***') chmou514 }

'

9054 format (4x,'... CHARWOUT warnings the number fraction in the', chmous15 i+' top bin is ,1ple12.4 ' ese') chmouS16 i

'
;

i 9055 f ormat (4x , ' . .. CHARWOUT warning s the rumber fraction in tha', chmouS17 r
+' bottom bin is ,1ple12.4,' ***') chmouB1R

'

9999 format (/,80('*'),/) chmouS19,- 8001 format (1p11e12 4) chmou630'
S003 f ormat (S (14,1 pl e 12. 4)) chmous21 e

8006 format (' Collocation pointe...',/ chmous22

I
|
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I

+ 8 (4x , ' mass ')) chmous23
8007 format ( chmous24 .

+' Production coefficients in indexing order...',/ chmousas |
+11(' pijk ')) chmouS26

8008 format ('Normalisation factors...',/ chmous27
+ 8 (4x , ' njk ')) chmouS28

8011 format (' Radii at the collocation points...',/ chmous29
+ 8 (4 x , ' radius ')) chmouS30

8012 format (8 Mobilities at the collocation points...',/ chmous31
+ 8 (4x , ' mobility ')) chmouS32

format (8(4xkomerstionkerne1...',/dep.rmte ')) chmouS33'8013
fornat('Agg chmous348014

+ 8 (4 x , ' agg.rmte ')) chmouS35
8016 f o rmat (8 (4x , ' a-distr ')) chmouB36
8017 format (8(4x,' n-distr ')) chmous37
8047 format (' Diffusion boundary layer thickneso...',/ chmous38

+ 8 (4 x , ' dblthick ')) chmouS39
8999 f ormat (/ ,132 (' e ') , /) chmouS40

end chmouS41 ,
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- APPENDIX E - NOMENCLATURE

a , i, i) , ( Parameters in Site. ski and Seinfeld's correction to the
Brownian agglomeration rate.

A The cell cross-sectional area perpendicular to the flow.
A,,A,,A ,A, The area exposed to aerosol of , respectively, the ceiling,

f

wall, floor and any one of these surfaces.
b , b,, b Dimensionless constants appearing in the Brock factor, Br, iny g

the expression for the thermophoresis deposition velocity.
B , B , B) , B, The mobility of particles of any cass and those of cass s ,

3 i

m and m respectively.
3 g

Br The Brock factor in the expression for the thermophoretic
deposition velocity.

B The particle mobility according to Stoke's law.
st

c,, e,, c,, c, The vapor concentration adjacent to, respectively, the
ceiling, wall, floor and any one of the surfaces,

de de de de concentration gradient adjacent to, respectively,E*' 5 "' E'' 5' The vapor 'the ceiling, wall, floor and any one of these surfaces.
| C(a,t) The number density distribution.

Cu The Cunningham correction factor in the expression for the ,

particle mobility.
: d The hydraulic diameter of the flow path - see Eq. 9.h

D| The integral which appears in the destruction term in the
discretized aerosol equation.i

D, The diffusivity of steam in air at T,3 and F,. *

'

D, The vapor diffusivity in the gas.
f, The Fanning friction factor.
f,, f,, f ' f. The molar fraction of vapor in the gas / vapor mixture adjacent

t

to, respectively, the ceiling, wall, floor and any one of
these surfaces.

! Fu Fuchs' correction factor to the Brownian agglomeration rate.
Fu , Fu, The terms due to Fuchs, and Sitarski and Seinfeld whicht g

'

appear in Fu. !
g The acceleration due to gravity. i,

g()-) The basic finite element. i

'

Tha l'h,j'h and k'h finite elements based on g(y). e.g. gi(x) {g , g), ggg

i = g( (x-x )/h ) . Ig

; h The logarithmic spacing between successiv'e collocation
.

{ points. (
.

i, j , k Indices with values in the range 1 to n. See under subscripts i
'

'

below.
1 3, E } = i - j and similarly for E.

|k Boltzmann's constant.
|;

! !
j i
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|

k,, k , k, Dimensionless constants in the Cunningham correction f actor,
3

Cu.
K(p,m,t),K The agglomeration kernel. K is K(a ,m ,t) .

33 3 j g
Kn The particle Knudsen number based on the radius of the

equivalent spherical particle.
1 The mean free path cf gas molecules in the bulk gas.

The particle mass in general and at the l'h j'h and k'ha , a , a) , sg ,g

collocation points respectively.
s, The mass median mass of the airborne and source

distributions.
m, The geometric mean mass of the airborne and source number

dist ribe *. ions .
n The number of collocation points,
n The normalization factor appearing in the production ters of
jk

the discretized aerosol equation.
N The number density of the airborne distribution.
dj The number release rate of source particles per unit cell
dt volume,

p The ' wetted' perimeter of the cell perpendicular to the flow
field.

P The mean pressure in the cell.
I

P The integral which appears in the production term of the
3g

discretized aerosol equation.
P, A reference pressure which appears in the correlation for the

diffusivity of steam in air.

The radius of the equivalent spherical particle in generalr, r , r , rgg 3 thand at the i*h,j and k" collocation points respectively.
r, The mass median particle radius of the airborne and source

distributions.
r, s Indices with values in the range 1 to n.
R The universal gas constant.
R(a,t), R , R The removal rate of particles of mass a per unit cell volume.g 3

R is R(s ,t) and similarly for J.g i

Re The Reynolds number based on the hydrodynamic diameter and
the mean flow speed.

S (a , t) , S , S The source number distribution. S is S(a ,t) and similarly
g j g g

forj.
Sc The particle Schmidt number.
t Time.
T The mean gas temperature in the cell.
T ,T,,T,,T, The mean gas temperature adjacent to, respectively, the

ceiling, wall, floor and any one of those surfaces.
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T,1, T,, Reference temperatures appearing in correlations for the
dynamic viscosity of air and the diffusivity of steam in air
respectively.

U Tne mean f1w speed in the cell.
u, The friction velocity.

e The particle gravitational terminal velocity. !u

v, The deposition velocity due to turbulence. {
v,, 9.2' i.2 N n-dimensional turbulent deposition velocities appearing in

the correlation based on the Lui and Agarwal data.
v,, y,,v,y Net deposition velocities to, respectively, the ceiling,f ,

floor, wall and any one of these surfaces.
v, The deposition velocity due to Brownian diffusion across the

laminar sublayer in a turbul nt flow.
v , , v , , v,f , v , Diffusiophoresis deposition velocities to, respectively, the.3 3 3

ceiling, wall, floor and any one of these surfaces.
c The gravitational deposition velocit,.v

v,,, v ,, r,f , v , Thermophoresis deposition velocities to, respectively, the7 y

ceiling, wall, floor and any one of these surfaces.
V The cell volume.
W,W The average molecular weight of the gas in the bulk of the, ,

cell and the molecular weight of the vapor promoting
diffusiophoresis.

x, x1 x is log,(m) and x is log,(m ) .i i

|
y The independent variable in the simplified integral for P

3I (Eq. (56)).
Y(m, t) , Y , Y), Y The density distribution of the airborne aerosol. It is

i g

occasionally referred to as the mass distribution. Y isg

1(m ,t) and similarly for j and k.
i

z, The er;ivalent sand roughness of surfaces in the cell.
a,, o, The thermal conductivities of the gas and the particle

material respectively.
y,, ya The collision and dynamic shape factors.
In, y, The Fuchs collision efficiency and the particle-particle

sticking efficiency.
6, The viscous boundary layer thickness.
6 The Kronecker delta. (g3

6,d The particle diffusion boundary layer thickness. 6,g is 6,3 og

evaluated for particles of mass a .
g

6 The relative tolerance parameter.
c. The average energy dissipation rate per unit mass due to

turbulence in the bulk gas,
p.1, f.s' /s' fc Agglomeration rates due to: rarticle inertin in a turbulent

i
flow, turbulent shear, Brownian motion and gravitational {
settling respectively. |
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n An absolute tolerance parameter required by the method for
finding zeros of functions.

n, The dynamic viscosity of the bulk gas.
n, The dynamic viscosity of air at T,3
A The removal rate due to leakage.

1

A,, A,, A , A, The removal rates due to deposition to, respectively, the-

f
ceiling, wall, floor and any one of these surfaces.

X,1, A,g , Afg, A,g As above evaluated at m .g

p, v Particle casses.
r Pi.
p The density of the airborne aerosol.

h The mass generation rate of the source per unit cell volume,

The density of the bulk gas and the particle materialp,, pp
respectively,

a The cube root of the geometric standard deviation with
respect to mass of the airborne and source number
concentration distributions. It is also called the geometric

,
'

standard deviation.
- r The particle relaxation time.
d The dimensionless particle relaxation time.r

g A parameter recuired by the method for finding zeros of
functions.

Subscripts
Denotes associated with turbulence.*

c , w, f, s Denotes, respectively, the ceiling, wall, floor and any one
of these surfaces,

g, p Denotes the bulk gas (except when used in a,) and particles
respectively.

i, j , k Indices with values in the range 1 to n. They denote that the
associated variable is to be evaluated at the corresponding
collocation point.

r Denotes a reference value. It is used for parameters
appearing in correlations of physical properties.
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APPENDIX F - INDEX OF-SUBROUTINE AND FILE NAMES

d 1 d 1
005n11E 39,46,48,83 ,84,117 CHARMM50 48,84 ,133

,

d 1 d 1
CHARM 40-4^,80 ,85,89 CHARMMOB 83 ,114

d 1 5 1
CHARMAGG 83 ,120 CHARMWOW 48,84 ,87,131 ,

d 1 d 1
CHARMBLO 54,80 ,85,92 CHARMNOR 82 ,107

d 1

] CHARMCOE 18,45-46,54,81 ,85,102 CHARWOPL 41,51
d 1 d 1

CHARWCOL 81 ,98 CHARWOUT 48,51,80,84 ,87,136
d I

CIIARWCFT 41-42,51 CHARMPJK 81 ,85,104
.

d 1
j CHARWDAT 22,42 CHARMRAD 82 ,108 [

d I d 1
CHARWDEP 51.83 ,122 CHARWRHS 80,84 ,85,129

d 1 d 1
CHARWDIF 46-37,80,83 ,86-87,126 CHARMSLN 54,80.63 ,85,125 !

d I d 1 '
I CllARMFAN 46,83 ,119 CHARWUTH 54,80,82 ,85,112

d 1 d 1
; CHARMFE 81,82 ,105 CilAR WTH 54,82 ,111

d 1 4 1
CHARMFE0 84 ,134 CilARWZLN 54,82 ,109 L

d 1 d
i CHARMFLO 83 ,115 DEBDF 19,2?,39,47,49,83,84

d 1 dI CHARMFUN 81 ,101 CAUS8 45-46,49,81 (
! CHARMCAS 82 ,113 SSORT 49,81d 1 d -

CHARVHIS 41,51 OUT 23-24,36,40, 2,61,63 I
d 1Ch ' VIN 45,54,80 ,85,94 USLM 3D1 50,52 '

;

d 1
| CHARWIND 45,81 ,99 USERWOD2 51-52 |

d I
CIIARWITH 54,85 ,110 USERMODS 52

CHARWLDR 41-42 '

'

d subroutine description
1j subroutine listing
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CilARM is a computer model for the behavior of a one component aerosol in a
single region with time-varying external conditions. It treats particle
agglomeration due to Brownian motion, gravity and turbulence, and particle
deposition due to Brownian motion, gravity, turbulence, thermophoresis and
diffusiophoresis. Turbulence properties are estimated for flow through a region
of arbitrary cross-sectional shape, with aerodynamically rough or smooth walls
at any Reynolds number. The gas can be of any composition. The time-varying
external conditions allowed for are: the temperature, pressure and velocity of
the gas, wall temperatures, and the rate, nass median radius and geometric
standard deviation of the source. The model is simpli modified to enable this
list to be extended if needed. A new method of solving '.he governing equations,
based on the finite element collocaticn method, entbles the time-varying
conditions to be treated accurately and economically. We e rcribe in detail: the
nodels, the numerical methods, the execution of the computer code (including how
to write the input data file and interpret results), nd how to make simple
modifications to the model. We discuss how the model could be implemented as a
sub-model of a larger one and what further work needs to be done to enable it to
efficiently treat multicomponent aerosols, and condensation onto and evaporation
from particles.
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