NUREG/CR-5162
SANDB88-0745

CHARM: A Model for Aerosol
Behavior in Time Vary mg
Thermal-Hydraulic Conditions

Prepared oy C.J. Wheatiay

Sandia National Laboratories

Prepared for
U.S. Nuclear Regulatory
Cormm ission






NUREG/CR-5162
SANDBS8-0745
R3

CHARM: A Model for Aerosol
Behavior in Time Varying
Thermal-Hydraulic Conditions

Prepared for

Division of Systems Research

Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20656

NEC FIN A1342




CHARM is a computer model for the behavior of a one component aeroscl 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 sedian radius and geometric
sta’.dard deviation of the source. The model is simply msodified to enable this
list to be extended if needed. A new method 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 methods, the execution of the computer code (including how
to write the input data file and interpret results), and how to make sigple
modifications to the model  We discuss how the model could be implemented as a
subpode]l of a larger one and what further work needs to be done to enable it teo
efficiently treat multicomponent aerosols, and condensation onto and evaporation
from particles.
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1 INTRODUCTION

The work which has culsinated in the production of the aerosol model CHARN
described in this manual originates from the need to consider hypothetical
accidents in power geuerating 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
into the containment building and the environment. It is essential to these
assessments to calculate the transport of fission products from the fuel teo
their eventual destination. Many of them can be transported as aerosols for
which agglomeration and deposition are important mechanisms to be considered.
The behavior of the aerosol is coupled to the theresl-hydraulic conditions which
can vary considerably both spatially and temporally; variations in temperature,
pressure and turbulence are pirticularly isportant. Condensation onto and
vaporization of the aercsol and self -heating due to radiomctive decay of the
fission products can also ececur. Many cosputational cells and many serosol
componernts mpust 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 thersal-hyd-: lic conditions. Nuserical
methods for treating this were forsulated wnd assessed by the author (Wheatley,
1088) who showed that one in particular, based »n the finite-elesent collocation
method, can give satisfactorily accurate resul  for practical probless and yet
requires only sodest computational overhead to update the agglomeratioa kernel
to take account of time-dependencies in the external conditions.

CHARM is a modest extension of the computer code used by the author to assess
the collocation method. It models aerose) behavior in a single cosputational
cell; time-varying external conditions are assused to have been calculated in
advance and are supplied as data to the model. The aerosc]l particles have a
single, constant composition and can aggloserate, 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 MAEROS (Gelbard, 1982) have been
used in CHARM. However, models have been added to treat deprsition 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 output
subroutines will enable the model to be widely used for practical probless.

0f course, this only goes part-way to modeling aerosol behavior in the wider
context as discussed above. Principally, sulticosponsnt and vaporization effects
are .grored. However, it was considered worth-while to develop such a model
based on the previous work of the author for the following reasons:
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We know of no other model which is able to efficiently %“reat 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
varistions of the external variables with time are important to aerosol
behavior.

It can be used to study alternatives to the physical sodels: turbulent
dep.sition in particular for which there is some uncertainty.

With minor modification, it can be incorporated into sulti-cell models such
as VICTORIA (“rimley et ai., 1988 “hereby enabling sercsol behavior to be
fully coupled to the thermal-hydraulics and other phenomena - though, of
course, simplifying assusptions have to be made about how to treat the
particle composition, and condensation and evaporation.

With further development of methods, it could form the basis of a model
which efficiently treats multicomponeat and vaporization effects also.

We envisage, therefore, that CHARM could be used as it is or with minor
modification, incorporated as part of another model, or extended in some major

vay

to treat multicomponent and vaporization effects. To meet all these possible

needs, we will describe in detail the models in CHARM, the numerical methods we

use,

how to compose thz input data file and interpret the output, and how to

execute and sake minor modifications to the code. We include supplementary
details about the cverall operation of the model, what the subroutines do and a
compiler source listing. We also discuss in general terms how it could be
incorporated into multi-cell models, the developments needed to treat

effi

ciently multicomponent and vaporigation effects, and how it sight form the

basis of a model to treat these effects.
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2 DESCRIPTION OF THE MODEL
2.1 Qverview

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

‘t - %J: K(u,-4,0)C(4,t)C(m-p,t)dp

- C(-.t)f: K(s,m,0)C(s,t)ds - R(m,t)C(m,t) » S(m,t) . (1)

where C(m,t) is the aerosol number concentravion distribution. It is defined so
that C(»,t)de is the number of particles per uuit volume with mass in tha range
@ tom « do at time t. Drake (1872) gives »n 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 ters with K corresponds to productisn
of particles of mass & due to collision and coalescence of particles of mas .s
B - 4 and 4. The integrand of the vuiceeding ters corresponds to destruction of
particles of mass @ due to collision and coalescence with particles of mass 5. K
can depend explicitly on time through changes in the external conditions; gss
temperature, pressure and velocity are particularly important,

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

§ is the nusber concentration source rate for particles of smass ».

Isplicit in Eq. (1) are four assusptions which we briefly mention. First, the
serosol is well-mixed throughout the cell. This may require the flow in the cell
to be turbulent to prosote mixing or the cell to be & small part of & larger
region within which the aerosol exists and the aerosol has nearly unifors
properties within the cell by virtue of its ssall size Second, yarticles are
characterised by their mass onl;. i.e. particles can have a shape which is a
function of ® but particles of given sass all have the same shape. Clearly, this
breaks dewn when particles having the same sass have different shapes. This
affects agglomeration and deposition rates. Such dependence, however, would be
extresely cifiicult to treat computatiomally. 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 MODEL



Detailed expressions for K, R and 8 will be considered in the succeeding sub-
sections where the prisary aim will be to give formulae in detail as they appear
in CHARM and to reference their origin. We will indicate ranges of validity and
possible uncertainties where appropriate. We recall tiat we have chosen to base
the models in CHARM on those in MAEROS except where extensions have been made to
estimate relevant flow pairameters and turbulent deposition. A good survey of
these and similar vodels 1# given in Dunbar et al. (1084). We use S.1. units
throughout except for molecular weights, which have units kg / ksole, and in the
table in Section 4.4 where we show the units expliritly.

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

ity For the bulk gas, the tesperature, T, pressure, P, and average
molecular weight, W , are supplied as input to the model (when a gas has more
than one cosponent étc average molecular we.ght is just the sass of one mole of

the sixture). The density, e is calculated assuming the gas to be ideal as
follows

Pw
8w — (2)

" o't
The factor 10® is included because l. has units kg / kmole.

The dynamic vivzosity % is estipated from a correlation of data for air. The

correlation is as follows
a2
wen ) @)

where n_and T are constants with values 1.565110°% and 114.0 respectively. It
would be & simple matter to replace this with correlations for other gases or
sixtures of gases,

The mean free path ! is calculated fros standard kinetic theory as follows
1/2

1;,.[3;-'-.] : (4)
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For the calculation of deposition by diffusiophoresis we
need properties of the gas adjacent to surfaces where we sippose a vapor is
present which is either condensing onto or evaporating from the nearby surface.
The diffusivity of the vapor in the gas is estimated fros s correlation of data
for diflusion of water vapor in air as follows

b = b ;' [;”]"“ . (8)

where D, P and T,y are constants with values 2.11:10°%, 1.01325410" aud 273.15
rospectively. It would be straightforvard to replace this with correlations for
other vapors and other gas mixtures.

The vapor concentration The concentration of the vopor in the vapor/gas mixture

adjacent to a surface, ¢, where the subscript s can stand for ¢, w or {
according to whether the surface is the ceiling, wall or floor (see Sub-section
2.6 for the definition of these surfaces), is estisated from the ideal gas law
as follows

1P,
e, @ — (6)

. 1o‘lr

where f_ is the molar fraction of the vapor in the mixture, W, is the solecular
weight of the vapor and T, is the temperature of the |i:turo adjacent to the
surface.

2.3 Plow properties

Turbulence parameters of the bulk flow are needed for estisating agglomeration
and deposition rates. Viscous and diffusion boundary layer thicknesses are
needed for estimating Brownian and thermophoresis deposition.

u, is calculated from forculae based on those given in
Schlichting (1978) for flow through a cylindrical pipe of any serodynamic
roughness and others for flow through aerodynamically smooth pipes of arbitrary
cross-sectional shape. We will indicate in more detai! below where extensions
have beets made. By definition, u, in terss of the Fanning friction factor,
is given by

wen 31

where U is the mean flow speed in the cell relative to surfaces in the cell,
usually the cell walls.
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The Fanning friction factor f, is implicitly determined from a correlation
established by Colbrook (1939) for flow through eylindrical pipes of any
serodynasic roughness. Tue correlation is

g, ¢ LT3 108y z;;. AR ®

where 2 is the equivalent sand roughness of the pipe surface adjacent to the
flow, is the diaseter of the pipe, and Re is the pipe Reynolds number equal

This correlation reduces to the quadratic resistasce formula for fully rough
flow ("l n./q. > 70), derived by von Karsan, and Prandtl’'s universal law of
friction for ssooth pipes (p.l.u./q. ¢ 8). In either limit, the correlatio: has
been verified up to Reynolds numbers which exceed 10° and there is theoretical
justification for extrapolating the correlation t. much larger Reynolds nusbers.

v 8, equals the height of protrusions on sand
roughened pipes of equivalent roughness (this originates fros the pioneering
experiments of Nikuradse who seasuved the pressure drop along pipes roughened
with sand of varying grades at Reynolds nusbers ranging from somewhat less than
10* to greater than 10%) . e, in general sust be detersined empirically but
values have been established for comson materials which we give in the table
helow, reproduced fros Schlichting (1979).

s, for some commun materials

saterial :, (w)
reinforced concrete .0003 - 003
cast iron 00028
galvanized steel 00015
structural and forged steel 000045
drawn pipes 0000015

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.

d, is just the diameter of the pipe. However, experisents
by » nusber of authors have shown that the Fanning friction factor of
serodynasically smcoth pipes of non-circular cross-section (such as square,
rectangular, triangular and annuli) equals that of circular pipes over a wide
range of Reynolde nusber when d, is generalized as given in Eq. (9) below,
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despite the complications of secondary flows induced in non-circular pipes. d,
in general is given by

4A
‘\'-’o (9)

where A is the cross-sectional area ard p is the "wetted" perimeter of the pipe
perpendicular to the flow. We use this generalization for aerodynamically rough
pipes also, even though it has only been verified for smooth pipes.

The above formulae for u, are valid when the flovw
is turbulent and fully developed which, for a cylindrical pipe, is the case when
Re 3 2300 and well downstreas of the pipe inlet. For convenience, we calulate
v, from these formulae when Re 2 2300 irrespective of the cross-sectional shape
of the pipe and the downstreas distance from the inlet (and other axial
changes). We note that the critical Reynolds nusber (based on d, given by
Eq. (9)) in general depends on the pipe shape.

We do not have a treatment for other turbulent flows, non-fully developed flows
in particular, and simply sssume that u_ is serc when Re < 2300,

; i ¢ €, is estimated by equating
the rate of energy consumption needed to promote steady flow aslong a pipe of
given length to the rate of energy dissipation due to turbulence with the result

OUU..

€, = T " (10)

For fully developed turbulent flow in pipes, Laufer (1954) shows that direct
viscous energy dissipation is negyligible 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 discipation rate
varies considerably with distance fros the pipe centre, being least in the core
region and greatest near the wall. An alternative weighting in the averaging
process can therefores lead to a substantially different estimate of €, but we
retain Eq. (10) in the absence of any present indication that an slternative
weighting should be used.

Ihe viscous boundary layer thickness &, is estimated from (Monin and Yaglos,

1871)

- 11
At 4 (1)
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An espirical constant of ~5 might have been included in the nuserator on the
right hand side of Bq (11) (Monin and Yaglom, 1871) but we prefer to leave this
out since other empirical constants in the equaticas in which 8, appears make
this redundant.

bp is needed later for estimating deposition by
Brownian diffusion fros & turbulout flow. It is estimated from (Keller, 1673)

6 =8, / 8\, (12)
where Sc 1s the particle Schaidt nusber given by

"

Sc-;*. (13)

k is the Boltzmann ccnstant and B is the particle mobility defined in Sub-
section 2.85.

2.4 lnitial and source distributions

For convenience we use analytic forsulae for these although more general
forsulations could be accommodated. The initial and source nusber conceniration
distribution are chosen to be log-norsal. Consegquently, the initial density
distribut.ion, Y(s,t) = aC(m,t), is given by

2.0
Y(u,t) = — N - . " (19."(l/l.)/210¢. (e™)) . (14)
(20)"" log, (¢")

where the momsents N, ¢ and o are defined in Sub-section 3.3. These moments,
however, are not the most convenient to specify values for and se we choose
insteud p, ¢ and Tgo &% the primary parameters. and ¢ are defined in Sub-
section 3.3 also. r, is the radius of the spherically equivalent particle of
sass m, and density Py

N and ., in terms of p and r, are

By * g ", Te (15)
.. __.: . 10;.'(0‘)/2. (18)

and
B, By e ' lc‘b.(‘.) (an
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Similar expressions apply for the source density distribution, sS(m,t), except N
and p are replaced by dN/dt and dp/dt where these are, respectively, the nusber
concentration generation rate (the number generation rate divided by the cell
voluse) and the density generation rate (the mass generation rate divided by the
cell voluse) of the source. Note that we use the same syabols 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, By, with a
slip correction due to Cunninghas (1910), Cu, as follows

B = By, Cu . (18)

By, = i——l—'m.r : (19)

where the dynamic shape factor, Xyo 18 an rapirical dimensionless correction
factor intruduced to account for the aerodynasmic effects associated with non-

spherical particles, and r is the radius of the spherically equivalent particle
of mass .

By, is given by

Cu is given by

Cusl«kknokkno WA (20)

where Kn is the particle Knudsen nusber which equals 1/r (i.e. the sean free
path/the equivalent particle radius) and i.. k. and k,_ are espirical
disensionless constants. The default values we use for k‘ k, (0.4 and 1.1
respectively) are from Davies (1045). Our default value for k, is slightly
Iarger thau the value obtained by Davies (1.37 c¢.f. 1.257).

2.6 Deposition rates

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

We whall use ceiling, wall, and floer te denote sirfaces exposed to aerosol
(within the cell and at the cell boundaries) which are horisontal ard downward
facing, vertical, and horizontal and upward facing respectively. Surfaces of
given orientation are not distinguished in temperature.

v o v i i Ve is given by
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« gab | (21)

where g is the acceleration due to gravity. Strictly, (p oy )/p should appear
as & multiplicative factor in this equatior but, koo’:ng to our constraint to
duplicate the models in MAEROS, we ignore this small error.

The deposition velocity due to turbulence v, is estimated from a correlation of
the Liu ard Agarwal (1674) data for do’.ottion in smooth pipes. We first define
the dimensionless deposition velocity, ¥ , and the dimensionless relaxation
‘i“. ’c "

v = ¥y o4
and
=9 ’.“.'/'. y l.“)
where 7 is the particle relaxation time given by

2p.r'Cu
T = -;1'7‘- «uB . (24)

For 7 betweer ~.1 to ~10 the Liu and Agarwal data are well correlated by

i, = o0 ¢ (28)
For ¥ between ~30 to ~1000 their data are well correlated by
Vv 2130 (26)

By cosbining ¥,, and ¥ ,, we find a good correlation across the whole range of ¥
to be as follows

et st e nt (27)
This correlation is applied in CHARN without restriction on ¥,

Liu and Agarwal concluded that the dominant deposition mechaniss in their
experiments was penetration of the laminar sub-layer by particle inertia
generated fros the turbulence. They showed that the contribution fros Brownias
diffusion across the laminar sub-layer was always negligible for the particle
siges exanined. Therefore, we assusme this latter mechaniss is not accounted for
in our estisate for v . It can be important for ssall particles and se we treat
it next as & separate contribution.
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This and similar formulae for vy, have been reviewed by Derjaguin and Yalamov
(1972) . From comparisons with experiment they ccaclude that the Brock correction
factor leads to underestimates of v, for particles with Kn { 1 by a factor > 2.
A different transport mechanism applies for particles with Kn >> 1. Deraguin and
Yalamov obtain an estimate for vy, in this limit which they show to agree with
experiment. The formula above overestimates vy, in this limit by a factor of
order Kn.

Vp,+ "here s can stand for c, w or {,

is estimated from

et b & o, T VO (31)

where dc_/dx is the outward facing vapor concentration gradient near the
cziling, wall or floor accor !ing to whether s equals ¢, w or f. Comparison with
Derjaguin and Yalamov (1972) shows this estimate to be applicable in the limit
Kn 2 1 and f << 1 and when the flow of vapor to or from the surface is purely
diffusive. Note that we could estimate dc,/dx in a similar way to that used to
estimate the temperature gradient in the formula for v, .

surface v, is estimated by combining the

Ve " VB * Yo * Ve * Vpe " Yo ! (32)
Ve = Vg t ¥, t Ve + Yy, (33)

and
Vo = Vg Y, 4 Vey ¢ Vo, ¢ Vo . (34)

Note that since either or both of Ve, 3nd vp could be negative (i.e. when T
greater than T or de /dx is negative) and v is subtracted in Eq. (32), some of
the v_ may be negative. We therefore only apply the equations above when the
result for v, is positive and otherwise sot v, to zero.

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

A\, = VANV, (35)

.
where A, is the area of surface s exposed to aeroscl. R(m,t) is then given by

R(m,t) = A+ A, + Ay« Ay, (36)
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where )\, is the cell leakage rate, defined as the number of volume changes in
the cell per second.

We have not included all poesible 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 Agglomeration rates

Four agglomeration mechanisms are considered which are described in turn. We
start by giving the formula for a commonly occurring factor and we describe at
tve 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"i and k*® collocation points (see Sub-section 3.1 for
their definition).

The particle terminal velocity u, is the terminal velocity due to gravity of a

particle of mass m and is estimated as
ug = gmB . (37)

Notice this is just ve but we prefer to use a different symbol here to avoid
confusion. As for vg, a factor (p Ay )/p should be included but we ignore this
small error to keep the equation 1dent1cnl to that used in MAEROS.

The Brownian agglomeration rate ¢, is estimated as

’l('g"'k) = 47kT (B”B]) Xc(r"rh) Fu(.jn‘i) ) (38)

where Bj and B, are the particle mobilities at the j‘h and k* collocation points

respectively, y is the collision shape factor 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

I/Fu(.ji‘h) - l/pul(.’o‘k) . l/?u'(lj,l.) ) (39)
where Fu is
r ‘!‘i 1/2
Fu (my,m) = X, % ( * [ al (lj ii) ] ' (40)
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Fn, is modified from unity according to Sitarski and Seinfeld (1877)

Puy(2,,) = 1 + _r:_r,— , (41)
where & is
¢ o Sl (42)
and
2= |20 ] (43)

X, 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. 1t is not clear why it is not included in Eq. (42) also.

The gravitational agglomeration rate $, is estimated as
famym) = Txapx. (ryer)?lug(m) -ug(m) | (44)

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 factor derived by Fuchs (1964),

Xpyr
given by :
3 nin(r!,rk)’
x’\l(.j'.k) 9 2 ) (45)
(!‘,*!‘h)

where @in stands for the minimum value of r, and r,- r, and r, are just the

radii of the equivalent spherical particles evaluated at the jth and k*®
collocation point respectively.

We note that the formuls above is the same as that derived by Pruppacher and
Klett (1978) except the factor 3/2 is replaced by 1/2. Dunbar et al. (1684) have
reviewed these forsulae and conclude that the Pruppacher and Klett formula,
though still based on a number of approximations, has firmer foundation.
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The turbulent shear agglomeration rate ¢,; is estimated from (Saffman and

Turner, 1956)

"l('}"’k) - X.Ic.(r"rh)' [

8 -
pYE, ] /3 (a8

ISn.

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

e turbulent inertia lomeration rate ¢,, is estimated from (Saffman and
Turner, 1656)

[ 512p 1’e.'}1/4

$.(m,m) = xS (ror)? | Ton, | ug () -ug(m,) | /& (47)

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

In principle, a collision efficiency factor should be included in $.s and ¢ .,
analogously to that included in ¢ Dunbar et al. (1084) assume this factor is
the same as that which appears in ¢ (here estimated as Xy,) - However, it is by
no means clear that the same factor applies since the flow field near to
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 MAEROS.

e combine lomeration rate The contributions defined above are cowbined as
follows
K(ay,m,,t) = gy(m;,m) + g(n,,8) « {§4(n,8)" « ¢ ;(n, 80" . (48)

According to Saffman and Turner, the turbu)ence contributions are added
quadratically. However, Dunbar et al. (1884) point out that the reasoning used
by Saffman and Turner . iso applies to the gravitational contribution which
should therefore be adied to K(I,,lh,t) in the same way. We do not do this to
maintain consistency with MAEROS.

We conclude by noting that we have not included all possible agglomeration
mechanisms. Examples left-out are agglomeration in laminar shear flows and body
force effects (e.g. van der Waals and electrostatic forces). See Drake (1672)
for a review
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3 THE NUMZRICAL METHOD

3.1 Discretization of the governing equations

We discretize Eq. (1) with respect to mass using the collocation finite-element
method. In this methud the governing equation is required %o hold at a set of
collocation points only (n in total). A finite-element exparsion baseu 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, 1688) who showed that accurate solutions to the equation could be
obtained with a lllll nusber 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‘(n‘) s log'(ll) + (i-1)h, i=1, ...n ., (49)

h is a constant which can be fuund from B, B, the smallest and largest values
of dis~retize mass respectively, and n. 'o choose h to be constant (i.e.
independent of i) for reasons explained in Wheatley (1988).

With this choice for ®, it is convenient to choose the mass distribution, given
by Y(m,t) = oC(m,t), as the dependent variable in Eq. (1), which becomes

Ql.g.d.l » rx(y,.-p,t)v(p,t)Y(u-y.t)dloz.(#)
@

- ¥(a,8)[ K(u,m,0)Y(u,)dlog, () - R(s,)Y(8,t) + 8S(n,t) , (50)
‘e

where we have used K(u,v,t) = K(v,u,t) and, for economy of display here and
later, the integration limits are shown for 4 rother than lo“(p)

When thisx equation is evaluated at the points ®,, i =1, ...n, we can see that
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-elewent expansion is needed. We choose to expand the integrands
as follows

K(s, v, t)Y(p,t)Y(v,t) = [ K“ijhl’(lol.(u))‘k(10¢.(y)) ) (1)
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where Y, and K, 4 are shorthand for Y(m,,t) and K(l‘,lj t) respectively and the
ith
elelent g, 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

g (x) = g( (x-x;)/h) (62)

and x; is log (m,). The precise form of g will be discussed later but we note
here that we always choose it so that g(0) = 1 and g(21), g(22), g(23), ... = 0.
This guarantees that the expansion in Eq. (51) is consistent in the sense that
the equation is satisfied identically when 4 and v are located at anv of the
collocavion points.

We have chosen the particular expansion in Eq. (51) for three reasons. First, it
entails the agglomeration keriel to be evaluated only at the collocaticn points.
Cecond, since K and Y have no\ bee:s expanded separately, the summations which
result in the discretized equation are at most over two indices which cuts down
on computational labor. And third =s 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.)

We 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

4/ £ PLK.YY, -7 LDIK.Y - RY 8 53
3t z,k”“’ 1.5&55'11"11’ (83)
where R, and 8, are shorthand for R(m;,t) and S(m ,t) respectively und we bsvo
used g’(xh) = 6 x+ Where 6, is the Kronecker delta. The terms with pt x and D
correspond to the particle production and dostruct1on terms rcspectxvefy on the
right hand side of Eq. (50). The indices in P,ll and D run from 1 to n.

i ;
D, is

ks
D; = r g;(log, (4))dlog, (4) = h j g(x)dx = h , (51)
as desired, vhero we require g(x) to be chosen so that | .;(x)dx = 1. (The
superscript in D’ is clearly redundant but we retain it to maintain notational
consistency with Wheatley, 1088.)
i
P)h is

P;x =0y J. g, (log, (u))g, (log (v, - u))dlog, (k) . (65)
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This is simplified somewhat by making the transformation y = log, (ﬂ/l,)/h to
obtain

j :
Pho= by [ s0elos (1 - DN L ey (56)

where j = 1 - j and k = i - k. The integral must be calculated numerically and
the integration range must be divided-up into sub-ranges since g is generally
non-smooth - lee under CHARMCOE in Appendix B for details. The indices in the
coefficient P ¢ in principle take all values from 1, ...n, however, only a small
fraction of the coefficients are non-zerc. It is ttrsi(htforward to find the
conditions on i, j and k for this to be so. It can be shown that they depend
only on jJ and k. The non-zero values of the coefficients are conveniently stored
consecutively using an indexing baseC on the derived conditions.

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

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

%f - [: R(z,t)Y(m,¢)dn r. aS(m,t)dn . (87)

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
Eq. (57) without the factor Dk in Pj . In many applications, the removal and
source terms in Eq. (50) can be small 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 ny, to achieve this.

The trapezoidal rule is used to estimate p (Eq. (B87) in Sub-section 3.3) from
which we obtain our discretized form of “he mass balance equation

i, i,k

i i 2
2ot aplk,Y, T ORNY, - Dady < Dals, ). (58)
The first two terms on the right hand side must canzel exactly, whatever the
values of Y, for i = 1, ...n. A sufficient condition is therefore to require
that the sum of all coeffxcxentt of terms involving Y Y for any r and s must be

zero. We find that P! ik and D must be related by
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; o, (P, + P)) =uDl + 0D =h (s -u) . (59)

We sue this amounts to n(n+1)/2 constraints on n,, only. It is therefore
convenient to choose it to be symmetric.

Six options for g are provided in CHARM. The element shown by Wheatley (1088) to
give the best results when n is small is

g(x) =1 - x| , |x] <1
(60)
g(x) =0 y Ixl 21

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
P,h are non-negative. This is sufficient to ensure that no component of the
solution of the discretized equation changes sign, as must be so on physical
grounds. See Ap; ndix D for details of the other basic elements.

3.2 The solution method

The ODE's are solved with th~ Fortran subroutine DEBDF written by Shampine and
Watts (1979). It is base’ on the variable order backward differentiation method
for stiff ODE's due to Hindmarsh. n + & coupled ODE's are solved in all; the
additional five equations are integrators for the source mass, the leaked mass,
and the masses deposited on the wall, floor and ceiling respectively,

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

GYL < €/h liniaun(N,p/ni) " (61)

where ¢ is a relative tolerance parameter supplied by the user. This test is
designed to result in estimates for N and p with a relative accuracy equal to or
less than ¢. It is more efficient than requiring 6Y, < €Y, 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.

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 logY, for Y, as the independent variable or tightening the
tolerance required of 6Y, in the tails may solve the trouble should it arise.

3.3 Moments of the discretized distribution
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The moments we consider are p, the aerosol density, N, the aerosol number
concentration, mg, the mass median mass, m_, the geometric mean mass, and 0,
the cube root of the ge.metric standard deviation with respect to mass. These
are defined by

p= r oY (m,t)dlog, (=) , (62)
L
N=| Y(m,t)dl . 63
I: (m,t)dlog, (m) (63)
50
p/2 = [ a¥(s,t)dlog,(s) , (84)
@
N log'(n.) e I. log'(l)Y(n,t)dlog_(n) . (65)
@
and
N log?(0®) = f. log,’ (a/m)Y(m,t)dlog, () . (66)
e

The definitions of m_ and ¢ are based on the number concentration distribution;
the cube power in the equation for ¢ is conventional.

p times the cell volume is the total airborne aerosol mass. Similarly, N times
the cell volume is the total number of airborne aerosol particles. o, is
sometimes called the mass median particle size. Approximately half the airborne
particles have mass less than m_. ¢ is a measure of the spread of the
distribution. For a log-normal number distribution 68% of the particles have
masses in the range m /o® to l.a' and 68% of the airborne mass derives from
particles with masses in the range n“/a' to u‘.a'. Often, these relationships
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 straightforward for all except m,, and
illustrated only for p. The estimate for p is

p=hlny, (87)
i

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

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

negligible value between m, and l,e'h and between m_and l.e'

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

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
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rule to estimate the contrib' “ion to the integral up to the grid point
immediately below mg, and then using linear interpolation between the grid
points either side of B,y to estimate the remainder.

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. There 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 asnect. we desire the flexibility to treat both
continuous and discontinuous var itions. For example, the source mass release
rate may change discontinuously at certain times und 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 uscd for interpolation before
the discontinuity, and the second to be used for interpulacion after the
discontinuity. Ic¢ is convenient to use constant extrapolat.ion 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
equations, despite the efficient treatment of the agglomeration kernel by the
discretization method we use. So, although the option to continuously upda*
these variables can be provided, some alternative must be allowed for. The
sisplest 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.
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4 THE INPUT DATA FILE

4.1 Overview

Input data is read from taped (FORLRAN unit number 4) which is assigned to the
fiie CHARMPAT 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 consicderable
flexibility 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 "§"
could be inserted in column 1, as is done in the example considered in Sub-
section 4.4.

ii All data items are read in free format. For example, this allows the real
p.mber 1.0 to t: entered as 1, 1.0 or 1.e0 and any number of spaces can
separate data itews 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 reoading 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 ‘» be assignad
to variables merely by skipping over those variables when they occur in the
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 lor details)
but generally this is not done. Guidance is given in the next sub-section on
suitable values for all data iteams.
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All datc items must have S I. units except molecular weights must have units kg
/ kmcle (i.e. g / mole).

A nusber of input variable~ are treated as time-dependent. The user must enter a
table of times to which er sponding values of these variables must be entered
later in the file. Interpolation formulae are us2d 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 max:mum 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 iten of each variable.

In thn next sub-section we will define the variables in each read list in turn,
Bive 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-
sect.on 4.4,

4.2 Detailed description

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

Qutput flags

A group of output variables is associated with esch flag, as des-ribed in
Section 5. The values of the variables in each group will be written on the
output file OUT every qth output step, where q is the value of the flag
corresponding to the group. Variables independent of time are only wiitten 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 gus properties aerosol constants
source moments source dist ibutions flow properties
nasses radia mobilities
deposition rates iad'omeration rates

indexing production coefficients normalization factors
mass balances tolerances

s0mENts nuaber distribution mass distribution

ime step information

Output is written at intervals giver by TIMESTEP(i) until the problems time
equals TIMEBEND(i), when output is written at TIMEEND (i) and 1 is increased by 1.
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The last value of TIMEEND, TIMEEND(NTIME), defines the time at which the
calculation stops.

NTIME wist be a positive integer no greater than 20. TIMESTEP(i) and TIMEEND (i)
must be positive real numbers and NTIME values each must be entered. Consecutive

values cf TIMEEND must increase. These variables are read in the following
order:

NTIME
TIMESTEP (1), TIMEEND(1), TIMESTEP(2), TIMEEND(2), :tc.

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 inceger not equal to B0 is
interpreted to mean that the file car have up to 130 characters per line.

Times at which data for the time

-dependent variables are to be provided

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

NDATA
TIMEDATA(1), TIMEDATA(2), etc.

Frequency with which the time-dependent variables are to revis

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’ ..uuously when THHYSTEP is zero.

Cell data

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 (¢), wall (w) and floor (f)
respectively.

The surface areas must be non-negative real numbers and entered in the following
order:
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Ae A' Af
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,00), T,(1), T,2), T,(2), 1,(2), ete.

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:

v M

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

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

d, z
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(Y), T(2), P(2), U(2), ete.

w a ';
" " f,
(]

4c i g
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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 &, and ;. A single value only
is required for &, which is assumed to apply irrespective of particle size.
BLFLAG must be integer and &, and 6, must be non-negative real numbers.
Deposition by thermophoresis is ignored when § is zero and deposition by
Brownian diffusion is ignored when §, is zero. The data must be entered in the
following order:

BLFLAG ] 6p
niti osol

The initial aerose! .s assumed to be log-normal in the number concentration
distribution ar’ 1s parameterized by the moments 0, r,, and p (sce Sub-section
3.3 for the definition of these quantities). ¢ and r,, must be positive real
numbers and » must be a non-negative real number. They murt be entered in the
following order:

g

Source aerosol

- p

The source aerosol is assumed to be log-normal in the number concentration
distribution and is parameterized by the moments ¢, r,, and dp/dt. dp/dt is
defined to be the mass release rate ¢f the source divided by the cell volume.
The moments are treated as time-dependent variables. ¢ and Tse BUSE be positive

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

0(1), reg(l), p(1), 0(2), ry,(2), p(2), ete
Definition of collocation points

The collocation points can be specified in two ways. The first is to specify the
nunber of points wnd the masses of the inwer and upper points. Alternatively,
values for e, m, and ®, Can be specified. In either case, the model will
calculate the intermediate points according to Eq. (48) (except m  may be
increared slightly in the second case). The second option is selected when the
input value for n is set to zeru.
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m, and m  should be chosen so that the aeroscl mass and number distributions are
coafort;tly 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 sat’sfactory in most cases.

One of six different basic elements can be selected by assigning a value to
NELEMENT. Element 2 is the linear finite-element which should be used in all
norsal 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 (NELEMENT = 1, 4, 5 and 6) were included as options
during development of the numerical method and have since not been removed. We
do not recommend using any of these alternative options.

n must be a non-negative integer and oh, ®, and ® w@ust be positive real
nusbers. n is set to 100 when a value greater t%nn 100 is snecified in the input
or when the second option is selected and the calculated number of points
exceeds 100. NELEMENT must be a positive integer no greater than 6. These
variables must be entered in the following order:

n ch
-l .l
NELEMENT

r specificatio

€ 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 values of integrals. #n defines an
absolute tolerance on the value of a function whose zero is sought. ¢ determines
when bisection is used in favor of inverse quadratic interpolation to locate the
sero of a function,

A reasonable range from which to select a value for ¢ is 10* to 10", The model
may not work satisfactorily when ¢ is made too large or too small. A value of
10°* has so far proved to be generally satisfactory. Further guidance on
choosing ¢ is given in Sub-sections 6.3 and 6.4. We would recommend that the
user always use the default values for n and ¢.

Up to MAXCALLS evaluations of a function can be made in an attempt to locate its

gero to the desired tolerance. This may need to be increased over the default
value when ¢ is sade very small.
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MAXTRYS determines how many integration steps are attempted by DEBDF to
integrate the equations to the next specified time (the nunber of attempred
steps is 500 times MAXIRYS). This may need to be increased over the default
value when ¢ is made exceedingly small or when output is required infrequently.

MAXCALLS and MAXTRYS must be positive in‘egers. ¢ must be a positive real number
and  and ¢ must be real numbers.

These variables muet be entered in the following order:

€ MAXCALLS MAXTRYS
S

Aerosol physics data

These comprise physical properties of the aerosol material tnd constants which
appear in the models for agglomeration and deposition. X, k. k‘, k, and b, sust
be non-negative real numbers and the remaining data items must be positive real
numbers. y and y, are unity for spierical particles and greater than unity
otherwise. These d;ta items must be entered in the following order:

P, a

M X4 X,

k, k, ky

by b b,
he default dat

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 defaul’ 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 sake it
easy for the user to decide when he or she needs to over-ride a default value.
0f course, the data file which follows would not be used in practice since the
default values can be assigned in their entirety merely by putting a / in colusn
1 of every line of the data file curresponding to a read list,

SOIl values require explaustion. THHYSTEP is assigned an exceedingly large value
(10 ) so thut the time-dependent variables are recalculated only when a new set
of interpolation formulae apply which, when NDATA is 1, will not cceur. All
tespera‘ures and the pressure are standard (i.e. 20°C and 1 standard
atmosphers). The value assigned to the equivalent sand roughness is that for
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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 diffusisphoresis is taken to be steam. The aesosol particle properties
are for sodium oxide and the remaining aercsol physics data are the default
values used in MAEROS.

The default input data

L -

Input datu file for the CHARM amerosocl code

e A

Output flage

cell properties gAs properties aerosol constants
] 1 1
source moments sourve distribution flow properties
1 &)
massen radil pobilitien
1 1 (&)
deposition retes ngglomeration ratew
(¢] 0
indexing production coeffizients norsalization factors
(&} 0 ¢]
mass balances tolerances
1 (e]
moments nusber dietribution mass distribution
1 e} (&)

Time step information

R

ntime
1
timestep timeend
10. 00 10. 0

Nusber of columne on output file
...‘.‘....‘.‘..l...............-

80

Timen when time-dependent data is provided

R A g

ndata
1

times in coneecutive order
0. e0

Frequency with which the time-dependent variables are to be revised
.......‘....l......'.....'O..-..........0‘.........................

. al0

Cell data

RS- BEEE BT SEERE SRR B NN WR BE BE B SR Y PR RREW
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ceili nren wall ares floor ares
O.:s 0.e0 0.e0
ceiling temp. wall temp. floor temp.
203.156e0 203.15¢0 293 . 150/
volume leak rate
1.e8 0.e0
hydraulic diameter equivalent roughness
O.e0 4.6u-b6
Gas data
L
temperature pressure veloecity
203 .1be0 1.01328e6 0.e0/
solecular weight thersal conductivity yer molecular weig it
48 . 98e0 02660 18.016-0

vapor mole fraction near the...

ceiling wall floor
0.e0 0.e0 0.e0
vapor cone. greadient (kg/mes+4) near the. ..
ceiling wall floor
0.e0 0.e0 0.e0

Boundary layer data

LA A A R R L L LR R R R AR R LR R

b.1. flag viscous b.1. diffueion b.1l.
o 0. e0 0. e0

Initial merowol
LA R R R R R R R EEEEE R

sigma reads0 density
2.0 He-8 0.e0

Source aserosol
LA R R R R R R R R EERER]

sigma radso density generation rate
4.0 He-8 0.0/

Definition of aclle ation pointe

A A AR R R R R R R R R R R R RS EEE R R R EE RN

neoll epacing

o 10. «0
mlower Bupper
4.¢-21 4.¢-9

element number
¢

Tolerance specification
LA R R R R R R A R R R R R R N

epn paxcalls maxtrys
1.0-8 30 10
eta zetla
0.e0 . Be0
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Aercscl physics data
LA AR R E R R R R R

particle density particle chermal conductivity
2.8e3 . 83750

collision shape factor dynamic shape factor sticking efficiency
1.0 1.e0 1.e0

& knudsen-weber q knudeen-weber b knudsen-weber
1.37e0 .4e0 1.1e0

k brock cem brock et brock
1.0 1.37e0 1.e0

End of the input data file

4.4 ex o

The preceding discussior 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. (1084) and are reproduced in the table below. This is also the
test problem considered in Wheatley (1688). 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 (1088). First, the
factor 0.0604 in Eq. (28) was not included and, second, b, b, and b, were
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).
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Parameters for the example problem.

Aerosol composition
Particle density
Source distribution
Source rate

Source ¢

Source r

Source duration
Problem duration
Containment volume
Wall area

Floor area

Wall and floor temperatures
Containment leak rate

Sodium oxide

2800 kgn
Log-normal in C(m,t)
2 tonnes per hour

2 (no units)

.5 um

10 hours

34 hours

180000 n®

20000 o*

2800 o°

g0 “C

1% by volume per day

Gas composition Air

Gas temperature 100 °C
Pressure 100000 Pa
Turbulent energy dissipation rate 0. u's™”

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 inciuded
to clarify the file. Tt is recommended that this is always done.

Some of the output flags have been assigned the value 100. This is done because
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
output file at the zeroth step only.

The time step information is chosen so that output is written at 5 minute
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.

The only dependent variable to change with time is the source emission rate
which is constant except at 10 hours when it changes discontinuously. NDATA is
therefore 2 and the correspondiug two times are both 10 hours. THHYSTEP is

assigned the default value 10" so the time-dependent variables are recalculated
only at 10 hours.

The cell and gas data are straightforward to follow. The comma beneath the label
CEILING AREA causes the ceiling area to be assigned its default value of zero.
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5.3 An_exasple

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 previous discussiocn we have included it in full to assist users
in the validation of their implementations of CEARM. We expect it to be
straightforward to follow s> we only make a few points of clarification here.

Since all the output flags are non-zero, all input deta items, except the data
for the time-dependent external variables, are shown at the gzeroth step on the
cutput file, whether assignes vulies 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 norsalization factors except n,, are close to unity.
This providos confidence in the calculations rcuulting in the production

coefficients. n,. is significantly different from unity because there are no
collocation points beyond m, .

At output steps 1 and b>yond one can uoo that the mass balance (MASS CHECK) is
never larger than the order of 4x107° kg which is satisfactorily small in
relation to the total mass of aeroscl released by tho source, 2x10* kg. This is
a good indication that ¢ is suitably small (107 ) Nevertheless, we would
recomsend repeating the calculation with a different value of ¢, say 10™ or 10°

, in order to check that the results have converged sufficiently well as a
function of .his parameter See Sub-section 6.4.

For the first hour and also for half an hour beyond the termination of the
source, output is written every 5 minutes so that detail is not lost during
these rapid transients. The rewaining output is written at hourly intervals.

One can also see that the aerosol sass and nusber distributions have only been
written every third output step. This can amount to a considerrble saving of
paper when n is large! It can be seen fros the distributions that Y, and Y,
always remain small compared to N, and » Y, and 2 Y always ronlxn sltll

cospared to p. This indicates that o, and ®m hlve been chcseu suitably small and
large respectively.
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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 CTS§, developed at the Los Alamos National
Laboratories, 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.

0f 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 107348 ., 10 and 48 pantissa 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
syabol names to enhance readability, the code is written in standard ANSI
Fortran 77 and no vectorization specific subroutines or functions are used.

Three CLANS (Common Los Alamos Mathematics Software) library subroutines are
called which are not suppiied 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.

6.2 On-line execution

We will assume here and in Sub-section 8.3 that the user is using a Cray
computer with CTSS.

The user is supplied with a HISTORIAN PLUS source file called CHARMHIS (this is
done so that modifications can be made to the model with » Binimus 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=charscft)

cft i=characft, b=charsldr,saxblock=2580
ldr i=charsldr,x=chare
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The HISTORIAN PLUS comsand, HISTORN, causes the HISTORIAN PLUS source file to be
translated into a compiler source file CHARMCFT. 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
vectorization). Lastly, the executable image, CHARM, is created from CHARMLDR
with the loader command, LDR.

CHARM can be executed by typing the following:

chars

The default cpu time (1.0) and priority (1.0) are assumed. Alternatively, the
following could be entered:

chara / t p

where t is the cpu time allocation in minutes and p is a priority with value in
the range 0.001 to 5.0.

The data file CHARMDAT must be present on the local file area before the image
is executed.

Output will appear on the terminal and the file OUT will be created. OUT can be
printed, viewed or stored after execution is complete.

6.3 Machine resources

We are concerned here with memory requirement. and computing time. We emphasize
that any particular values we give are specific to the compiler and machine we
use. However, the general aspects of t»- 'iscussion may be more widely useful.

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

saxisue allowed value of n (presently 100) and reducing array dimensions
correspondingly.

The cpu time required by the model depends on a number of factors. In general,
however, the cpu time will be dominated by one or both the time taken to solve

the ODE's and the time taken to update the time-dependent variables.

Clearly, isportant factors are the problem duration and the stiffness of the
ODE's wo be sclved. High or very transient source mass release rates tend to
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cause stiffness. Often, however, these aspects are beyond the control of the
user.

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

The cpu time will increase with decreasing ¢ 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 h.ve found only modest increases in cpu time
e.8 < 40% wnen ¢ was reduced from 10 to 10™". 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 cpu time can be very strongly dependent on the specified number of
collocation points. Again, in calculations in which the cpu time was dominated
by the integration of the ODE's, we have found the cpu time to depend on n to a
power sidway between 2 and 3. This is largely due to the need of the ODE solver
to solve an nXn systes of linear equations for each integration step. We would
reconsend that 2 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 update the time-dependent
variables when they are updated at frequent intervals. An exasple which
illustrates this was considered in detail in Wheatley (19088). In some cases it
may be advantagevus to update the time-dependent variables continuously (i.e.
set THHYSTEP equal to zero) rather than have thes updated at small time
intervals since there is an overhead associated with each time the ODE sulver is
reset (see the description of CHARM in Appendix B).

Clearly there is a trade-off between accuracy of the results and cpu tive which
is dictated by the values chosen for €, n and THHYSTEP. Optimum values for these
quantities depend on the needs of iudividual users and may need careful
consideration. Bee the next sub-section also.

8.4 Accuracy

There are three parameters which strongly affect the accurscy of the results.
These are ¢, ¢ (which is related to n) and THHYSTEP. We assume that ®, and 8,
are always chosen so that they do not compromise the accuracy (see Sub- noctxon
4.2). The procise way these quantities are related to the accuracy of the
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results does not concern us here, instead we consider how the accuracy can be
est~hlished, which we recommend always should be done.

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

Second, one should decide what level of accuracy is required. Often, input data
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 nuserically stable and has converged.

The number of accurate significant digits can be established by doing repeat
calculations in turn with ¢ reduced by a factor of 100, ® increased by a factor
of 2 and (if appropriate) THHYSTEP reduced by a factor of two and in each case
establishing how many significant digits in the results remain unchanged when
cospared with the base calculation. Note that there is little point in choosing
THHYSTEP much spaller than the minimum time period between conse~utive non-equal
values of TIMEDATA.

6.5 Err es

Error messages are written on tapes (Fortran unit numbei=) 5 ard 6. Either they
aris« from fatal errors, in which case execution of the model stops, or they are
warrings arising from errors which may not be serious. The messages on tape 5

may be accompanied by System generated error messages when the model is run
under CTSS.

Whinever any of these messages occurs a golden rule is always to first check the
input data file for errors. However, should this not prove to cure the probles,
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 CHARN. If this is not so and the
trouble was not solysd with the hints below then the user is advised to
carefully check his or her code modifications.

sss CHARMIN fails: NTIME is le O or gt than 20 se»

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

sse CHARMIN fails: NDATA is le O or gt 20 «es
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Fatal. NDATA is limited by array dimensions to be positive and no greater
than 20. Check the input data file!

CHARNIN warning: end-of-file read - could be an error in the data ses

Non-fatal. If the input data file has been read correctly and is of the
right length then CHARMIN should not go on to read the end-of-file marker.
Check the input data file!

CHARMIND fails: NONZERD is XXX e

Fatal. The number of non-gero production coefficients is limited by an array
dimension to 300. The error occurs when the limit is exceeded. This may
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.

CHARMCOE fails: YLOWER is ge YUPPER ««+

Fatal. YLOWER and YUPPER are the lower and upper limits of integration in
the integral for the yroduction coefficients. They are chosen so that the
integrand is non-gero everywhere between the limits. The incexing calculated
in CHARMIND and the logic at the start of CHARMCOE should guarantee that
this error never occurs. Non-occurrence of this message provides confidence
that this part of the caleculation has been done correctly.

CHARNCOE warning: IERROR is -1 ees

Non-fatal. IERROR is an error flag generated by GAUS8. The value -1
indicates that the lower and upper limits of the integration range are too
close to enable the requested tolerance for the integral to be met. This may
arise if the mass range of the collocation points is exceedingly large but
should not normally occur. Check the input data file! The consequent error
in the production coefficient is unlikely to be significant in the
subsequent cal. ilations.
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CHARMCOE warning: IERROR is 2 «es

Non-fatal. IERROR is an error flag generated by GAUS8. The value 2 indicates
that GAUSS 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 ccefficient is unlikely to
be significant in the subsequent calculations.

CHARMFLO fails: IFAIL is 1 se«

Fatal. IFAIL is an error flag generated by COSWHE. The value 1 means that
the function CHARMFAN, for which the location of a zero has been requested,
has the same sign at the lower and upper limits of the search range. This
should net occur when reasonable values for the equivalent sand roughness,

the hydrauli: diameter and the flow speed have been chosen. Check the input
data file!

CHARMFLO fails: IFAIL is 2 wees

Fatal. IFAIL is an error flag generated by COSWHE. The value 2 means that
COSWHE 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!

CHARMDIF fails: LRWORK is too small ese

Fatal. LRWORK is the dimension of a real work array required by CHARMDIF.
This error will not occur unless the user has modified the code to allow the
paximus number of collocation points to exceed 100 and failed to increase
the digension of the array RWORK accordingly.

CHARMDIF fails: LIWORK is too small s«e

Fatal. LIWORK is the dipension of an integer work array required by
CHARMDIF. This error will not occur unless the user has modified the code to
allow the maxisus number of collocation points to exceed 100 and failed to
increase the digension of the array IWORK accordingly.
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sss CHARMDIF fails: IDID is <1 wss

LR

LR

LR

LA R

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
ia 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 tooc small. Check the initial and source aerosol
distributions, especially the airtorne density and the source emission rate.
If all these seem reasonable then increase MAXTRYS.

CHARMDIF fails: IDID is -2 ess

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 ses

Fatal. IDID is an error flag gene¢rated by DEBDF. The value -3 indicates that
the computed solution has a zerc component with » 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 «es

Fatal. IDID is an error flag generated by DEBDF. The value -8 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 oo

Fatal. IDID is an error flag generated by DEBDF. The value -7 indicates that
DEBDF had repeated error test failures on the last attespted step. Check
that the problenm as specified in the input data file is physically
realistic.

CHARMDIF fails: IDID is -33 «ss

Fatal. IDID is an en tlag generated by DEBDF. The value -33 indicates
that DEBDF encountered trouble from which it cannot recover. DEBDF will
print a message on taped explaining the trouble. It is usually caused by
invalid input to DEBDF. This error is not expected to occur unless CHARM has
been modified by the user,

- 47 - EXECUTION



r—-—:—,—‘—n PR S ——

LR

LA

LR

LA

CHARMMOM fails: IFAIL is 1 #ee

Fatal. IFAIL is an error flag generated by COSWHE. The value 1 means that
the function CHARMM50, for wiich the location of a zero has been requested,
has the same sign at the lower and upper limits of the search range. This
should not norsally occur. Check the input data file'! The source and initial

aerosols may not be physically realistic or the collocation points may have
been badly chosen.

CHARMMOM fails: IFAIL is 2 ees

Fatal. IFAIL is an error flag generated by COSW4E The value ] means that
COSWHE was unable to locate the zerc of CHARMMS0 tc the specified tolerance
after MAXCALLS evaluations of it. Check the tolerance specifi stions in the
input data file!

CHARMOUT warning: the mass fraction in the top bin is X eee

Non-fatal. This is written wheu greater than 10% of the airborne aerocusol
sass is associated with the last collocation point. Check the collocation
point specifications and the problem specification in the input data file.
CHARMOUT warning: the mass fraction in the bottom bin is XXX eee

Non-fatal. This is printed when greater than 10% of the airborne aerosol
sass is associated with the first collocation point. Check the collosation
point specifications and the problem specification in the input data file.
CHARMOUT warning: the nusber fraction in the top bin is XXX eee

Non-fat:l. This is printed when greater than 10% of the airborne particles
are associated with the last ccllocation point., Check the collocation point
specifications and the problem specification in the input data file.
CHARMOUT waruing: the nusber fraction in the bottom bin is XXX ses
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 problea specification in the input data file.
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7 CODE MODIFICATIONS

7.1 Scope

Although CHARM can be applied to a wide range of aerosol problems without
sodification, 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 sodifications we have in mind are: changes to the
physical models for gas and flow properties and agglomeration and deposition
rates; adding an output lile to interface with graph plotting routines; adding
variables to the existing .input and output subroutines; replacing the library
subroutines GAUSR, 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 recosmend should always
be followed and give two examples. The treatment of sulticomponent aerosols,
condensation and evaporation would require non-trivial extensions to CHARM and
considerable development work should an efficient treatment be desired. This is
discussed in Section §.

7.2 General method

The general method we advocate is to use u software package such as HISTORIAN
PLUS (OPCODE Inc., 1985) or UPDATE (CRAY Research Inc. 1084) which will
automatically execute and keep track of changes made to CHARM. Thereby, changes
for a single purpose can be kept in a single compact 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 /3-80. Thes: were generated by HISTORIAN PLUS (but
are equally compatible with UPDATE). To modify the code, a modification file is
pmade which comprises a sequence of comsands (subsequently called dirsctives 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 & new compiler source.

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

UPDATE directives are similar):

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

sinsert "label® The lines of Fortran following this directive are inserted
after the line in the source labelled with "label®.

sbefore "label® The lines of Fortran following this directive are inserted
before the line in the source labelled with "label’.

sdel’ te "label" The line in the source with label "label" is deleted and
replaced with the lines of Fortran following this directive.
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sident "name® This is required at the start of the modification file. "name"
is used to generate labels for the Fortran which is inserted
according to the succeeding directives.

scall "name® This can appear anywhere in the lines of Fortran which follow
the insert, before and delete directives and causes the block
of Fortran in the source with labels generated from "name"' to
bs inserted at this point. The block of Fortran must have been
identified originally as suitable for copying in this way (i.e.
it must have bean defined as a "common deck"). All common
blocks in the source were generated from "common decks".

sread “fname" The sequence of directives in the file "fname" are read.

Deteils of these and other directives can be found in the reference manual for
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 exasples

The first example shows how to obtain values of the dimensionless relaxation
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.
Ta. HISTORIAMN PLUS modification file, USERMOD1, is:

o/
¢/ Modifications to CHARM to output the dimensionless relaxation time.
o/
eident relax
sinsert agglon.3
* ,diarel (100)
sinsert chadep.77
disrel (icoll)=dimrelax
einsert chmout 339
if(columns.eq. BO)write(ntapef, K 0058)
if(columns.eq.132)write (ntapeB, K 8058)
if(columns.eq. B0)write(ntape8, 9003) (i,dimrel(i),i=1,ncoll)
if(coluans.eq.132)write’ntapet, 8003) (i ,dimrel (i),i=1,ncoll)
einsert chmout.518
0058 format('Disensionless relaxation times.. .',/
«5(4x,’ dimrelax '))
sinsert chaout.539
8050 format('Dimensionless relaxation tiges...',/
+8(dx,’ dimrelax '))
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The first insert directive causes a new array DIMREL to be included in the
common block labelled AGGLOM which appears in the subroutines CHARMDEP and
CHARMOUT. The sucr eding inserts should be relatively straightforward to follow
in conjunction wiuh the source listing.

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

historian(i=charshis,n=caarsopl)
historian(i=usermodl,p=charmopl,c=charmcfs,?)

CHARMHIS is the HISTORIAN PLUS file. The firct command creates a binary old-
progras-library which contains the information HISTORIAN PLUS needs for
subsequent wodificatien runs. The second comsand is a modification run which
generates the file CHARMCUFT which can be read by a Fortran compiler. f at the
end of this command indicates thau nothing sust be left-out of the CHARMCFT
file,.

The second examp’'e shows how the code can be modified to make the leakage rite »
time-dependent variable. The modification file, USERMOD2, is:

¢/

+/ Modifications to CHARM to enable the leak rate to depend on tive.
o/

sident leakrate

esinsert thrshydr.10

. y 1krta0(20) ,1krtal (20), lkrtdata(20)
sinsert thrahydr.11
. ,1krta0, lkrtal, lkrtdata

sdelete chmin. 119
14 read (ntaped, + err=14,end=100)vc]lu~e
34 read (ntaped « err=34,end=100) (lkrtdata(idata),idata=1,ndata)
sinsert Lhmblo.8]
deta lkrtdata/0.e0,10+-1. €0/
sinsert chaith 56
call charewth(lkrtaO, lkrtal,lkrtdata)
einsert chmuth.?5
leakrate = lkrtaO(ithhy) + lkrtal(ithhy) + timemean
ed2lete chmout.267
sinsert chmout.272
write (ntapeB 8030)volume, leakrate

The first two insert dire-tives add three real arrays, a data array and two
interpolation formulae coefficient arrays, to the THRMHYDR common block. The
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delete directive which follows causes VOLUME 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 USERMOD] must be replaced by USERMOD2 in the arguments of the
HISTORIAN PLUS commands. Alternatively, the two files USERMOD1 and USERMOD2 can

be implemented in conjunction by defining a third file called USERMODS which
reads:

sread usermod)
sread usermod?

USERMOD1 must now be replaced by USERMODS in the arguments of the HISTORIAN PLUS
comsands .
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8 CHARM AS A SUS-MODEL OF A LARGER MODEL

We discuss here some general aspects of how CHARM could be implemented as a sub-
wodel 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 caleulates at least
velocities, pressures and temperatures of the flow and surface temperatures, in
each cell of a multicell probles, and convection and possibly pixing of aerosocl
from cell to cell (the cells could be EBulerian or Lagrangian). In some
applications the gas composition may not be constant and we suppose this would
also be calculated for the bulk gas and adjacent to walls when a cosponent 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, such as is does now for one cell only. This has to be done
explicitly, by which we mean the aeroscl equations are solved separately [ros
the equations governing 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 aserosol, aeroscl behavier within a
cell will not affect the thermal-hydraulics to any significant extent except
possibly in strong thersal radiation fields (of course, the converse is not
true). This means the maxisus allowable thermal-hydraulic time step need not be
reduced as a consequence of the presence of aerosol. Some .imit msay need to be
applied, however, when the thersal-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
saxisus allowable aercsol transport time step to be reduced. There are no
internal constraints on the CHARM time step which is simply chosen to mateh the
subsuming model time step.

Two way coupling can exist between intra-cell serosc)l processes and the thersal-
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 theraal-hydraulic calculations and the intra-cell serosol
caleculations is sodified. Since CHARM in its present version does not treat
condensation and evaporation, *his need mot concern us furthesr here.
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We assume the subsuming model is able to supply CHARM with thermal-hydraulic
inforsation and an aeroscl distribution, derived from th» uerosol transport
caleulations, for each cell corresponding to an instant of time in the probles.
We assume also that this data is not conveniently supplied for two instants of
problem time simultaneously. This eliminates the possibility of interpolating
data in time during the calculations done by CHARM. The subroutines CHARMITH,
CHARMWTH, CHARMUTH, CHARMSLN and CHARMZLN 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
caleulated only once per cell. The ODE solver in CHARM has to be reinitialized
at the start of each time step for each cell. All this mrans the sain progras,
CHARM, can be considerably simplified.

All the data which depends on cell location and/or time has to be supplied to
CHARN at the start of each time step for each cell. This data includes: the
thermal-hydraulic data, the cell geometry and associated data such as the
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
step. Small negative components (see Sub-section 3.2) could be set to sero and
the distribution renormsalized to exactly conserve mass. Deposited and leaked
passes and moments of the distribution could also be supplied when these are not
to be output by CHARM.

The cell and time-iudependent data includes: the collocation inforsation and
quantities derived from this such as P‘h ard n,., the aerosol physics data and
the tolerance data. Input data relevaat to this category can be read by CHARNM
and this category of data can be stored within CHARM. CHARMIN and CHARMBLD can
therefore be considerably simplified. The subroutines which calculate the
derived data need be called once only.

As noted in Sub-section 6.3, just three arrays sake ujp nearly one half the size
of the executable code. It say be important with some sachines and depending on
the size of the subsusing sode]l to make sure these arrays do not take up more
space than needed. This can be don: by saking the dimensions of these arrays
dynasic and having the subsuming model provide space for thes.

CHARM AS A SUB-MODEL - b4 -
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9 EXTENSIONS TO CHARM
9.1 Multicomponent gerosols

We discuss what further work needs to be done to enable CHARN to efficiently
treat sulticomponent aerosols.

When the aerosol has variable composition and is cosposed of s components and
agglomeration and deposition for particles of given sass 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,
1082) . The discretization method described in Section 3 for a single component
aeroscl is simply generalized to discretisze this new systes of equations. A
systes of nxs coupled ODE’'s results. Directly solving this systes of equations
€.n pose & problem when the equations are stiff and s is large since the
solution time of stiff ODE solvers is approximately proportional to (nln)'. For
example, Grimley et al. (1988) consider 40 or so cemponents for which the
computing time would be increased by a factor of order 10* over that for a one
component aerosol.

An alternative to the direct method of solution 18, 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 »slution depends
on the solution obtained to the first set of ODE's. An exaspl¢ of this approach
was considered by Stock et al. (1987) whc compared the two methods. However,
they considered a two component aerosol only and the discretisstion sethod was
not the same for the two solutiou weiliods. It is therefore unclear fros their
results which solution method would be most efficient in general.

8o, further assessment of the two methods is needed to determine which is
optisun. The modifications required of CHARM to treat pulticomponent aeroscls
using either of the two solution methods are believed to be straightforward.

9.2 Condensation and evaporation - one species

We now discuss how CHARM could be extended to treat condensation and evaporation
of one coaponent onto and fros the aerosol.

Extra terss need to be added to the aerosc) equations to treat condensation and
evaporation. These terms cause the equations to become exceedingly stiff,
Considerable progress with this probles has been made recently by Gelbard (1987)
who treats an aerosol with one volatile component. His method is to split the
probles into two parts and treat each part in separate numerical steps. The
first part deals with condensatior and evaporation only and is based on the
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method of characteristics. Particles of different size are coupled only through
pass and energy balances within the volume. The sccond part deals with
aggloseration, deposition and leakage only, as considered in this manual.

It would seem essential to split the problem in this way if a collocation method
is used to treat the agglovmaration terms since evaporation and condensation
introduce into Eq. (1) a term of the form ¥y C(m,t)E(a,t), where E(n,t) is the
particle growth law. This ters is ill- iincd at *he grid points in the
collocation method A finite difference approximation could of course be
.ttouptod for these terms but it seems likely that it would lead to poor results
when " is large in comparison with unity. In any case, many fixed grid methods
introduce artificial spreading of the aercsol distribution when the aerosol is
evolving dominantly by condensation and evaporation (Tsang and Brock, 1983)
which, as Celbard points out, is largely overcome with his method of splitting.

9.3 Condensation and evaporation - sany species

Howsver, further work is required to treat aercsols with more than one volatile
componen® , particularly when chemical reactions in the vapor phase sust be taken
into account. The problem here is the computational cost involved in saintaining
chemical equilibrius in the vapor phase during the condensation and evaporatien
step.
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10 CONCLUSIONS

We have described the models in CHARM and giver detailed information to enable
others to use and modify the code.

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

We would also be happy to receive details of applications or developments you
sake of CHARM. 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!

We believe that the code can fora the basis of eitensions to treat
sulticomponent aerosols, condensation and evaporation as was discussed in
section §. However, further development and testing of methods is needed should
a computationally efficient model be desired.
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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 file 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:

chara ctss time 3.356 seconds
cpu= 3.003 i/o= . 245 gen~ 108

The second file is the main output file, OUT.
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8 1.0000e-04 7 1.0000e-04 8 1.0000e-04 ® 1.0000e-04 10 1.0000e-04
1 1.0000e-04 12 1.0000e-04 13 1.0000e-04
Llities at the collocation pointe. ..
mobility sobility wobility mobilivy mobility
1 6.3086e+13 2 1.1983e+12 3 2.7824e:411 6.9073e+10 & 2.0008e+10
8 6 .0288e0.08 7 2.7418e+00 8 1.1711e+00 65.2176+08 10 2.37480:08
11 1.0021e+08 12 5 0475+07 13 2.3381e+07
. Rate of deposition onte floere. ..
. dep.rate dep.rate dep. "ate dep.rate dep rate
1 2.3801e-08 2 2.0180¢-08 8 1.8873e-08 1.7108e-08 5 1.8780e-080
8 1.68330e-08 7T 2.8007e-08 8 7 .8483e - CH D . 2385006 10 1 .4540e-04
11 6. 870804 123 3. 0814¢-08 13 | .4872«-02
Rate of deposition onte wallse. ..
dep . rate dep.rate dep rate do:.rnto dep rate
1 1.8383e-08 2 1.4383«-08 8 1.8317e-08 1.1917e-08 6 1.0800e-08
8 8 A500e-08 7 8 .88RLe-08 8 4. 0773e-08 3. 8336e¢-08 10 3.1910e-08
” 11 23.8833:-08 13 2.7041¢-08 13 2.0288¢-08
" Rate of deposition ento ceilinge. ..
dep rate dep . rate dep rate dep.rate dep.rate
1 O 0000e+00 2  0.0000e+00 3 0.0000e+«00 0 0000 + 0O & 0©0.0000e+«00
8 0.0000e+00 7  0.0000«+00 8 O,0000e+00 0. 0000e+20 10 0.0000e+00
11 9.0000e+00 13 0.0000e+00 18 0,0000e+00
Agglomeration kernel. ..
rate reate caate rate .rate

i
Mob

Lo

o e

o e

) 8.3218¢-18 3 1.908%-14 3 3.3380e-14 4 4.6738e-14 & 9.0185e-14
6 1. 8288e-18 7 3.7980¢-13 8 8. 0811e-13 © 1.7150e-12 10 3.670le-13
A1 7. 9087e- 13 13 1.70@2¢-11 13 3.8881e-11
1 1.2023e-14 3 6. 8l4Be 15 3 7.310Fe-15 4 1.119We-14 & 2.0830e-14
@ 4.0800e 14 7 B.4476e-14 & 1.7854e-13 © 3.8118e-13 10 8. 1750e-13
11 1767313 13 3.7818e-13 13 8.1428¢-12
1 2.3986e 14 2 7.219%e-16 3 3.8000e-15 4 3. 54T3e-16 & 5.3901e-18
” & S.P8R7e- 18 7 2.000Be 14 B 4. 1003e-14 © 8 BaSde-14 10 1. 8918 13
” 11 4.0817¢-18 12 8 .7T4bOe-13 13 1 .E8T8e-12
1 4.678%8e-14 3 1.1190e-l4 3 3. 54THe-16 4 1. 908e-18 & 1.9830e-15
” 8 2. 9442 18 7T 5.4100e- |8 & 1.0B3Ee-14 © P 2860le-14 10 4. 81340 14
11 1.0408e-13 13 2.3874e-13 13 5.1728e-13
1 $.0188e-14 2 2.0830v-14 3 5.306le-15 4 1.9330e-16 & 1.1781e 15
6 1. 258816 7 1.9137e-15 & 3.533%e-16 © 7.3M2Te-15 10 1.8310e-14
11 4. 0084 14 12 1.1113¢-13 13 3.5673e¢-13
1 1.%288¢ 13 2 4.0M00e-14 3 9. 08MTe 16 4 2. P4dde- 16 5 1. 28BBe 18
8 B.7AE8e 18 7T 1. 004%e-18 B 1 B378e 15  © 4. B43de- 16 10 1. 5483e 14
11 5. 8308e-14 13 2.4308e-13 13 ) .OTO8e-12
I 3 7980<-18 3 8. 4478e-14 3 2.0008e-i4 4 B5.410Ge-16 & 1.9127e-18
6 1 OB43e-ih T T . 48Ble-18 B 2.8813e-16 S 1.1203¢-14 10 4.9902e-14
11 2.9803e-13 13 1.0338e-13 13 4.7870e-12
I ®.08ile- 18 9 1. THA4e 13 8 4.1883e 14 4 1. O83Fe-14 & 8. 6333615
6 1. 93T8e 16 ¥ F.6013e-15 8 6. ABSle-18 © 3. 892Te-14 1L 2. 139%e-13
11 1.0808e-15 12 4.7511e-12 13 2. 2088e-1)
1 1. 7160e-18 3 T Mllee 13 3 8. B434e 14 4 T 2E0le- 14 6 7. 28ITe 1B
6 4. B43de 15 T Y 1283e-14 B 3. BEETe 14 6 B ETTRe-18 10 & 11BBe 18
11 4.8818e-13 13 3.1880e-11 13 ! .0308e-10
I B3.8701e-18 3 B 1780e-13 3 1. 861313 4 4. 8134e-l4 & 1. 8310 14
B ). B483e- 04 T 4. WRORe- 14 B 3. 1306e 13 & 8. 11866 13 10 6. 44R3e-18
11 1. 7ABMe 11 13 9. T6NUe 11 13 4.7004e-10
I 7T.808Te 13 3 1. 7573013 3 4.081Te-13 4 1.0403e-13 & 4.0064e-14
O 5. 838814 7 3.3883¢-13 B 10808 12 ® 4. 5818e-13 10 1.7T26Me 1)
11 6.3878e-18 13 3.7388e-10 13 2.1011e-09
1 1.708%¢ 11 8 3. 78ibe-13 3 6.7480e-13 4 2. 987413 5 1.1118e-13
 2.4308¢-13 7 1.0386e-137 8 4.7Alle .3 ® B 1880e-11 10 ©.Te8Ge-11)
| 11 3. 7388 10 13 6. 380be-18 13 §.0930e-OF
I 3. 88ble-ll 3 B 143Se-18 3 ) . MNTEe 13 4 5 1786e¢-13 & 5. 5673e-13
@ 1. 0M8e-13 T 4.7670e-17 & 3.2038e-11 § 1.0908e-10 10 4.7004e 10
11 2.1011e-OF 13 8§ .0220e-06 13 & 3482e-18

LA A R LA R AR A LR AR R R R AR R R AR Rl R R R R R R R R R R R R R R R R R N Y
LA A A A R R L AR AR R R AR R Rl AR R R L R R R R R A A R R R R R R R

steap no. = 1 time = & OOMO0e-0% mass check ~ 8 3443e 08

LA R AR R R R R AR R AR R R R R R R e
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Mass budget. . .
a.r-borue flor dep. wall dep. clng dep. source leaked
1.0424e+03 3.5838e-01 2 1354e+01 0.0000e+00 2.0000e+03 4.1011e-01
Airborne aerosocl moments...
cigma radb0 mdensity ndensity gurommean maesb0
2.1473e+00 1.343838e-08 1.0701e-02 4.3B45e+12 1.8276e-18 2 84b6le-14
Source moments. ..

sigoa redso mdensity ndensity geommean massb0
2.0000e+00 &.0000e-07 3.0884e-08 1.8202e¢+10 1.9410e-17 ) .4681e-156
Airborne mase distribution...
m-distr m-distr m-dietr m-distr m-distr
1 6.8B484e-156 2 ©.00Ble-12 .4043e-09 4 7.7800e-07 2.8041e-056
6 2.8713e-04 7 1.28567e-03 ,1428e-03 @ 7.2208e-04 2.0880e-04
11 3.2863e-D5 12 1.9001e-08 .3576e-08
Airborne number distribution...
n-distr n-discr n-dietr n-distr n-distr
1 1.71168e+08 2 2,274Be+N8 .35611e+10 . 9472e+11 5 6.5103e+11
8 6.8782e-11 7 8.2142e+11 65.366« +10 .8074e+00 10 65.1846e+07
il B .216R-.CH 12 4.7728Be+03 5.8041e~00

LA R R R A R R R R R R R R R R R R R R LR Rl

LA A R R R R R R R R R R R R R R R R

step no. = 13 time = 7.2000e+03 mass check = -3.1102e¢-08

L R R R R R R R EE R R R R

Mass budget. ..
air-borne flor dep. wall dep. clng dep. source leaked
2.6662e+03 1.3783e+03 6.50456e+01 0.000C :+00 4.0000e+03 1.4441e+-00
Airborre aerosol moments. ..
sigma rad5b0 mdeneity ndeneity geommenn mansb0
2.1272e+00 1.9800e-08 1.4166e-02 4.3777e+12 1.7032¢-18 B8.0533e-14
Source momente. .
sigma radb0 mdensity ndeneity geommean masss50
2.0000e+00 B5.0000e-07 3.0884e-0d 1.8203e+10 1.9410e-17 1.4681le-15

A AL R R R R R R R R R R R R L R R R R R R R L R R R R R R R R R R R R R R R R R R R R R R R R

LA R A R A R R RE R R R L AR R R R R R R RAR R AR ERERRENEEREREREREENRELEEERERLEEREERSEEEREENR]

step no, = 14 time = 1.0800e+01 wuee check = 5.0806e-08

LR e R

Mase budgec. . .
air-borune flor dep. will dep. elng iep. aource leekud
2. 618Ra+0% 3.387%23e+C3 1.0M45e+02 0.0000e+00 6.0000e+028 2.4008e+00
Airborne seroso. momente..

sigme rudb0o neensity ndengriy sEOmETenn zass b0
2.1808e:00 1, ,8006e-08 (.3082e-02 4 376Te+12 1.71687e¢-18 B8 .038Le-14
Source momente. . .
sigme radb0 sdermsity ndensity geommean 2aesb0
4.0000s OO0 §.0000e-07 3.0364c-06 1.8382e¢+10 1.94)3e-17 .. 488le-106
LA R B R R R R R R R R R R R R R R RN R R R B R R R R R O T

LA AR B AR R LR R R R R R R R R R L B EEEREEEEEELEEREEE] AR A A R B R RN AN R R R ER N

step no. = 16 time =« 1,4400e+04 oeus check = 4.73/71e-0h

LA R A R R R R R R R R R R R A R R AR R R AR R LR LR EE R ERE R R R R

Mauys budget. ..
air-borne flor dep. wall dep. elng dep. source leaked
2. 61874083 65.3278e+083 1.51687e+02 0, 0000e-0C 8.0000e+083 3.5307¢+00
Airborne aerosol momentes. ..
sigma radb0 mdensity ndensity geommean masshO
2.13083e+00 1.0043¢-08 | .30R1e-02 4.3762e-12 1.71560e-18 B .0080e-14
Source momentws, .,
sigme yadbo mdensity ndensity geommean massho
2.0000e+ND0 56 0000e-07 3.08684e-08 ] . 8202e+10 1.9410e-17 1.4681le-156
Airborne manes distribution..
a-dietr m-distr m-dietr p-dietr m-distr

60 - THE EXAMPLE OUTPUT DATA FILES



1 4.1083e-15 2 ©.3044e-12 3 5.5188e-090 4 7.9288e-07 6 2.8447e-06
8 2.7280e-04 7 1.1604e-03 8 1.0834e-03 % 1.1238e-03 10 7.2144e-04
11 5.7548e-04 12 1.7187e¢-04 13 1 .6858e-056

Airborne number distribution...
n-dietr n-dietr n-distr n-distr n-dietr
1 1.0408a0+08 2 2.3261e+08 3 1.8707e+10 1.6818e+11 5 B6.8118Be+11
8 6.8Bl00e+11 7 2.6236e+11 8B 4.9836e+10 2.8B098e+08 10 1.8038e+08
11 1.43868e+07 12 4.2087e+05 13 4.1640e+03

Lo

LA R R A B R R R R E R R R R R EE EREEEEERE N LA AR R R R R R R R R R R R R EEEEEEEREEEEEE B B e

R L e

step no. = .8 time = 1.B000e+04 mess check = 4.8542e-08

LR R

Mass budget. ..
air-borne flor dep. wall dep. clng dep. source leaked
2.6164e+03 7.2835e+03 1.9547e+02 0.0000e+00 1.0000e+04 4.5883e+00
Airborne mercsol moments...
sigoa radb0 mdensity ndensity geommenn naesbo
2.1303e+00 1.0040e-08 1.3080e-02 4.37682e+12 1.7160e-18 B8,.7957e-14
Source moments. ..
sigoa radb0O mdensity ndensity geommean massbO
2.0000e+00 5.0000e-07 3.0884e-08 1.8202¢+10 1.9410e-17 1.4%81e-156

L R I A ——

)

step no. = 17 time = 2.1800e+04 mass check = 4.5810e-05

e

Mas®s budget. ..
wir-borne flor dep. wall dep. clng dep. source leaked
2.6104e+03 ©0.2300e+03 2.3897e+02 0.0000e+00 1.2000e+04 5, .8388e+00
Airborne sercsol moments...
sigua radbo mdensity ndensity geommean nassb0
2.1303e+00 1.9040e-08 1..,680e-02 4.3782e+12 1.7160e¢-18 B8.0058e-14
Source moments. .
sigma radb0 mdensity ndensic) geoumean naselO
2.0000e+00 &5,0000e-07 3.0884e-08 1.8202e-+1C 1.9416¢ 17 1.4881n-158

LA A S R LR R R R R R E R R AR R R R T S S ST LA A R R RN R J

L I

step no. = 18 time = 2,5200e+04 mass chec' = 4.5708e-05

LA A AR R RS AR R R R R R R R EE R R AR R R R e I I

Mass budget. ..
air-brrne fior dep welil cep. aing dep. eource leaked
2.61840+03 1.1104e+04 2. 82489e¢+02 0.00008+0C 1.4000e+74 6.8R55e+00
Airborne aerosol somente. ..
sigom radb0 mdensity ndeneity geommenn wass b0
42.13083e 00 1.90040e-08 1 308B0e¢-02 4.3762e+12 1.7160e-16 8.00587e-14
Source moments. ..
sigma radb0 mdensity ndenwity geommean massbo
2.00004+00 5.0000e-07 3.08684e-08 | .8202e+10 1.0410e-17 1 .4881e-158
Airborne maswes distribution...
m-distr m-dietr m-distr m-dietr n-dietr
1 4.1082¢-15 2 9.3043e-12 3 b5 .5187e-09 . 9285e-07 6 2.6447e¢-08
8 2.7278e-04 7 1.16068-03 8 1.80320-03 1230e-03 10 7.2132¢-04
11 B5.7521e-04 12 1.7170e-04 13 1.66830e-08
Airborne number distribution...
n-distr n-dietr n-distr n-diestr n-dietr

Lo
— 1

1 1.0406e+08 2 2.33680e+08 3 1.8787¢+10 4 1.0R168e-11 5 8.8117e+11
6 6 .8B1668e+11 7 2.9240e+11 8 4 .08B20e+10 ¥ 2.8087e+08 10 1.8033¢+08
11 1. 4380e+07 12 4.20240+056 19 4.1576e+08

..‘.....'.“...‘..O....“.J....‘....O'..........l.OO..........“..“‘...'.....‘.
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sigma radb0 mdensit ndensity geommean mass b0
2.0000e+00 &.0000e-07 0.0000e+00 O0.0000e+00 1.9410e-17 1.4688le-156

LA A A R R A R R R R R R AR R R R R A R R R R AR R R L R R R R R

LA R R R R R R R R R R R R R

step no. = 23 time = 3.8800e+04 maes check = 4.1020e-05

LA R R R R R R R R R R R R R R R R R R R R R R R R R R

Mass budget. ..
air-borne flor dep. wall dep. celng dep. source leaked
2.1868e+03 1.7384e+04 4.10584e+02 0.0000e+00 2.0000e+04 €.9041e+00
Airborne aercsol moments...
sigma rads0 mdensity ndensity geommean wassbO
1.8022¢+00 2.1800e-08 1.2148e-02 1 .4572e+12 B8 .8030e-18 1.2151e-13
Source momentes. ..
sigma radb0 ndensity ndensity geommean mass b0
2.0000e+00 5.0000e-27 0.0000e+00 O0.0000e+00 1.6410e-17 1.4681le-15

A AR R R B R R R R R EERE R R R R R EEEEREEEEEE R R I I

LA R R R R B R R R R RN R R R R R

step no, = 24 time = 3.68000e+04 saes check = 4 .0B48e-05

LA A A R A R R R R R R R R R R R NS R AR R R R R L R R R R R

Mass budget. ..
air-borne flor dep. wall dep. .lng dep. source leaked
2.0281e+083 |(.7530e+04 4.2230e+02 0.0000e+00 2.0000e+04 1.0087e¢+01
Airborne aerocusocl moments...
Sigma rada0 ndensity ndensity geommean massbo
1.8683e+00; 2.2003e-08 | .1287e¢-02 1.0007e+12 1.1681e-15 1.4001e-13
Source momente. ..
sigue radb0 mdensity ndensity geommean maesbO
2. 0000e+00 5.0000e-07 0.0000e+00 0.0000e+00 1.9410e-17 1.4881le-15
Airborne mass distribution...
m-dietr w-dietr m-Gistr m-dietr m-dietr
1 ~H5.1780e-23 2 -4.2200e-20 3 1.0480e-18 7.9738e-10 65 1.9142e-08
8 B.%878e-06 7 7.1373e-04 8 1.66A85e-03 1.0224e-03 10 6.7884e¢-04
11 £.5188e-04 12 1.6084e-04 13 1.4930e-058
Airborne number distribution...
n-dietr n-disgtr n-distr n-digtr a-distr

o e

1 ~1.3940,-02 2 -1.0562e+00 3 2.81vwPe+00 4 1.9034e+08 U = 7884e+'0
8 2.00751+11 T 1.78483e+11 8 4.16884e+10 @ 2.5661e:00 I0 1.6 48e-08
11 1.37d8e+07 12 4.01560¢+08 13 3.7348Be+03

L o R S

L R I I

slep no, = &6 tise = 3.72300e+04 mues chack = 4,1042e-0C6

LA B R R R R A AR R R R AR R RE R R LR R R EE R R R Y

Nass budget...
air-Larvne flor dep. wall dep elng dap. source ienked

1.8776e+03 1.7087e+04 4 .2500e+02 0.0M00e+00 2.0000e+04 1.0138e+01
Airborne aeroscl mowvents..

sigua rad’0 mdensity ndenmity gevamean mase L0
1. 8517e+00 2.3817e¢-08 1.0431e-02 B.7700e+11 1.4i84e-15 1.5848e-13
Source momentas. ..

sigma radbo mdensity ndensity geommenn massb0
2.0000e+00 6 .0000e-07 0.,0000e+00 0.92000e+00 1.9410e-17 1.4681e-156

.“.“.'.'...........U.‘......’..CO.I.‘."..'.......-Q..‘......'..l.......l.‘...
.O..Q...-‘.I..‘..-..........‘....l.....l‘......‘.....‘....‘.‘.
step no. = 26 time = 3.75600e+04 mass check = 4.1308e-06

R I I e

Mass budgst. ..
air-borne flor dep. wall dep. clng dep. source leaked
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1.7372e+03 1.7826e+04 4.2730e+02 0.0000e+00 2.0000e+04 1.01f Je+01
Airborne mercecl moments. ..
sigma radb0o mdensity ndensity geommean maesbO
1.8306e+00 2.4552e¢-08 ¥ .6513e-03 7.2883e+11 1.86347e-156 1.7350e-13
Source moments. ..
sigma rad8&0 mdensity ndensity geommean massb0
2.0000e+00 5.0000e-07 0.0000e+00 0.0000e+00 1.9410e-17 1.4681e-15

.....‘-..O.......‘.‘O..'.Q“........."...‘..‘..’.“..O‘.-..O.........'.....Q...

................‘....‘l...“'........‘...Q.O..O.‘..........l‘.

etep no., = 27 time = 3.7800e+04 mass check = 4.2687e-05

l'....‘..-O....‘.........'...‘...'....‘0......O.'l.."‘.‘.'...

Mass budget...
air-borne flor dep. wall dep. clng dep. source leaked
1.8080e+03 1.7052e+04 4.20560e+02 0.0000e+00 2.0000e+04 1.02868e+01
Airborne aercsol moments. ..
sigma radbo mdensity ndensity geommean nassbho
1 B303e+00 2.5128e-08 B8.0335e-03 8.,1730e+11 1.8B253e-15 1.8810e-13
Source moments. ..
sigma radb0 wlensity ndensity geommean massbo
2.0000e+00 5&.0000€-07 O.. L_w+00 0.0000e+00 1.9410e-17 1.4881le-15
Airborne mamss distribution...
m-dietr m-distr m-distr m-distr m-dietr
1 ~-3.4222e¢-24 2 3.4404e-23 3 2.8243e-21 4 2,2042e-11 6 5.1163e-07
6 4.1328e¢-05 7 4.8761e-04 8 1.3118e-03 P 8.57684e-04 10 5.8347e¢-04
11 4.8218e-04 12 1.2824e-04 13 1.0070e-06
Airborne number distribution...
n-distr n-dietr n-distr n-distr n-dietr
1 -8.5666e-04 2 B8."238e-04 3 7.0808Be-03 4 b5.5108e+08 5 1.2701e+10
6 1,0332e+11 7 1.16.%e+11 B 3.27056e+10 @ 2.1441e+080 10 1.4587e+08
11 1.2068e+07 12 3.1810.+05 13 2.5178e+03

......-.‘....‘...........‘.......O.‘...“..".‘...-‘...‘.‘......‘....‘.........‘

...‘...'.......‘............O.‘..Q...-."..'.....-....‘.......

step no. = 28 time = 4.1400¢ .04 wmaes check = 4. .5807e¢-05

‘.......“..........‘.."..‘..'......-‘.'.ﬁ..t.........‘......

Mass budget. ..
air-borne Ller dux. wall dep. zlng dep. source leckad
7.40240+02 1 . B"042+04 4.14884e+02 0O.0000e+00 2.0000e+04 1.0713u+01
Airborne serocscl moments. ..
sigma rrd30 mdenwity ndensi%y ge.umeny nassbO
1.7084¢+00 7.68468e-08 4,1825e-083 2.0080e+11 2.9081e- 18 2.174Ve-13
Source moments
wigmn radbo mdensity ndeasity geonmmes: zassbo
«:0000e+00 5.00000-07 0.0000e+00 0O.000Ce+00 1.94)10e -, 1.4681e-1%

L R . LR R T T T T T T R N SRR R R

LA R B B R R R R R R TN ........'.....‘..---...'."..‘l-....h

step no, = 20 time = 4.5000e+04 ones check = 4. 5840e-08

........"‘....O......b...............l R

Mass budget. ..
air-borne flor dep. wall dep. celng dep. source leaked
4.543004+02 1. 0070e+04 4.58B61e+02 ©,00008+00 2.0000e+04 1.0064e+0)
Airborne aercscl moments. ..
sligma radbo ndenmity ndermity geommean mansbO
1.78868e+00 2 5873e¢-08 2.5230e-03 1.1307e+11 3.4472e-156 2.0313e-13
Source moments. ..
sigoa radb0 mdensity ndensity geommean nassbH0
2.0000e+00 5.0000e-07 0.0000e+0C 0.0000e+00 1.0410e 17 1.468le-156

.-.‘..‘....-'..........'............'....‘...'..‘U.................‘....-..‘-‘I‘
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step no, = 30 time = 4.8800e+04

Mass budget. ..
air-borne flor dep. wall dep.
3.1688e+02 1.9212e+04 4.8130e+02
Airborne aerosocl moments. ..
signa radbo mdensity
1.7848e+-00 2.5272¢-08 1.7540e-03
Source moments. ..
sigoa radb0 mdensity
2.0000e+00 5&.0000e-07 0O.0000e+00
Airborne mass distribution...
n-distr m-distr
1 1.34568e-23 2 -1.7188e-24
6 3.5807e-08 7 6.8780e-05
11 3.7088e-05 12 2.1145e-08 1
Airborne number distributirn...
n-distr n-¢ etr

1 3.364%e-03 2 -4.20¢ :-05 3 -

6 8.0741e+00 7 1.868874+10 L]
11 ©.2715e+056 12 §6.2863e+03 13

mase ~heck =
LR R R R R R

clng dep.
0.0000e +00

ndensity
7.8737e+10

ndensity
0.0000e+00

m-distr

~1.1106e-256

2.7712e-04
2.0082e-08

n-diestr
2.7762¢-07
8.9280e+00
5.2381e+00

4.60914e-06

source leaked
2.0000e+04 1.1111e+01
geommean passb0
3.6880e-15 1.8631e-13
geommean nassb50
1.0419e-17 1 .4681le-156
m-distr m-distr
4 1.2102e-18 5 6.2822e¢-090
§ 2.1144e-04 10 1.6307e¢-04
n-distr n-distr

4 3.0266e+01 65 1.5658e+08
9 5.2860e+08 10 4.0002e+07

LA AR R R R R AR R R AN R R L R R R Rl R

LA L R R R R R R R R R R R R R R R R R L R R R R

mass check =

LA A R A R R R R R R R R R R R A R R R R R R R R R R R R R R R R R R R R R R R R R R RN

step no, = 31 time = §5.,2200e+04

Mass bLudget ..
air-borne flor dep. wall dep.

clng dep.

4.8001e-0

source

2.35684e+02 1.9287¢+04 4.85850+02 0.0000e+00 2.0000e+04

Airborne aerosol momente. ..
sigma radso wdeneity

ndensit:

geommean

1.78156e+00 2 .4408e-06 1.3102e-03 &.7265Le+10 3 ,8448e-15

Source momente. ..
sigma radso mdensity
2.0000e+00 E.0000e-07 0.00002+00

AR A A R A RS AR R R R R R R R R R E R R EE IEEEEEE RS RN

LR R R R e

atep no. = 92 time = 6 BBOCe+ 4

Yass budget. .,

ndenseity
0., 0000 +00

LA A AR B R AR B E NENEREEREEESEE ]

muse check =

LA A A R R AR R R R AR R L R RS R R R R L R A R AR R R R R L R R

gecmmean
1.9410e-17

4.6083e 5

R EARER e eae

leaked
1.12268e+01

nassbO
1.7248e-11¢

mawsb0
1.4681le-156

LA A R R R R R AR R R R R R R R R R R R e

air-borne flor rap. wall dep. elng dep. source leaked
1. 64002402 1.0%308e+04 4.6804:+02 0.0000e+00 2.0000e+04 1.1311e+01
Lirborne msercsol momente.
sigma radbo mdeneity ndeneity geommean naesb0
1.7788+00 2.36801e-08 1.032&» 03 4.5263r+10 3. V823¢-15 1.5410e-13
Source moveite. ..
sigma radéD mdene’ty ndensity gecamearn man, 30
2.0000e+00 5.,0000e-07 O.00002+00 0.0000e+00 ! .9418e-17 1.1681e-15
LR R R R R AR LR R AR R R R R R R R R R R R R R R R R R R R R R R o I
R
step no. = 33 time = 5 ,9400e+04 mass check = 4.50883e¢-056
LA R AR R R R R R R R R R Y
Mass budget. ..
air-borne flor dep. wall dep. elng dep. source leanked
1. 4838e+02 1.90360e+04 4.71587¢+02 0.0000e+00 2.0000e+04 1.1380e+0)
Aisborne aerosol moments. ..
sigma radbo mdensity ndensity geommean masebO
1. 7762¢+00 2.2717e¢-08 B .2438e-04 3.7180e+10 4.0800e-15 1.8750e-13
Source momente, ..
sigma radbo mdenmity ndensity geommean massho

THE EXAVP!® QUTPUT DATA FILES -

74 -



2.0000e+00 5.0000e-07 0.0000e+00 0.0000e+00 1.941%2-17 1.488le-
Airborne maes distribution...
m-dietr n-dietr m-distr m-distr

1 2.1814e-21 2 ©.8148e-23

11 5.9710e-08 12 1.3089e-07 1
Airborne number distribution...

4.4123e-10

n-distr n-dietr n-distr n-dietr
1 5.45356e-01 2 2.4037e¢-03 3 4.3076e-07 4 6.2062e-01 v 3.9470e+07
€& 4.0284e4+00 7 B.18654e-00 8 3.8128e+089 9 2.7420e+08 1C

11 1.4028e+05 12 3.4023e¢+02 13 1.1031e-01

156

m-dietr

1.7230e-25 4 2.4821le-18 5 1.8792e-09

3
8 1.8108e-08 7 8.2682¢-056 8 1.4450e-04 § 1.0088e-04 10 6. 3448e-05
3

n-distr

1.6882e+07

".‘.....C........‘...'..‘....‘.....‘...‘O.‘..........l...‘..O...".......-'....

A

ttep no. = 34 time = 6,3000e+04 mass check = 4,5648e-05

- ..............'..‘...‘.......-.......‘.-...................“

Mass budget. ..
air-borne flor dep. wall dep. clng dep, source
1.2278e+02 1 .9302e+04 4.7374¢+02 0.0000e+00 2.0000e+04
Airborne aeroeol moments. ..
sigoa radb0 mdeneity ndensity geommean
1.7742€+00 2.19033e-08 6.8100e-04 3.1320e+10 4.1442¢-15
Source moments. ..
signa radbo mdensity ndenmity geommean
2.0000e+00 5.0000e-07 0.0000e+00 0.0000e+00 1.9410e-17

lenked

1.14368e+01

massbo
1.,2874e-

nassbHO
1.4681e-

13

15

..’....'.....‘.................Q......‘.-........‘.............‘.......'.“.-...

e I -

step no. = 35 time = 6.8680Ce+04 mass check = 4.8273e-08

.....‘.‘............'..........'........‘.‘.‘.......“.‘.....’

Mass budget . ..
sir-borne flor dep. wall dep. elng dep. snurce
1.0372e+02 1 .9400e+04 4.75587¢+02 0.0000e+00 2.0000e+04
Airborne aercesol mopents...
sigma radfo sdens’ Ly ndensity grvoamean
1.7734e+00 2 127%e-08 5 .7824-04 2.8650e+10 4.2102e¢-158
3ource momente. .,
sigma rad&0 edeneity ndenwity grommedn
2.0000e+00 5.C000e-07 O.CO00e 00 0.L000e+00 1.9410e-17

leaked

1 1483e+01

nassbHO
1.120%e-

rassd0
1.4681le-

13

16

...‘...".....I“.........'U..“..............-.‘.'.‘....Q't..“...'.‘.-....0'..

R R B T e e e

step no. = w8 time = 7.0200e:04 mass check = 4 8CYie-08

L R I AR B AR IR RPN R R R T AR R AR AR R R R

Mams budpet, |
ai. -burne flor dup. wall dep. Cihg "eop. gourae
8.6188e+C1 1.7433e+04 4. 7714e+02 0O, 2000e+00 2.0000u -4
Alrborne aerosol moaencms...
sigoa raddo mdensity ndensity geomresn
1.7700e+00 2.0732e-08 4 0538e-04 2. 35UBe~10 4.2880e-15
Source moments. ..
sigan radbo adensity ndensity gReommean
2.0000e+00 5.0000e-07 0.0000e+00 0O . 0000e+00 1.0416e-17
Airborne maes distribution,

leaked
1.15823e+

muweb0
1.0461e-

nans b0
1. 4681 e

m-dietr n-dietr m-dietr m-dietr
1 3.6072e-30 2 1.0064e-22 3 4.0020e-28 4 2.7108e-19 1)
8 G .7388e-07 7 2.0762e-058 8 ©.6R830e-05 P 7.3320e-056 10
11 1. 3738e-08 12 1.5245e¢-0B 13 -3 BE87e-10
Airborne number distribution...
n-dietr n-distr n-distr n-distr
1 9.0180e+00 d 2.514b6e-03 38 1.02380e-07 4 6.7000e-02 &
8 2 4347400 7 B5.1BR0e«00 8B 2. .30567e+089 v 1. BOROe+«0OR 10
11 3. 4321 e+04 12 3.8111e+01 183 -9.7408e - 02

0

13

16

m-dietr
8. 82068e 10
2 388Ge-0UB

n-dietr
7074407
6HE. VBT 1e+On

—
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PPt T e L R R R R R R R R R R R R R A R R

‘.‘...‘..............‘....-.............‘.‘....‘..-.‘.....‘...

step no. = 37 time = 7.3800e+04 mase check = 4,56488e-05

T TI i s e R E E E E E E E E E L R R R

Mases budget. ..
air-borne flor dep. wall dep. clng dep. source leaked
7.7731¢ 01 1.0432e+04 4 .7852¢+02 0.0000e+00 2.0000e+04 1.15668e-01
Airborne aeroscl moments. ..
sigona radbo ndensity ndeneity gecamean nassbO
1.7693e+00 2.02868¢-08 4 .3184e-04 2. 0B05e+10 4. .3453e-156 §6.7012e-14
Source moments. ..
sigoa radbo pdeneity ndensity geommean nassb0
2.0000e 00 5.0000e-07 0.0000e+00 0.0000e+00 1.6410e-17 1 .468le-15

............'......‘.‘..'.‘.....-...‘......‘........Q............."...‘.‘......

‘.................'.‘..".'Q............‘...-.'.‘.......-...‘.

step no. = 38 time = 7.7400e+04 mass check = 4.5340e-056

T r s e R R R R R R R L

Mass budget. ..
air-borne flor dep. wall dep. clng dep. source lenked
6 .8530e+01 1,9440e+04 4.7973¢+02 0.0000e+00 2.0000e+04 1.1580e+01
Airborne merosol moments. ..
signa radbo sdensity ndensity geonmean nass b0
1.7878e¢+00 1.0912e-08 3 .8072e-04 1 B568e+10 4.3070e-156 ©.2602e-14
Source moments. ..
sigoa rads0 adeneity ndensity gecamean nassbO
2.0000e+00 5.0000e-07 0.0000e+00 0.0000e+00 1.0410e-17 1.4681le-156

ittt i s R R R R R A R R R L L L

e R L R R R L A L R L L L R

step no. = 30 time = 8.1000e-04 mass check = 4.5453e-06

e R R R R R R R L R R L R R

Mass budget. ..
air-borne flor dep wall dep. elng dep. eource leaked
6.0000e+01 1.9447¢+04 4 .8080e+«02 0.0000e+00 2,.0000e+04 1.1818e:01
Airborne asromol moments. ..
sigan radfin mdensity ndensity geommenan aeseb0O
1.7681e-00 1.9800e-08 3 .3870e-04 1.87050+10 4.4443e-15 # .B17%e-14
Source acments. ..
sigma radb0 adeneity ndensity geommean naeebO
2.0000e+00 5.0000e-07 0.00008+00 O, 0000e+00 1.9410e-17 1.4881a-15
Airborne masa distribution. ..
s-dietr m-dietr m-diser m-distr v~dietr
1 -2.6528¢-230 2 2.9815e-23 -9 5324e-28 4 46.9910e-20 & B.7088e-10
8 6 .68798-07 7 1.4706e-06 7.0241e-08 @ B5.1307e-7¢ 10 9.85608e 08
11 3. 8124¢-07 13 2.38)8e-00 1 2.0088e-13
Alrecrne number distribution. ..
n-distr n-dietr u-distr n-distr n-diestr
1 ~8.683168e+00 2 7.4538e-04 3 -2 3831e-09 4 1.4078e-02 65 ©.2720e+08
8 1.68700e+09 7 8.068B8e+00 8 1.756800+08 ¥ 1.2840:+08 10 2.41368e+08
11 9.5300e4+03 12 6.9048e+00 13 &5.24668e-04

(=R R

L e R R R R R R R R R LR

step no. = 40 time = 8.4600e+04 mans check = 4.56437e-08

LA AR R R R R R R R R R R R R R A A L R R R A R R R R R R R A R R A R A AR LR

Masw budgt. . .

air-borne flor dep. aall dep. celng dep. source lenked
6. 4831e+01 1 .0452€+04 4 . 8177402 0.0000e+00 2.0000e+04 1.1640e+01
Airborne aerosol womentws. . .
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sigma radb0O mdeneity ndensity geommean wassb0
1.7642¢+00 1.9303e-06 3.0351e-04 1.5130e+10 4.4848e-15 B8.43586e-14
Source moments. ..
sigoe radbO mdensity ndensity geommean naesbO
2.0000e+00 &.0000e-07 0.0000e+00 0.0000e+00 1.9410e-17 1.4681le-15

...."....C‘.".....‘.‘.........‘.....“..-.“‘...O.........O..“.....“C.....‘.

e R e~

step no, = 41 time = 8.8200¢+04 mase check = 4.5415e-056

R

Muus budget. ..
air-borne flor dep. wall dep. elng dep. source leaked
4.9243€+01 1.04568e+04 4.8284e+02 0.0000e+00 2.0000e+04 1.1681e+01
Airborne aseroscl moments...
signma radbo mdensity ndensity geommenn massb50
1.7622+00 1.9038e-08 2.7357e-04 1.3783e+10 4.5203e-15 B.003b6e-14
Source moments. ..
sigoa radb0 mdensity ndensity geommenn passbO
2.0000e+00 5.0000e-07 0,0000e+00 ©0.0000e+00 1.6410e-17 1.4661e-156

........“..‘.......l..............‘.......‘.....I.......‘.’.O.................-

e

step no, = 42 time = §.1800e+04 wass check = 4.56376e-06

......‘..“..“...‘........-.................‘................

Mase budget. ..
sir-borne flor dep. wall dep. clng dep. source leaked
4.4600e+01 1.94680e+04 4.8344e+02 0.0000e+00 2.0000e+04 1.1681e+01
Airborne seroscl moments...
sigua radb0 odensity ndensity geonmean nassb0
1.7601e+00 1 .8780e-08 2.4778e-04 1.20618e+10 4.55612e-15 7.7703e-14
Source moments . ..
sigma redf0O sdeneity ndeneity geozmean 2a88b0
2.0000e+00 &.0000e-07 0.00Me+00 0.0000e+00 1.904192-17 1.48810-15
Ai*borne mame dietribution
o-distr n-distr w-dimt e m-dioptr w-dietr

1 ~-3.5830e-30 2 -1.0480e-23 G ~1.A801e-38 4 1.8478e-20 £ 2.28564e-10
6 4.9136e-07 7 1.1174e 05 & 5.4326¢-05 ¢ 3.7118e-0C5 10 4.3760e-08
11 1.,23360e-07 12 4.8230e-10 13 15.3030e¢-11

Airborne number distribution
i~dietyr n-distr n-distr n-dietr n-~distr

1 ~8.6051e+00 2 -2.8323a-04 3 ~2.7002#-10 4 4.681908e-03 65 5.71308e+08
& 1. .26P4c00 / 2.79%0a+00 & 1.3581e+00  9.2794e+07 10 1.,003¢e-08
11 3. 0878e+03 13 ! . GAOe-00 '3 1.87:72-02

e I T R LA R R R R R R E R EREEEEEEEEEEE R R I

LA R R R R LA A R R R R R R R R R

step no. = 43 time = B, 6400004 anas chazk = 4.5587e-056

M R R R

Yame budger. .
air-borne flor dep. wall dep. elng dep. source leaked
4 .0667e+01 1 . 94640+04 4. 84166402 0.000Ce+00 2.0000e+04 1,.16898e+01
Airborne aeromsol momente. ..
sigma radb0 mdensity ndenmity gecmmenn wassbO
1. 7678e+00 1 . B540e-08 2 .2583e-04 1.1680)1e+10 4.5781e-15 7 .4847¢-14
Source moments. ..
sigun radbo wdeneity ndenmsity geommenn passbHO
2.0000e+00 5 .0000e-07 0.0000e+00 0.0000e+00 1.0410e-17 1.4681e-15

.........‘..........“...‘.........‘..‘...'.......O..................O...I...-..
LR R AR

step no. = 44 time » ©.0000e+04 mans check = 4 .566816Ge-05

R I
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Mass budget...
air-borne flor dep. wall dep. clag dep. source leaked
3.7007e+01 1.9468e+04 4.8482e+02 0.0000e+00 2.0000e+04 1.1715e+01
Airborne aeroesol moments...
sigma radsn mdensity ndensity geommean nassbO
1.7664e¢+00 1.8B315e-08 2.056860e-04 1.0707e+10 4.8018e-15 7.20566e-14
Source moments. ..
sigoa rads0 mdensity ndeneity geommean massbO
2.0000e+00 5.0000e-07 C.0000e+00 U.0000e+00 1.9410e-17 1.4688le-15

i I

R

step no. = 48 time = 1.0280e+05 mass check = 4,5800e-05

e

Mass budget. ..
sir-borne flor dep. wall dep. clng dep. source leaked
3.3887e+01 1. 90480e+04 4 B542e-+02 0.0000e+00 2.0000e+04 1.1720e+01
Airborne aeroscl moments...
sigoa radb0 mdensity ndensity geommean massb0
1.7620e+00 1 .80868e-08 1 .8815e-04 ©.90161e+00 4.8220e-15 ©6.030le-14
Source moments. ..
sigmn rads0 mdensity ndeneity geommean nwassbo
2.0000e+00 5.0000e-07 0.0000e+00 0.0000e+00 1.90410e-17 1.468le-158
Airborne mass distribution...
m-distr n-dietr m-distr m-dietr o-distr
1 3.1743e-20 2 -2.3100e-23 3 1.7641e-20 7.2628e-21 & 1.56284e-10
6 3.7787e-07 7 B8.8140e-08 8 4.3480e-056 2.8792¢-056 10 2.2040e-08
11 4.58370e-08 12 1.2082e-10C 13 -1.8080e-10
Airborne number distribution...
n-distr n-distr n-distr n-dietr n-distr

Lo

1 7.93587¢+00 2 -5.7772e-04 3 4,3853e-11 4 1.B157e-03 5 B3.8150e+08
8 ©.44687e+08 7 2.2035e+09 8 1.0870e+080 ¢ £.808B0e+07 10 5.5100e+05
11 1.1342¢+03 12 5.0208e-01 13 -4.0172e-02

LA R R R R R R R E R RN R

R

step no. = 48 time = 1.0€20a+05 mass check = 4.5870e-05

R e

Mass budget. ..
sir-borne flor dep. wall dep. elng dep source lenked

U.1276e4+01 ] . 9471e+04 4 . 8508 +:02 0. 0000e+00 2.0000e+04 1.174%e+01
Airbovrne aeroscl rcments.

nigea ~adB0 sdensit) ndensity geonmean nasssC
1, 7603400 1 '864e-08 1.7284e-04 ©.21112+09 4.68307e-156 6.8840e-14
Yource moments

sigaa rads0 mdensity ndenmity geommuan masx50
2.0000e+00 F£.0000e-07 0.0000e+00 0.000e+00 1.0410e-17 1 .4881e-15

LA R R R I U G

e

atep no. = 47 time = 1.0080e+08 mase check = 4.56813e-08

....‘..‘....‘.......'.U......"........................‘....'.

Mass budget. ..

mir-borne flor dep. wall dep. elng dep. source leanked
2. 8581e+01 1.9473e+04 4.8640e+02 0.0000e+00 2.0000e+04 1.17585e+01
Airborne aerosol momentes. ..
sigoa radbo mdenmity ndensity geommean massb0
1.74768+00 1 .78440-08 1 B878e-04 B . 57042+00 4 .8562¢-15 6. 4423e-14
Source momente. ..
sigaa radbo mdensity ndensity geommean maswb0
2.00006+00 5.0000e-07 0.0000e+00 0,0000e+00 1.6410e-17 1.4881e-156

THE EXAMPLE OUTPUT DATA PILES - 78 -



.-.COOCOOOC.-O‘.....““....O..........‘.-I.‘....O.l'..‘....“..‘...‘...-.‘..'..

....‘.‘.-‘.-.“....‘..‘........0...‘..........'.‘.“.O.......‘

step no. = 48 time = 1.1340e+05 mass check = 4.5813e-05

...........0..".-.....I...‘..-.-lO..‘.‘....O...O....‘.'.O.‘..

Mass budget. ..
air-borne flor dep. wall dep. celng dep. source leaked
2.8343e+01 1.9476e+04 4.86808e+02 0.0000e+00 2.0000e+04 1.1787e+01
Airborne ameroso)l moments. ..
sigome radb0 mdensity ndensity geommean massbO
1,7440e+00 1.7451e-08 1.46835e-04 B8.0108e+00 4.8688e-15 68.2118e-14
Source moments. ..
sigma radbs0 ndensity ndensity geommenn meesb0
2.0000e+00 5.0000e-07 0.0000e+00 0.0000e+00 1,9410Ge-17 1.468le-156
Airborne mass distribution...
m-diestr m-distr m-distr m-dietr m-distr
1 ~-8B.9422e-22 2 -6.4768e-256 3 1.3112e-30 .3483e-21 5 1.0776e-10
8 2.0083e-07 7 7.18618e-08 8 3.66831e-056 .9281e-08 10 1.10560e-08
11 1.8224e-08 12 3.4217e-11 13 -1.4100e-13
Airborne number distribution..
n-dietr n-distr n-dietr n-dietr n-distr
1 -2.2366e-01 2 -1.8190e-08 3 3.278le-12 B.36568¢-04 65 2.8037e-08
6 7.4008e+08 7 1.78B70e+00 8 B.0070e+08 4.81564e+07 10 2.U887e+056
1 4.5680e+02 12 B8.5544e-02 13 -3.5280e-056

oa
-w

Lol

.-............‘......‘............‘...’...‘.....'.......C.....'-.........C..-...

.........-.....O'."'.‘........‘......OO.‘.“....-......‘..‘..

step no. = 49 time = 1.1700e+08 mass check = 4.5813e-08

...........‘.................‘...'-..-‘C.‘.‘..........'..'....

Mass budget. ..
air-borne flor dep. wall dep. elng dep. source leaked
2.4320e+01 1,0478e+04 4.8740e+02 0.0000e+00 7.0000e+04 1.1777e+01
Airborne aerosol moments. ..
sigua rads0 mdenaity ndensity geonmean mauwbO
1.7422e+00 1.7224¢-06 1.3518e-04 7.4080e+00 4.880%e-15 5.90340-14
Sourece zomnente. ..
sigoa radf0 mlenwity ndenaity geonmean wassbo
2.0000e+00 5.0000e-07 0.0000e+0 0.0000e+20 1.6410c¢-17 1.48681e-15

'....'....".‘....."..‘...l.‘..l.'!O'.‘.‘..Ul.......ﬂ.‘&‘.&"‘...s.‘..-...."..-

LR B P A R L

step no. = BO time = 1,20f0e+Ub muese check = 4.860.30-006

L R L

Mass budget .. .
sir-borne llor dep. wall dep. clng dep. source leaked
2.2611e+01 1.0478e+04 4 A7E1e+02 0.0000e+00 4.00006+04 1.1787e+0)
Airborne aeroeseol moments. ..
sigma rads0 mdensity ndensity goc nmenan naenbO
1.73042+00 1.7025e-08 1.35h08e-04 7.02868e-00 4.89083e-105 6&6.7873e-14
Scurce moments.
sigma radso mdensity ndensity geommean massb0
2.0000e+00 5.0000e-07 0.0000e+00 0.0000e+00 1.604109e-17 1.468le-156

.................’..'..........-.................‘.....'...I..‘.....‘..'..'..-'-

.'..........‘...‘...............-...........‘-..“..-...Q...C.

step no. = §1 time = 1,.2240e+05 mass check = 4 . 68l4e-05

...............'..........'-......‘.......'......CI.......Q..‘

Mass budget . ..
air-borne flor dep. wall dep. clng dep. source leaked
2.1687e+01 1.0470e+04 4 .8800e+02 0.0000e+00 2.0000e+04 1.1762e+01
Airborne aeroscl moments. ..
sigma radbo mdensity ndensity geommenn maesb0O
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1.73B1e+00 1.6028¢-08 1.2037¢-04 6.8107e¢+00 4.604Be-156 &5 .6800e-14
Ssurce moments. ..
sigoa radbo mdensity ndensity geommean magsb0
2.0000e+00 5.0000e-07 0.0000e+00 0.0000e+00 1.94106e-17 1.4881e-156
Airborne mases distribution...
m-distr m-ajetr m-distr m-dietr m-distr
1 ©.4432¢-23 2 -9.3458e-27 2.3107e-31 4 1.9107e-21 5 8.3180e-11
8 2.5128e-07 7 6.1067e~08 3.05682e-008 © 1.4585e-056 10 7.4486e-07
11 B8.9202e¢-090 12 1.2786e-11 1 2.063€e-156
Airborne number dietribution...
n-distr n-distr n-distr n-dietr n-distr

1 2.3808e-02 2 -2.3384e-07 3 65.7091e-13 4 4.7063e-04 & 2.0790e+08
8 6.2814e-08 7 1.5284e+09 8 7.8454e+08 ® 3.8484e+07 10 1.8821e+08
11 2.2801e+02 12 3.1662e¢-02 13 5.1340e-07

LA R R R R R R R R R R R A R R R R R A R R R R R R R R R R R R R R R R AR R A AR R
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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 C, 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

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
continuously, correspond to the mid-point of the current time and the next time
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 CHARMUTH to CHARMSLN could have
been called by CHARMRHS at a time not equal to TIME when the time dependent
variables are upiated continuously and so, in this circumstance, they are called
again immediately prior to ¢-lling CHARMOUT.

When the argucent to CHARMDIF equals RESET it tells the ODE solver to
reinitialize its variables. This 1s done whenever the time derendent variables
or their derivatives nay change discontinucusly and ensures that the solver is
not required to integrate across a discontinuity.

This is a Llock data subroutine which sets default values for all input
variables, assigns values to 7, g, k and R, and defines the Fortran unii numbers
of the input and output streams.

c IN

This subroutine reads the input data file,.

CHARMCOL

This subroutine calculates @, for i = 1, ...n, h, e® and log,(m, e h).

i
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CHARMIND

This subroutine calculates the indexing which is later used to determine when
P;h for given i, j and k is non-zero and where it is stored.

CHARMFUN

This function subroutine calculates the fuuction log‘(l-o"). Series expansions
and compiler directives to switch-off vectorization during addition of the terms
in the series are used to reduce rounding errors.

CHARMCOE

This subroutine calculates all non-zero values of P*k. A change of variable has
been made in Eq. (56) y' = y - ] to avoid adding the result obtained frum
CHARMFUN, which can be small compared to unity, to j. 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
calculated as the sum of the integrals over the sub-ranges.

SSORT

Thir subroutine sorts the contents of an array into ascending order. Refer to
the CLAMS compendium (Ford, 1084) for instructions on how to get an abstract,
documentation and a compiler listing for this subroutine.

GAUS8

This subroutine calculates the definite iniegral of the supplied function using
Gauss-Legendre integration. Refer to the CLANS compendium (Ford, 1084) for
instructions on how to get an abstract, ducumentation and a compiler listing for
this subroutine.

CHARMP JX

This function subroutine calculates the integrand of the production coefficient
integral. The addition is done ia double precision to avoid rounding errors in
CHARMPJK when CHARMFE is small compared to unity.
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This function subroutine calculates the basic finite element. The calcvlations
are done in double precision to avoid rounding errors in CHARMFE when it is
small compared to unity.

This subroutine calculates LI for k=1, ...n.

CHARMRAD

This subroutin: calculates r for i = 1, ...n.

CHARMZLN

This subroutine calculates the initial values of Y, for i =1, ...n assusing the

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
forsulae coefficients for al) the time dependent variables.

CHARMWTH

This subroutine calculates a set of interpolation formulae coefficionts for a
given table of data values,

CHARMUTH

This subroutine calculates (Updates) the time dependent variables at the
specified time using the interpolation formulae previously calculated.

CHARMGAS

This subroutine calculates o, o, 1, D, ¢, ¢, and ¢y. Correlations are used
for " and D assuming the gas in the bulk of the cell to be pure air and the
vapor in gas sixture adjacent to surfaces to be steam in air.
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This subroutine calculates B, fori=1, ...n.
CHARMFLO
‘hie broutine calculates u_, ¢, , 6, and 6y for i =1, ...n. The Fanning

» '3 ¢ion factor, which enters the equation for u,, is determined by a
tronscendental equation which is solved with COSWHE.

This subroutine finds a root of the supplied function within the specified
range.

CHARMF AN

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.

CHARMAGG

This subroutine calculates K’k for j,k =1, ...n

CHARMDEP

This subroutine calculates Xei, L and Ay for i =1, ...n.

CHARMSLY

This subroutine calculates w8, for i =1, ...n. The number distribution of the

sousrce is assumed to be log-normal. The ®,S, are renorsalized so that the mass
generation rate of the descretized distribution exrctly equals that specified.

CHARMDIF

This subroutine sets-up 4hLe input required by DEBDF, calls DEBDF to integrate
the governing equations to the specified time and checks whether the call was
successful .
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APPENDIX C - SUBROUTINE HIERARCHY AND CALLING SEQUENCE

The o.erall organization of the computations in CHARM is discussed here to
assist those who would like to modify CHARM to suit their own purposes.

CHARM is modular in the sense that the culculations 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 CHARMCOE and CHARMPJK

are shown in order of their first encounter in the sequence of calls made by the
callers.

Data is communicated largely by means of named common blocks; in some cases it
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.

The subroutines CHARMIN to CHARMITH are called once only to calculaie variables
associated with the discretized fors of the governing equations, the iritial

density distribution and coefficients in the interpolation formulae for the time
dependent data.

The subroutines CHARMUTH 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 chosen by the user. If the user requires these quantities to be
updated continuously with time then they are recalculated by CHARMRHS each time
it is called. Otherwise *hey are recalculated by CHARM 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.
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CHARM CHARMBLO

— CHARMIN

[~ CHARMCOL

— CHARMIND == CHARMFUN"

—— CHARMCOE =T CHARMFUN"

—— SSORT"

—= GAUS8" = CHARMPJK'=—T—— CHARMFUN
CHARMNOR — CHARMFE"
CHARMRAD
CHARMZLN
CHARMITH
CHARNUTH"
CHARMGAS®
CHARMMOB®
CHARMFLOQ® === CO5WHE
CHARMAGG®

CHARMDEP®

CHARMSLN®

I

CHARMWTH"®

[ TTTT

CHARMFAN"

l

l

|

CHARMDIF®===—== DEBDF®  ~=—==== CHARMRHS®=—-T—— CHARMUTH

i""'CILARI(SL.\

CHARMFEO"

= CHARMMOM® COSWHE = CHARMM50"

b CHARMOUT®

* The subroutine is called more than once by the caller.
¥ The sequence bere is the same as that betwees CHARNUTH and CHARMSLN called from CHARN.

The subroutine hierarchy and calling sequence

CHARMDIF 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
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(when they are not updated continuously) or the next time a new set of
interpolation formulae apply, whichever occurs first.

CHARMMOM is called initially (i.e. at time equals zero) and following every call
to CHARMDIF, since some moments are used in the succeeding call to CHARMDIF to

set tolerances.

CHARMOUT is called initially and whenever the goverrning equations have been
integrated to a time when output is desired.
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APPENDIX D - SOURCE LISTING

The subroutines are listed in order of appearance in the calling sequence shown
in the figure in Appendix C, reading left to right then top to bottom.
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annoon annn nponNnOOOBOND

saobn

prc;r.- charm(charmdat, teped=charmdat,tty,tapeb=tty
,out,tapeB=ocut)

This program solves the seroscl equation taking sccount of

lomeration, deposition and leakage of the aercscl.
Collocation is umed to discretize the equation.

The agglomeration kernel is calculsted on a 2D mesh only
#so it can be upduted aes the thermai hydraulic conditions

change with time without undue computational labor.
The lomeration and deposition rate formulae are based on those
in 08 but have been extended to treat diffusiophoresis

and turbulent deposition.

common /timinge/ time,.step,thhystep

. yitime ntime,timentep(30),timeend (30)
. sathhy ,nthhy,timethhy (20)
+ yidata, ndate,timedatn (20)

logical reset noreset,flag
data reset,noreset/.true.,.false./
external charsblo

Caleculate time-independent variables
LA R R A R R R R R R R R R R R R

call charmin

call charmecol
call charmind
call charmcce
call charsnor
call charmrad
call charmsln

Initialize the time dependent datas

LA AR R LR R

call charmith

ithhy=1
timosean=ain(thhyetep,timethhy {ithhy)) /3 0
enll charsuth(timemean)

cn’ | charmgase

cull aharamob

call charaflo

call charmagg

eall charmdep

call charmeln

Caleculate initial moments and print initial values
AR R L R R R R R R R R R R

eall charmmonm
iletep=0
time=0.e0
eall charmout
istepeintep+1

Caleulate upper bound for number of calle to CHARMDIF

LA AR R R R L R R R R R R R

ieullo-nttnoonthhyotS-ocnd(1)/ti.toto’(l)

if(thhyeste O.e0)then
leallesicn Iootinoond(nQklo)/thhy.top
endif

if(ntime.gt. 1) then
do & itime=2 ,ntine

charms
charm
charm
charm
charms
charm
charn
charm
chara 10
chara 11
chars 12
charm 13
chars 14
timings2
tinings3d
timinged
timinges
chars 16
charms 17
charm 18
charms 19
chars 20
chare 21
chars 22
charm 23
chars 24
charm 26
chare 28
chars 237
chars 28
chara 20
chars 30
chares 31
charm 33
charm 33
charn 34
charm 35
charm 36
chars 37
~hars 38
chara 39
charm 40
charm 41
charms 43
chars 43
charas 44
charm 458
chara 48
chars 47
eharm 48
chare 46
chara 50
chara 51
chars 82
chare 83
cehars 84
charm 68
charm 868
charm 87
chars &8
chars b9
charn 80
charm 681
chare 62
charms 63

OCRNCTAWN

fcallavsicnlles (tineend(itime) tipeand(itime-1))/tinentep(itime)charn 64

continue
endif
neallesicalle
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nooo nooo

oono

nnnon

abpOoBODB

oaan

anoan

Loop over calle to CHARMDIF

AR R R R R R R A R R R R A L AR R

:;1---:
ag=reset
do 10 icalle=1,ncalls

Find the next time to which the equations are to be integrated

if(time.lt. . timeend(ntime))then

Print resulte at thie time

LR R R R R R R R R R A A L R R

if(itime.eq.1)then
time)ow=0, e0
elee
timelow=timeend(itime-1)
endif
tirel=timelow
- . ‘irt((time-timelow) /timestep(itime))+1)etimenstep(itinme)
if(timei . le time)timel=timel+timestep(itime)
if(timel . gt timeend(itime))timel=timeend(itime)

Update the variables at “his time

LA R R R R R R R R R R A R R R R R

if(thhystep . ne.O.e0)then

if(ithhy.eq.1)then

timelow=0. e0

else

timelow=timethhy (ithhy-1)

endif
timed=timelows (int((time-timelow) /thhystep)+1l)ethhystep
if(timed le.tine)timed=timed+thhystep
t{(tﬁloavgt.til.thhy(ithhy))tinoa-ﬁllothhy(ithhy)
elne
timed=timethhy (ithhy)
enaif

Integryate the equetions to the new time
IR R R R R R R R R R AR R R R R R R R R R R R RN

CHARMMOM i@ alwayse called after CHARMDIF because the following
call to CHAPMDIF neede the moments to set tolerances.

tine=ain(timel , time?)
call charmdif(flag)
call ckarmaoce

Print results

if(timu . eq.timeend(itime))itimevmin(itine+l ntime)
if(time.eq . timel)then

Make sure time dependent variables
are evaluated at the current time.
LR R R R R R R R R R R R R R R R R R R

if(thhystep.eq.0.e0)then
call charmuth(time)

enll charagas

call charmmob

cnll charnflo

ceall charangs

call charmdep

charm 68
charns 69
charm 70
charm 71
charm 72
charm 73
charm 74
charm 76

chare 77
chara 78
chare 70
charm 80
charn 81
charm 82
chars 83
charm 84
charm &5
charm 86
charm 87
chars 88
charms 89
chars 90
chars 91
charms 02
chara 03
chars 94
charm €6
charm 98
chars 07
chars o8
chars 09
charsl00
charalOl
charsl102
charml03
charmlO4
charal08
charmlO8
charmlO?
charslO8
charmlO9
cha»®10
charmlll
charm113
charml12
charml 14
charml1s
charmlle
charml1?
charmils
charml190
charml 20
charml 21
charml123
charml123
charml 24
charml 38
charml 26
~harel2?
charml 28
charml 29
charmel30
charmld1
charml 32
charm133
charml 34
charml 36
charml 36
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if(

anon

end
10 eon
sto
end

SOURCE LISTING

call charmsln
endif
eall charmout
istep=istep+1
endif

Update the time dependent data if necessary

LA AR R R R R R R

time.eq.timethhy (ithhy))ithhy=min(ithhy+1,nthhy)
ifc time.eq.time2
.and. thhystep.ne.O.e0

and. time.lt.timeend(ntime) Jthen

timemean=time+min(thhyetep, timethhy (ithhy)-time) /2.

call charmsuth(timemean)
call charagas

call charzmob

call charmfle

cmll charmagg

call charsdep

eall charmeln

endif

Rewet the ODE solver when the var de A

LA R R R R R L R R R R R R R ne « 4

if(time.eq . time2)then
flag-reset

elee

flag=noreset

endif

if

tinue

P
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charm13Y
charmlas
charm) 39
charml 40
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charml b4
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block data charablo

This subroutine setes-up default data values. Pheno: .nol
constantes are those used in MAEROS,

altered by THARMIN.

commen /collpte/

-
real

ical

The data values can be

neoll.llovor.-uppor,opoeittidlogo-.lago-o

,radius (100) ,mass (100) ,mob ty (100)
logenO,mase ,mobility,mlower,mupper

common /merslecon/ cehpfetr,dehpfetr,etickeff

-
-
.

real

L

renl
common

common

-

common

-

real

common

>4 9% 9"

renl

common

Lommon

common

L

common
integer

compmon

-

-

.
resl

common

integer

,aknudweb, gknudweb,bknudweb
,:donoity. thraceon
,kbrock,embrock,ctbrock
kbrock

/Basprope/ temp,press,gdensity , dynvisc,molwt anfrpath

/fundecon/

/indexcoe/ nelement hwidth, jbarmin, index(-2:100)
ykbarsin(-2:100) ,kbarsax(-2:100) ,nkbar(-2:100)

y@thracon,velocity ,molwty ,diffusy
.vn!rcln;.vulrv.li,v-!rllar
,vegrelng,vegrwall ,vegrflor
,veonelng,veonwall ,veonflor

polwt  enfrpath molwty

pi,boltzann,gravitat,gasconst

/legnorme/ sigmazln,radsOzln,sdensin

yndenzlin,gecssln,nasbOzln
wndenszln,ndensln,nasbOzln

/thrahydr,/ tgess0(20),tgasal (20) ,tgredata(20)

/timings /

/tolevant /

‘ioflags

/iotapes/

/eell/

/tiow/

,PRema0(20) ,pgasal (20) ,pgasdata(20)
,YEasa0(20) ,vgueal (20) ,vgasdata (20)
.te1t|0(20).tc1tnl(3°).telrd.t.(bo)
,twala0(20) ,twalal (20) ,twaldata(20)
yeflra0(30) ,¢f1rnl(20),c¢flrdata(90)
,oiuo.O(ﬂO).oisusx(QO),oi sdata(20)
,radea0(20) , radeal (20) , radedata(20)
,mdesnl (40) ,s.desal (20) ,mdesdsta(20)
ndewal mdesal ,ndesdeta

time,istep,thhystep

yitime ntime,tinestep(230) ,timeand (20)

yithhy ,nthhy ,tinethhy (30)
,idata ndata. Linedata(20)

eps,eta, tetn, maxcalls maxtrys

iondie,iocsrom, iccoef,ionorn

,fodepo, ionans, loredi, ionebi
yioaggl, londis, losdin, ionbal
yioindx, losmom, Llocell, logasp
yiotole,ioncon, ioflow

columns ,ntaped, ntaped ntapet
coluane

sreacing, areasall areaflor
,toapelnf.to.pvnll.to-,llor
y,voluse, leakrate

yhydrdiam, eqyrough

lenkrate

blflag,vbithick,dblthick (100)

,eddydise, ustar, ,reynolde
blflag

- §3 -

chablo 2
cheblo 3
chablo 4
chmblo &
chmblo 8
cambleo 7

collpted
cheblo @
aerslco2
aerslcod
serslcod
serslcob
aerslcod
chabloll
Basprop?
gaspropd
gaspropd
gasproph
gaspropt
gaeprop?
chablold
fundecon2
chablols
indexco2
indexcod
chablol?
lognorae2
lognorm3d
lognorm4
chablol®
throhyd?d
thrahyd3
throhyd4
thrahyds
thrahydé
thrahyd?
thrahydR
thrahyd®
thrahyl10
throhyll
chablou?21
timinge2
timinged
timinged
timingad
cheb'o2ad
tolerang
thaolods
inflage2
fofluged
fof laged
foflagssd
ioflages
chablo2?
iotapesd
lotapessd
chablo29
cell 2
cell 3
cell 4
cell s
cell Q)
chabloed)
flow 2
flow a
flow a
chablodd
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data
data

data
data
date
data

date

-

datna

-

data
date

data

date

-
date

data

mlower mupper,spacing/4.e-21,4.¢-9,10.¢0/
nelement ncoll/2,0/

cshpfetr ,dehpfetr ,stickeff/1.0,1.0,1.¢0/
aknudweb,gknudweb,bknudweb/1.37¢0,0.4¢0,1.1e0/
:don.izy.zthrneou/l.lo...087600/
brock,cmbrock,ctbrock/1.¢0,1.37¢0,1.¢0/

molwt,gthracon,molwty

/28 .08e0, 0255¢0,18.0156e0/

tgasdate,pgasdata, vgasdata

/”’o ‘..0. l..“ o.O.I -0133505.1.0- l ..0,0.00. ‘."1 -.o/
vafrelng,vafrwall ,vefrflor/0.0,0.00,0 0/
vegrelng,vegrwall ,vegrglor/0.¢0,0.¢0,0.¢0/

blflag,vblthick,dblthick/0,0.¢0,100+0.e0/

pi,boltasann,gravitat,gasconst
/3.141569268530,1 . 380564e-23,0.81e0,8.31430/

signazin,readdOzln,ndenzln/2.¢0,5.¢-7,0.¢-2/

sigedata,radedata, ndesdata

. /2.¢0,10+-1 ¢0,5.¢-7,10¢-1.¢0,0.¢0,10+-1.0/

data

date

-

date
data
data
date
data
data
data

deta
date

data
dasn
data
data

.

data
datae

date

end

ntime,timestep(l) ,timeend(1)/1,10.0,10.¢0/

eps,eta zeta, saxcalles, naxtrys
/1. e-8,0,e0,0.6¢0,30,10/

iocell ,iogeep,icacon/1,1,1/
ivemom, iosdie,ioflow/1,0,1/
iomase,ioradi,iomebi/1,1,0/
iodepo,icaggl/0,0/

ioindx, locoef!, ionore/0,0,0/
icabal ,iotele/1,0/

fiosgown, iondie,iondie/!,0,0/

columne /BO/
ntaped ntaped ntaped /4,8 ,0/

volume , leakrate/1 . e8,0. 0/
hydidian,eqvrough/0.¢0,4.56e-56/
nro:cln...roswt?l..rocflor/o.oo,o.oo.o.oO/
telgdata,twaldata,tflvrdata

/898 . 15e0,10+-1 . 00,203 . 158e0,16+-1,.¢0,203.15e0,10+-1,00/

niata/1/
timedate/90+0. 00/

thhystep/1 . 10/
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chablo34
chablod38s
chmblo38
chabliod?
chableo3ds
chablod®
chmablod40
chablo4l
chablod42
chablod43
chablod4d
chablod4b
chablo48
cheblo4?
chmblo4®
chablod®
chablobO
chablobl
chablobl
chablobd
chablobd
chablebb
chablob8
chablob?
chabloB8
chmblos®
chablo®O
choblo®l
chablo®d
chablo8d
chablo®a
chablo®s
chabloté
chablo®?
chablo8s
chablo8®
chablo?70
cheble?1
chublo”2
chablo?73
chable74
chablo?8
choblo?78
chable??
chablo?78
chablo?79
chablo8O
chablo%l
2hmblof3
chablo8l
chablofd
chablo8s
chableo8s
chablos?
chabloMs
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subroutine charmin

Thie subroutine reads in data from the file CHARMDAT.
List di-ected read ies used so data Ltems can be in free format.
Since charmcter variables are not iu the input liete, a charscter
;iucod in a line will cause it to be read as a comment card.

e back slash can be used to skip reading a line so that
default values are uwed. Otharwise, values read-in will

over-ride values premet in the blockdate subroutine CHARMBLO.

common /collpte/ neoll.lle-or..uppor.op.ctu!.dlo.o-.10;--0
yradiue (100) ,maes (100) ,mobility (100)

reasl logenO,mane ,mobility , mlower ,mupper

common /aerslcon/ cehpfetr,dehpfetr,stickef?

,aknudweb,gknudweb,bknudweb
.:donoity. thrmcon
ykbroeck,embroeck,ctbreock
resl kbrock

common /gasprops/ temp,press,gdensity,dynviec,molwt , snfrpath
y@thremcon,velocity ,molwty,diffusv
yvafrelng, vafrwall ,vafrflor
yvegrelng,vegrwall ,vegrflor
yveonclng,veunwall ,veonflor

real molwt ,msnfrpath,solwty

common /indexcoe/ nelement,hwidth, jbarain,index(-2:100)
ykbarmin(-2:100) ,kbarsax(-2:100) ,nkbar(-2:100)

cowson /timinge/ time,istep,thhystep
yitime ,ntime,timentep(20) ,timeend (30)
yithhy ,nthhy,timethhy (20)
sidatea,ndata,tisedata(20)

common /toleranc/ apm,ete . zeta ,max7ally , maxtrys

common /lognores/ sigoasln,radfOsln,mdernsin
yndenslr,gecmsln, nasbOzln
resl mdensln,ndensln,sasfOzln

comson /thrahydr, tgaen0 20’ tgassl (20), tgasdat. 20)
; PERAa0 (20) ,pgassl (20) ,pgasdata (20"
yvEeeal(20) ,vgasal (20) ,vgasdata(20)
ytelge(20) ,tel -l(ﬂO).tel,dotl(ﬂo)
yLeala0(20) ,tenl Ll (3C) twaldata(20)
4 f1lra0(30) ,¢{ ) »a1{R0) ,tflrdaty (20)

.oi:oaO(BO).-igncl(QO).ni sdata(20)

yradeed (20) ,radenl (20) , radedata 30
ymdenal(20) mdewal (30) ,mdendata 20)

real swdesal ndesal ndesdatn

common /ioflage/ iondie,losmos,ioccoef, ionors
yiodepo,iomane, ioredi, lusobi
sle lL,iondie,loedin, ionbal
yioindx, losmon, locell, iogaep
siotele,ioncon,ioflow

common /iotapes/ columne,ntaped ntapel ntaped
integer csolumne

common /cell/ arescing,areavall  areaflor
ytempelng,tempwall ,teapflor
yvolume , leakrate
yhydrdiam, egqvrough

real leakrate

common /flow/ blflag,.vblthick,dblthick(100)
yeddydies ,ustar,reynolds

chain
chmin
chmin
chein
chain
chmin
chain
chein
chmin 10
chmin 11
collpte2
collpted
collpted
chein 18
serwvlco?
snerslcod
serslcod
aerelcod
aerslcof
chain 18
gasprop?
gaspropd
gasprop4d
gasproph
gasproph
gasprop?
chmsin 17
indexco2
indexcold
chein 19
timinge2
timinged
timioged
tim ngebd
chein 31
tolerand
ckmin 27
lognora%
lognored
lognermd
chein 26
thrmhydd
throhydd
thrahyds
theranydb
throb, 48
sheahvd?
Lthrmhy 48
thraiyn®
thrahyl0
thrahyi
ehuin 27
ioflage2
ioflageld
loflages
loflages
iof laged
chain 239
iotapen?
flotapend
chein 31
vell 2
cell a
cell K
cell &b
cell L)

a3

']

3

O®NG "AWW

chain 3
flow
flow
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integer blflag

3 characters1l input(72)

: Write input file to tapes NTAPES & NTAPES

e T T L T T

: Tapeb im the terminal and tepe8 is the output file.
:O read(ntaped, 1000,end=80) (input (i) ,i=1,72)

write(ntapeb,1000) (input(i) , i=1,72)
write(ntene®, 2000) (input (i) ,i=i,73)
1000 format(72a1)
2000 format (4x,72a1)
gote B0
rewind (ntaped)

Read output flage

LA R R R R R R R R R R LR RS

A gero value for a flag means no info. is printed.

A non-sero value for a llns means print the information.
It will be printed every 10flag times (definaed by ISTEP)
when the requested gquantity ie time dependent.

resd(ntaped,~, err= 1,end=100)ioccell,ioga.p,i0oacon
read(ntaped,» err= 2,end=100) icenon, ioedis, ioflow
read(ntaped,« err= 3,end=100)iomase,ioradi, ionobi
a read(ntaped,« err=23,end=100) iodepo, ioaggl
rc.dsnt.’ot.O.orr- Q.Qndcloogloind:.toe.o!.tonor-
read(ntaped,« err= §,end=100) iombal iotole
read(ntaped,« err= 6,end=100)iczmon,iondie,iondis

Read step information.

LA AR A LR A R R AR R R LR

fhie definems ths time oteps at which information ie printed
on the output file. Thie allows info. to be printed sore
frequently when things get interesting.

NADANALNOOODANWENANNNDOOOAR

r-.d;nttnoi.O.urr- 7,end=100)ntinme

ifintine.pt . %0 .or. ntime.le.0O)then
write ntapes, 001 ;
write(ntape$ A 3001)

stop
2001 le;-:t(dr.’--- FHARMIN faile: NTIME ‘s e © or g* 20 ses')
enii
n read (ataped « err= B,end=100)
. (timestep(itime) ,tiarend(ivime) ,itime=] ntime)
Q
e Nusber ~f ecolumne on »utput flle,
e A R B R R R R R R R R R R R R R R R R R R R R R
<
% read (ntaped, s err= §,endelbl)ecclunne
if(ecolumne . ne.80)col umne=133
e
e Read times at which thersal-hydraulic data is providd .
o LA AR AR R RS AR R R R A R R R R R R R R R R R R R R R R R R R
3
10 resd(ntaped, s err«10,end=100)ndata
if(ndate. gt . 20 .or, ndata.le.O)then
write(ntaped,h 2002)
write(ntapes,h 2002)
stop
2002 !o:::\(‘-.‘--- CHARMIN fails: NDATA ie le O or gt 20 ewve')
en
11 resd(ntaped, s err=11,endel100)
. (timedata(idata)  idatas] ndatn)
L
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flow
chmin
chmin
chmin
chmin
chmin
chmin
e vin

‘n
e \
che...
chmin
chmin
chmin
choin
chmin
chmin
chain
chmin
chain
chman
chain
chmin
chein
amin
chmin
chain
chein
chein
chain
chmin

win
chmin
chmin
chein
chain
chmin
chmin
ehain
chwmin
chai o
chain
chmin
chaia
chu'n
chein
chain
ehmin
ehmin
ehain
ehmin
ahm'r
ehmin
rshein
chain
chmin
ehmin
chain
chain
chmin
chain
ahuin
chein
chain
ehain
chain

4
35
ae
a7
38
36
40
41
42
43
44
456
46
“7
48
40
60
61
B2
53
b4
66
56
57
&8
b9
80
81
82
83
64
as
L1
87
a8
L1
70
71
73
73
va
78
78
77
78
7%
a0
L
LY
LE]
4
LL]
LL]
L1
LL]
L1
9O
L2
va
L]
vd
]
“e
©7
L]
e

ehminlO0
cheinlOl
cheinlO@
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Read how often the thermal hydraulic variables are to be updated.

R

If THHYSTEP = O then the thermal-hydraulic variables are updated
during the integration of the ODE's. Otherwise they are updated

every TRHYSTEP seconds.

read (ntaped,* ,err=24,end=100)thhystep
if(thhystep.lt.0.e0) thhyste 5=0, ¢0

Read cell information.
LR

read (ntaped,+ err=12, end=100)arencing,areavwall  areaflor
read(ntared, err=13,end=100)

chminl03
chainlU4
chminl08
cheiniOé
cheinlO?
cheinlO8
cheinli®
chminllO
cheinlll
cheinl12
chminl13
chminlild
cheinllb
ceheinlle
cheinll?

(telydata(idata) ,twaldata(idate) , tflrdeta(idata),idata=1,ndata)cheinli®

read (ntaped,+ irr=l4,end=100)volune, leakrate
read(ntaped, s, err=33,end: 100) hydrdiam,egvrough

Read information abou* the gas.

A Y

read (ntaped,» err=15,end=100)

chainlle
cheinl @0
chminl2l
chminl122
chainl123
ehminl24
chainl12s

(tgasdata(idata) ,pgasdata(idats)  vgasdata (idata)  idata=1,ndata)cheini2e

read (ntaped, s, err=16,end=100)nolwt,gthrecon,molwty
read (ntaped, s, err=31,end=100)vafrelng,vafrar']l vefsflor
read(ntaped, s, err=32,end=100 ) vegrelng,vegrvall ,vegrflor

Read information about the boundary lay/r thicknesses
A

read(ntaped, s, err=30,en '~100)blflag,vblthick,dblthick(1)

Read information about the initial meroseol.
L R I

It ie assumed to be log-normal in C(m,t)...
rond(ntaped » ,err=256,end=100)siguazln, radsOeln, ndeneln

Read information about the aercsol source.
L U

This ie treated in the same way as the thersal-hydraulic data.

read (ntaped, s  err=17,end=100)

chuinl@?
cheinl2s
chminl 29
ch2inl 30
chain13d1
chainl 33
chminl133
cehminl 34
cheinl1 88
cheinl3e
cheinl1d?
chainl 38
cheinl 39
chzinl 40
cheinld4l
chainl42
chrinled
chainldde
cheinled
chminl4é
chainla?
chminl48

(migedata(idata) radedata(idata) ,ndesdata(idata) , iduta=],ndute)chuinle

Read information about the collocation pointe.

If NCOLL ies sero then it is calculated from SPACING ete.
otherwide the input value of SPACING is ignored.

read (ntaped, s, err=18,end=100)ncoll ,spacing
resd(ntaped, s, err«19,end=100)plower ,mupper
read(nteped, s, err=20,end=100) nelenent

Rend tolerance iaforration.
LA R R R R R EEEE R E R EREEEEEEEE N

resd (ntaped, s err=21,end=100)epn ,naxcalle , maxtrys
resd(ntaped,» err=22 end=100)eta seta

Read new serosol physice datas.
LA AR AR B AR AR R AR R AR R R R R EEEEEEY

resd(ntaped, « ,err=26,end=100) pdensity,pthracon
reacs(ntaped, s ,err=27,end=100)cohpfctr deahpfctr, otickef!
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cheinl 60
cheinlbl
cheinl 62
cehninl b3
chzinlbe
cheinlbé
chainl e
che 'nlb?
cheinl s
cheinlbe
chwinl 60
chminlél
chainlegd
cheinl@a
chainlf4
cheinlésé
chminlée
chainl 87
cheinl s
chainl18$
cheinl?0
chainl?l
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28 read (ntaped,« err=28 ,end=100) aknudweb ,gknudweb ,bknudwek ehminl?2
M0

rea.(ntaped,* err=290,end=100) kbrock,cobrock, ctbrock chminl?73
return chminl74
c chminl?78
e End of file read - give a warning and carry on cehminl?7é
c D cheinl??
e chminl?8
100 write(ntapeb,h 2003) chainl?e
write(ntape8,h 2003) chainl180
2003 format(dx,'sses CHARMIN warning: end-of-file read - could be' chminl8l
+," an error in the data ==s') chmirl82
return cheinlf3
end chminl g4
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*

subroutine characcl

This subroytine calculates the aerosol particle mamses whicn
will serve am collocation pointe in the subsequent calculations.

common /collpte/ ncoll.-lovcr..u’por.op.ctug‘dlogo-.lo.o-o

yradiue (100) ,mana (100) ,mobility (100)
real logemO ,mass ,mobility,mlower,nupper

Set-up parsmeters which define the collocation points
AR R R R R R R R R R R R

if(necoll.eq.0)then
du calog(mupper/mlower) /alog(spacing)+1.e0
necoll=int (dumay)
if(float(neoll) . lt.dummy)ncoll=ncoll+1l
if(neoll.gt.100)necoll=100
elme
if(ncell . gt.100)ncoll=100
epacing= (mupper/mlower) ~s (', e0/float (neell-1))
endif
sass (1)=mlower
dlogen = alog( spacing )
iogenO = alog( mamse(l) ) - dlogem

Calcuiate the collocation pointe
LA AR R R R R R R R R R R R R AR R R R R R R R RN

do 100 icoll=3,necoll

mass (icoll)=pass(icoll-1)espacing
continue

gsupper=mass(ncoll)

return

end

e -

chacol 2
col 8
chucol 4
chmeol &
]
collpted
collpted
collpted
chmeol &
chmcol ©
chmeollO
chmecolll
chmeolld
chuecolld
choeolld
chmeolld
chmecoll®
chmecoll)?
chmecolll
chmeoll®
chmcol0
chaeol2l
chmeol22
chmeol28
chaecoldd
chmeol28
chmeol28
chmeol2?
chacolds
chmeol29
chmacol3d0
cheecoldl
chmewl132
chmeol33
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1000

subroutine charmind

Thie subroutine sets-up the indexing to the terme on the rhs.
For given i and i with 1 <= i ¢= neoll and 1 <= j <= i then
values of k are found such that gk(mi-m) « gi(m) for O ¢ & ¢ ®mi
is non-sero.

8) and gk are the j-th and k-th finite elements and mi ie the
maes at the i-th collocation point.

Note that the indexing depends only on i-j (jbar) and i-k (kbar).

cosmon /collpte/ ncoll.-lo'or..uppor.apncin,.dlog.-,10.0.0
. yreadius (100) ,mame (100) ,mobility (100)
real logenO,mass mobility , mlower ,mupper

com on /indexcoe/ nelement hwidih, jbarmin,index(-2:100)
- ykbarein(-2:100) ,kbarsax(-2:100) ,nkbar(-2:100)

comm'n /lotapes/ columne,ntaped ntapel, ntaped
integer columne

Calculate the element half-width

LA R A AR R R AR SRRl R R R R R R R R RN Y

if(nelement . eq.1)hwidth=0,56e0
if (nelement.eq.2)hwidth=1.e0
if (nelement.eq.3 .or. nelement.eq.4)hwidth=2. 0
if(nelament . eq.8 .or. nelement.eq.8)hwidth=3.e0

Calculate the minimum value of jbar
AR A R R R R R R R )

barmin = -int(hwidth)
f(float(jbarmin) .le. -~hwidth) jbarmin=jbarmin+1

Caleulate indexing for i=nceoll

LR R R R R R R R

if(jbarmin.le. neoll-1)then

do 100 gbcr-jborniu.acoll-l

sjbar=charafun((,bar+hwidth)sdlogen) /dlogen

kbarmin(jbar), = - tntSo bar+hwidth)

if( kbarmin(jbar)+hwidth .le. -wjbar )

. kbermin(jbar) = kbarsin(jbar) + 1

if (kbarmin(jbar).lt. jbarain)kbarmin(jbar)=jbarain
if(float(jbar). le hwidth)then
kbarsax(jbar)=necll-1
elue
siharscharafun((jbar-hwidth) «dlogen) /dlogen
kbarpax(jbar) = - int(ejbar-hwidth)
if( kbarsax(jbar)-hwidth .ge. -sjbar )

0 kbarsax (jbur) = kbarce.x(jbar) - 1
ifstgsr-nx(jb‘r)..t.aeol1~l)kbcr-.l(jb.r)-ucoll-l
en

nkbar(jbar) = kburssx(jbar) - kbarmin(jbar) + 1

if (nkbar(jbar) .1t . O)nkbar(jbar)=0

if(jbar.eq. jbarein) index (jbar)=1

if(Jbar.gt. jbarmin) index(jbar)=index(jbar-1) « nkbar(jbar-1)
continue

Check number of non-gerc values
A

nonsere = index(neoll-1) + nkbar(neell-1) - 1
index(ncoll)=nonsero

if (nonsero.gt . 300)then

write(nteped,1000) nonsere

write(ntape8, 1000) nonscro

forsat (4x, 'ese CHARMIND fails: NONZERO ie ',i8,' ses')
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chaindl12
collpte2
collpted
collpted
chzindl4
indexco2
indexcod
chmindl®
iotapen2
iotapesd
chairdl®
chaindl®
cheind20
chrind21
cheind@2
cheind28
chaind24
chaind@8
chaind28
chaind2?
chaind28
chaind2¢
cheind30
chaind31
cheind32
cheind33
cheindde
cheind3b
chaind3de
chaind3d?
chmindas
chaindad®
chmind40
chaind4l
chmind42
chmi1ded
chminded
chainda4bd
chaind48
chaindd4?
cheind48
che!ind4®
cheindb0
cheindbl
chaindb2
chaindbd
chaindb4
chaindbd
chaindbs
chaindé?
chmind&s
chainds9
cheind80
sheind8l
cheind@2
chaind®3
chzinab4
cheind®s
chzindée



sto chmind®?

endif chmind8s

e chmind8o
c Translate index with respect to kbarasin chmind?70
[ -} LA R R R R R R R R eh.‘u"x
e chnind?2
de 110 jbcr-ibsr.in.ueoll-x chmind?73
index(jbar)=index(jbar)-kbarmin(jbar) cheind74

J10 continue chmind?78
endif chmind78
return chaind??

end chmind?8
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function charmfun(x)

chmfun 2

e chofun 3

¢ This function subroutine calculates the function slog(l.-exp(-x)).chmfun 4

e A series expansion is used when x is >= alog(l0.) or x <= . chafun &

e to avoid rounding errors. chafun 8

e chmfun 7

dinension term(14) chmfun 8

data sutoff/0.1e0/ chafun ¢

c chofunl0

e Switch-off vectorisstion and expaud the exponentiml if x ie < cehmfunll

< L eh-’“n"

I3 chafunl3

c8dir novector chafunid

ifix. lt.eutoff)then cehafunls

term(l)=x chafuni®

do 3. i=2,14 chefunl?

term(i)=-term(i-1)ex/float (i) chafunls

30 continue chunfunl®

sun=0, 0O chafun20

do 40 i=14,1,-1 chafun2l

sun=sum+terw(i) chafun22

40 continue chnfun23

charpfun=alog(sum) chafuna4

else chafun2s

e chafun2é

c Expand the logarithe if x is large enough ie if y « exp(-x) < .che'un2?

< ...‘O.............‘....‘!......‘Q..'.'.'..l...'......‘.....‘....eh‘,“n’.

c chafun2e

y=erp(-x) chefund0

if( ‘t.cuteff)then chafundl

ars(l)=y chafund2

do 10 i=2,14 chafun3a

term(i) «term(i-1) ey chafundd

10 continue chafundb

sum=0. 0 chmfundé

do 20 i=14,1,-1 chafund?

sus=sum+tera(i) /float (i) chofun3ds

20 econvinue chafund®

charsfuns-sum chafune®

elme chafundl

c cheafund?

c Use standard functione and ewitch-on vectorisation chmfundd

e LA R A L A R R R R R E R R R R o o .M'u““

c chufundb

charafun=alog(l. eO-y) chafur 46

endif chafunde?

endif chafunds

c8dir vector chafund®

return chefunbo

end chafundl
SOURCE LISTING - 102 -



nanon 0

nanow

nnoan

anoon

subroutine charmcoce

Thie subroutine calculates all non-serc values of the intorrnl
of ge(mi-m) » gj(m) w.r.t. 10,0(-) for the r e 0 ¢ m < mi.

These depend only on 1-& and i~k and are stored using the
indexing developed in charmind.

comwon /collpte/ neoll,-lovor.-uppor.-poeint dlogen, logenO

. radiue (100) ,maes (100) ,mobility (100)

~erl logemO,nase ,mobility ,mlowsar mupper

common /indexcoe/ nelement, hwidth, jbarain, index(-2:100)
. Jhkbarein(-21100) , kbarnax (-2:100) ,nkbar (-2:100)
common /coef/ piah(IOO).njh(loo.lOO)

real ni

coamon /toleranc/ epw,eta,geta maxcalls maxtrys
common /jandkbar/ jbar kbar

common /iotapes/ columne,ntaped, ntaped, ataped
integer columne

disension xlimit(l4e) ,dummy(14)
external charmpik

Set all pijk to sero

LA A R R R R R R R R R R

de 150 ind=1,800
pijk(id)=0.e0
continue

Calculate all non-pero values of pijk
LA A R R R R R L R R R R R R R R R R R R R R R A

i=ncoll

if(i-jbarain.ge.1)then

do 210 j=1,°-jbarmin

jbar=i-
if(nkbar(jbar) . ne.0)then
do 230 kbar=kbarsin(jbar), kbarsax(jbar)
kei-kbar

Find integration range
LA AR AR B R AR R R R R ERE R R R RS

if (kbar-hwidth. le.O.e0)then
ylowers-nhwidth-jbar
elee

yiower=pax (-hwidth- jbar,charafun((kbar-hwidth)+dlogen) /diogem)

endif

yupper=sin( hwidth-jbar,charafun((kbar+hwidih)+dlogen) /dlogen
- , 0.0 )

if(ylower.ge.yupper)then

write(ntapeb, K 1000)

write(ntape8,h 1000)

format (4x, 'ees CHARMCOE faile: YLOWER is ge YUPPER ose')
stop

endif

No need for sub-ranges if NELEMENT = )

LA AL R R R R R R R R R AR AR R R R E R R EEEEREEEERNESE]

if(nelement.eq. 1)then

call gausB(charmpik,ylower yupper eps, anevwer, ierror)
if(ierror.re.l)then
write(ntapeb,1010)ierror

chmcoe
chmeoe
chmecoe
chmcoe
chacoe
chmcoe
chmcoe
collpted
collpted
colloted
chmcoelO
indexcod
indexcod
chmcoel2
coef ¢
coef a
chmcoeld
toleran2
chmcoel®
jundkba2
chmeoel8
iotapes2
iotapend
chmcoe20
chmecoe2)
chmcoel2
chmcoe2s
checoed4d
chrcoedd
chmcoe28
chmecoe2?
chmcoe28
chmecoe29
chmcoeld30
chzcoedl
chmecoedd
climcoedd
chmcoed4
chmcoedd
chmcoedd
chmcoed?
chmecoe3d8
checoed®
chmcoedD
chmcoedl
chmcoedd
chmecoedd
chmcoedd
chacoedbh
chmcoedB
chacoed?
chmcoed8
chmcoed®
chmcoebO
chmcoebl
chmcoeb?
chmecoebd
chmconbd
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chmecoe b8
chmcoeb?
chacoeb®
chmcoeb®
chacoe8O
chmcoebl
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chmcoe8d
chmecoefd
chmcoedd
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110

g

anno

100

€10

write(ntape8, 1010)ierror

format (4x, 'ses

endif
plik(index(jbav) +kbar)sanswer
else

Spl it integration range into sub-ranges

LA AR A A L AR A AR A R R R A R A R R R R R L R

nlimit=3eint (hwidth)+1

do B0 klimitrl,nlimit

ylimite-hwidthefloat (klimit-1,

xlimit(nlimiteklimit)mylimit-jbar
1l(kbsr¢{1£.1t 8t . C.e0)then
I%l.lt(h imit)=charafun((kbar+ylinit)edlogen) /dlogen
elne
slimit(klimit)=-hwidth- jbar
endif

continue

eall seort(xlimit,dumsy,@+nlimit, 1)

Integrate between successive limiuve
A AR R R R R R R R R

sun=0.e0

do 100 klimit=1,8+nlimit 1

xlowersxlimit(klimit)

xupper=xlimit(klimit+1)

if( xlower. lt.xupper
sad xlower. ,o ylower

xupper.le.yupper )then

ecll .tunl(ehurlp}h.ulevcr xXupper,eps,ansvwer, ierror)
if(ierror.ne.1)then
write(ntapeb,1010)ierror
write (ntape8,1010)ierror
endif

SUB * SuUB ¢+ Anawer

endif

continue

pijh(tado:()bsr)¢khsr)-ou-

endif

continue

endif

continue
endif
return
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UE warning: IERROR ise ',i2,' see’)
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function charapik(arg) chapjik 2
e choplk 3
e Thie funection subroutine cal ulates the 1utorr.ad in the chmpik 4
e integral required for the production coefficient. .::p : &
[ e 8
| common /collpte/ necoll,mlower,mupper,spaci ydlogen, logenO collptel
» yradiue (100) ,mans (100) ,mobility (100) collpted
real logenO,maws  mobility ,mlower,muppur e:::p:o:

e e
common /jandkbar/ jbar,kbar Jjandkba2
e chmp k10
charmpik = ehsrafc(dblo;.r )+ lbar,0) chapikill
. scharmfe(dble (charmfun -cr.odie.ou)/dlo.o.)ohb.r.O) chopikl2
return chmpikla
end chmpikld
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function charmfe(arg, k)

This function subroutine calculates the value of one from a
choice of several finite elements st ARG. The elements
herein cealculated are .entered with respect to ARG=0, are
symmetric and have unit spa=ing. ARG is therefore scaled
by the collocatien interval (the points sre equally spaced)
and tranelsted, assuming the argument to be mass.
i.e. for the k-th element the following transformation is
erformed: x = (loge(m) - loge(wO))/dloges -~ k.
he transformation is not done when k = O,

The choice of element is determined by NELEMENT

double precision arg.,x,y.®

common /coilpte/ neoll.-1owor.-uppor.o’tcint.ilo.ol.legouo
,radiue (100) ,mass (100) ,mobility (100)
real logenO ,maes  mobility ,mlovwer ,msupper

common /indexcoe/ nelement,hwidth, jbarmin,index(-2:100)
 kbarain(-2:100) ,kbarmax(-2:100) ,nkbar(-2:100)

Transform the argument and select an element
R R R e e P R R R R R R R R R R LR B J

charmfe = 0.0

if(k.eq.0) x = abs( arg )

if(k.ne.0) x = abe( (log(arg) - logexO) 'diogem - k )
goto(1,2,3,4,5,8)nelenent

First order element
PR R R R

continue
if(x.le.0.6d0)charnfe=1.e0
return

Second order element
IR R R R R R R R R R R

continue
if(x. 1lt.1.d0)eharnfe=1 . d0-x
return

Third order element
LA R R R R R R R EE EEEREEERE]

continue

y=2.d0-x

if(x.1t.2.d0 .and. x.gt.1.d0)
charafe=(1.dO-x)eyey/2.d0

if(x.1lv.1,d0)
charafe=(2.d0-8 dOsx»x+3 . dOsxexex) /2.d0

return

Fourth order elepent
LA R R R R R R R R R

continue
y 2.d0-x
if(x.1t.2.d0 .and. x.gt.1.d0)

charpfes- (1. d0O-x)eysysys(1.d0-2 dOex)/2.d0
if(x.1t.1.40)

charafe=(1 . dO-x)» (1 . dO+x-4 BeOsxoxex+3 dOsxexeoxex)
return

Fifth order element
IR R R R R R R R R LR R R R RN
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34
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ennno

chmfe

eontinue chafe
y=2.d0-x chufe
2=3,.d0-x chufe
if(x.1t.8.d0 .and. x.gt.2.d0) chafe
charmfesyeyeysgezsge2/12.d0 chmfe
if(x.1t.2.d0 ,and. x.gt.1.d0) chefe
charmfes-ysyeye(1.d0-x) chafe
#(1.d0-81.d0sy+89.d0sysy-35.dOsyeyey)/12.d0 chafe
if(x.1t.1.d0) chafe
charafe=1 . d0-x+*x-01 . dOsxsxexsx/6. 40 chafe

+88 dOsxexexexex 32 . dOsxoxoxoxexex+56, dOsxexexexsxoxex/8,d0 chafe
return chafe
chofe

Sixth order element chmfe
I chafe
chafe

continue chafe
y=2,d0-x chafe
#=3,.d40-x chmfe
if(x.1t.3.d0 .and. x.gt.2.d0) chafe
charafes-gegegepsgeyeysy« (16 .d0-9.d0«x) /24.d0 chafe
if(x.lt.23.d0 .and. x.gt.1.d0) chafe
charpfe=-yeysye (1, dO-x)+(2.d0+3.d0+y-4832 . dOsy»y chafe
+1010.d0syeysy-B30.d0eyvysysy+288 dOeysyryeyey) /24.40 chaofe
if(x.1lt.1.d0) chufe
charnfe=(12.d0-12.d0sxex+3 . dOsxoxexex-850 dOsxexexsxex chafe

«2226 dOsxsxsxoxoxox -YHRO dOsxsxoxexoxsxoX chafe

+1888 dOsxexsxoxsxoxoxox-B78 dOsxexexsxoxsxexexex),/12.d0 chafe
return chafe
end chafe
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subroutine charmnor

Thie subroutine calculates s normalization for the agglomeration
terms which guarantees mass conservation,

The production term muet be multiplied by the normalisation if
it ie non-sero, otherwise the corresponding destruction term
must be set to gero.

common /collpte/ necll.-lovor.luppor,.pleint,dlo.ol.lo.ono

yradiue (100) ,maen (100) ,mobility (100)

real logenO,maew ,mobility ,mlower ,mupper

common /indexcoe/ nelement, hwidth, jbarmin,index(-2:100)
ykbarmin(-2:100) kbarmax (-2:100) ,nkbar(-2:100)

pijk(300) ,njk(100,100)
njk

common /coef/
real

Loop over j and ki the normalisation ie symmetric so k <= .

‘.............I..........-......‘..'..-....................‘

de ‘00 j=1,ncoll
do 200 k=1,
sun=0,B 0

do 800 i=1,necoll
jbar=i-j
kbar={-k

Extract Pijk

LA AR R LR R R RS

cijk=0. 00

if(jbar.ge. jbarmin)then

if (kbar.ge kbarmin(jbar) .mnd. kbar.le kbarmax(jbar))
eiit;p&j (index (jbar) +kbar)
en

Extract Pik}

LA AR R R R R R R

eik =0, e0
if (kbar.ge. jbarmin)then

il(ibar.'o. barsin(kbar)
eik
end

.end.

jbar. le. kbarmax (kbar))
;pijk(indox(hb.r)ojhcr)

Add to the norsalization sum
...........'....'......‘... ’

oum = aum + mame(i) « ( eijk « ecikj )
continue

Caleculate the norsalization

if(oum.eq.0.e0)njk(j, k)=0. 0

if(oum. ne.0.00)njk() k)= (nase()) anse(k)) sus
nlk(k,j)=njk(], k)

continue

continue

return

eund
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subroutine charmrad

Th:- subroutine calculates particle radii at the collocation
pointe.

comson /cellpte/ neoll,mlower,mupper,upacing,dlogen,logend
. yradiue (100) ,oane (100) ,mobility (100)

real logenO,mans ,mobility,mlower,mupper
common /merslcon/ cebpfetr,dehpfetr,etickeff

* ymknudweb, qknudweb , bknudweb

* .!donotty. thrmcon

. ykbrock,cmbrock,etbrock

real kbrock

common /fundeon/ pi,boltemnn,gravitat,gasconst

The radiue defincd here is an equivalent radius, which is the
rediue of & spherical particle of equal mass. Non-sphericity is

taken inte account vim correction factors (called shape factors).

factor = 4,0 « pi » pdensity / 3.0

do 100 iecell=1,necoll

radive(icoll) = ( mame(icoll) / factor )se(l.e0/3.0)
continue

return

end

charad 2
charad 3
charad 4
churead &
chmrad 6
collpted
collpted
collpted
charad 8
serslcod
aerslcold
nerslcod
serslcob
nerslco8
charadlO
fundcond
choradl2
~heradl 3
charadl e
charadl$
charadl s
cheradl?
charadl®
charadl®
charad20
charad2l
charead2?

SOURCE LISTING



subroutine charssln chmaln 2@
e chmaln 3
e This subroutine initialises the number density distribution. th.%ﬂ :
@ chmsln
e It takes the initial distribution to be log-normal. The three chealn €
e input narameters are the cube root of the geometric mass chmaln 7
e standard deviation (in keeping with the norme. convention), chesln A
e siguaaln (no unite), the mass median radius, redbOsln (m), chmaln ©
e .n: the total mass density, mdensln (kg mee-3). ehmelnlO
c ehmslnll
e The three parameters of the log-normal distribution are the total chmsini@
c nusber rensity, ndensln (mes-3), the geometric mean sass, ehaslnld
e eomsln (kg), and the logarithe of the geometric mase standerd chaslnid
e :ovlutton. logeiguna (no unite). chaalnlh
© chaslinlsg
e The discretised distribution is stored as the nusber denwity cheslnl?
e times mams, since this is the chosen dependent variable of chaelnl®
< the serosecl equation. cheelnl®
c choe lnd0
common /fundeon,/ pi,beltamnn,gravitat,gasconet fundeon®
e chmeln22
common /mersleon,/ cehpfetr,dahpfeotr, stickef? snerslco@
+ ,aknudweb,gknudwebd, bknudweb serslcod
. ypdensity,pthrecon aerslocd
. ykbrock,cabrock, etbrock serslcod
real kbrock nerslcod
¢ chaelnd4
common /collpte/ ncoll.llcwor.uuppor.opsein,.dlo.o-.lo'ooo collpted
yrediue (100) ,saes (100) ,mebility (100) collpted
real logenO ,nase mobility , mlower, ,supper colipted
e chaslngde
common /distrib/ aestore(108) dietrib®
e chezln@s
common /lognorms/ siguasin,redbOsln,edensln lognore2
yndensln,geonsin,nasbOrlin lognoras
real edeneln,ndensln,maebOsln lognored
e chealnd0
resl logesiges, mdensity chmelndl
c chaeslnda
e Convert the input parameters to the log-norassl paraseters chmelndd
< ..........‘...'.‘....'........r.....O.........OO......... .ml‘“
e chaslnds
logeigae = 3 eOsnlog( wigmasln ) chmelnads
-‘06001--4.000{1¢’doao1ty-vodi001u-rodtooln-rsd601la/l.00 chaslnd?
geomsln=nasbOsinsexp (- logeignaslogeigea) chmelnds
ndensineadensincexp(-logaignaslogeigne /2. «0) /geomeln chaslna®
¢ enmelndl
e Calevulate the distribution at the collocation points and the cheslndl
c total sass concentration density of the discretised distribution chaslne?
o e I I I A chuelned
© chuelndd
adensity=0.e0 chmelndd
constendenslin/( sgrt(2.e0epi) « logeigss ) cheazlnas
do 100 icoll=l,necoll chealna?
exponentsalog( mase(icoll) geomeln ) / logeiges chaslndd
estore(icoll)=consteexp(-exponentsex nont/'.QOi chmelne®
sdensity ndensity+dlogemssstore(icoll) snasn(icell) chmalnhO
100 continue chaslnsl
c cheslng?
e Renorsalise sc that no saes is lost chaslndd
c R chmalndde
I3 chaelndd
if (mdensity ne 0. ¢0)then chmalnsde
rencora=adensln/sdensity chuslnbd?
de 200 iecoll=1,necoll chaslnds
sstore(icell)=setore(icoll)erencre chuslnbd®
200 continue chmalabld
endif chaslnél
return chmslnél
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subroutine charmith

This subroutine translatec the data for the time depender:
variab'es into a form which can be used by CHARMUTH.

It ies sssumed that the times for the data pointe are in
non-decreasing order. Consecutive times can be equal to allow the
variables to chang. discontinuously.

The interpolation formulae are of the form: a0 + al « time,

al is sero (i . e. constant extrapolation is umsed) when TIME lies
outside the range of the tises of the data.

common /timinges/ tiwe,istep,thhystep

. yitipe  ntime timentep (30) ,timeend (20)
yithhy ,nthhy , timethhy (20)

,idata , ndate, tisedata (20)

. s

common /thrahydr/ tgase0(20) ,tgasal (20),tgandata(20)
.;.nonO(OO).pcsa.l(DO).p.s.dut.(lO)
JYERSR0(20) ,vgasal (20) ,vgasndata (20)
,1011-0(30).te1 nl(lO).telyd.tl(!O)
Jtwala0(20) ,twainl (20) ,twal.data(20)
2 f1lra0(20) ,¢tf1lral (20) ,tflrdata(20)
.QAQ-.O(OO).oi.oul('O).-::odnt;(IO)
,radeal (20) , readeel (4O) , radsdata (20)
,mdesn0(20) ,mdesal (20) ,mdesdata(20)

real rdesal ndesal  ndesdats

L O DR O

Find the end-point times for each set of formulae

LA AR R AR R R R R R R R R R R L R R R R R R R R R R R R

pOEBD

ithhy=0
de 10 idata=1,ndata
if( ithhy .ne. O
. .and. \1lod|t.(id.\.).tt.ttlothhy(ithhy)
. .and. timethhy (ithhy) 1t . timeend(ntime))then
ithhy=ithhy+1
timethhy (ithhy)=timedata(idata)
endif
if(ithhy . eq. 0 .and. timedata(idata) . gt.0. e0)then
ithhy=1
timethhy (1) =timedata(idata)
endif
A0 continue
if(ithhy . eq.0 .or. ndeatsa.eq.1)then
nthhys=1
timethhy (1)=tiseend(ntime)
elwe
if(timethhy (ithhy) .ge tigeend ntime))then
nthhy=ithhy
elne
nthhy=ithhy+1
timethhy (nthhy)=timevnd(ntime)
endif
endif

Caleulate o0 and a1l for the time dependent variables

nonn

cenll charmwth (tgaenl, tgusal tgandata)
enll charewth (pgessd pgessl, pgasdats)
enll charswth(vgaeal, vgusel vgasdats)
call charewth(telgad tolgal tclgdate)
call charawth(twalaO twalal twaldata)
ceall ¢h;rn-th(tf1rso.tllrcl.t!lrdutn)
cnll charawth (sigesnd sigeal  sigedats)
call charmvwth (radesd, radesl  radsdata)
call charavwth (ndesald, ndessl ,ndesdats)
return

end
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chmith
chaith
chmith
chaith
chmith
chmith
chaith
chuith
chaithlO
chmithll
chmithl2
timinge?
timinged
timingsd
timi

chmithlde
thrahyd?
thrahydd
thrahyd4
thrahydsé
thrahydé
thrahyd?
thrahydS
thrahyd®
thrahyl0
threhyll
chmithle
chaithl?
chmithls
chmithl®
ehmith20
chaith2il
chwith2?
cheithdd
chmithsde
chaithas
chmith2e
cheitha?
cheithas
cheithae
cheith30
chmithal
chmithd32
cheithas
cheithd4
chmivhas
chmithde
chmith3a?
cheithds
chaithde
chmithdeO
cheithdl
chmithed
chaithed
chmith4d
chaithed
chmith4s
chmithe?
chmith4es
chaith4®
ehmithdO
cheithél
chaithsad
chaithsd
chmithbe
chaithds
chmithbe
chaiths?
chmithés
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subroutine charsuth (timemean)

c
e This subroutine updeates the thermal-hydraulic data at time
c TIMEMEAN using the interpolation formulme caleculated previously,
<
common /timinge/ time,istep,thhystep
* yitime ntime ,timestep(20),timeend (20
yithhy ,nthhy ,timethhy (20)
* yidata,ndate timedata(20)
-4
common /thrahydr/ tgamsal(20) ,tgasal (20) ,tgasdata(20)
* PRASAD (20) ,pgasal (20) ,pgasdata (20)
. ,YEasa0(20) ,vgesnl (20) ,vgasdata (20)
. ysel 00(80),telg.l(tO).tolyds\.(OO)
. ytwala0(20) ,twalal (20) ,twaldata(20)
. 12 f1lra0(20) ,tflral (20) ,tf1rdate(20)
. .ot,oub(lO).-::osl(!O).o& sdata (20)
. ,radeal (20) ,radeal (20) , radedata (20)
- ymdesal (20) ,mdesal (20) ,ndesdata (20)
real ndesnl ndesnl mdesdata
e
common /gasprops/ temp,press gdensity, dynvisc,molwt anfrpath
* ..thrlcon.vo’ocit ymolwty, dillu-v
* .vrfrcln.,vnferX{ vafrflor
. .vc.rcln..vc.rn.ll.vc.rflor
- yveonclng,veonwall,veonflor
resl melwt , anfrputh.solwty
<
common /cell/ arenclng,areawall arraflor
* .t.-pclnt ytempwall ,tempflor
yvolume , leakrate
. .hydrdil. eqvrough
real lenkrate
e
common /lognorme ' eigeasln,rsdsOsln,sdensln
. yndensln, geconsln,nasbOsln
real pdensln,ndensln, oasbOeln
e
temp = tgasaO(ithhy) + tgaesal (ithhy) + tipemean
press = pgasaO(ithhy) +« pgasal (ithhy) + timemean
velocity = vgasaO(ithhy) + vgasal (ithhy) + timemean
tempel = telYQO(tthhy) . tclt.l(tthhy) *« timemean
tempwall = twalaO(ithhy) + al (ithhy) « timemean
tenpflor = tfira0(ithhy) + tflral (ithhy) + timemean
.l sln = .::ooo(lthhy) . -::o.l(ithhy) * timemean
60sln = eaO(ithhy) « sal (ithhy) « timemean
mdensln = mdesaO(ithhy) + mdesal (ithhy) + timemean
return
end

SOURCE LISTING
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chmuth
chauth
chmuth
chauth
chauth
timinge2
timingsd
timinged
timinged
eh-u:g 8
thrahyd2
thrahydad
thrahyd4
thrahyds
thrahyd8
threhyd?
thrahyds
thrahydé
thrahyl10
thrashyl1
chauthlO
gasprop?
gaspropd
gaspropd
gasproph
gaspropé
gasprop?
chouthl@
cell P
cell 3
cell El
cell &
cell 8
chmuthle
lognora2
lognorad
lognored
chmuthl®
chauthl?
chauthl®
chauthl®
cheuth20
chauth2l
chmuth22
chauth23d
chmuthld4e
chauth3b
chouthae
cheuth2?
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subroutine charagas

This subroutine calculates properties of the gas from ite
temperature, pressure and msolecular weight.
The formulae are those used in MAEROS.

common /gasprops/ temp,press,gdensity, dynviec,polwt anfrpath
y@threcon,velocity ,molwty diffuev
yvafrelng, vafrwall ,vafrflor
yvegrelng, vogreall ,vegrflor
yveonelng,veonwall ,veonflor

real solwt ,mnfrpath,molwty

common /cell/ arencing,areawall arenflor
ytempelng,tempwall  tenpflor
svolume, leakrate
yhydrdiam,eqvrough

real lenkrate

common /fundeon/ pi,boltsmnn,gravitat,gasconst

data dynviser temprl/15.858¢-6,114.¢0/
data diffusvr tempr2, preasr/2.11e-56,273.18¢0,1.01328e5/

Density: the molecular weight has unites = kgm/kmeol.

LA BB B

gdensity = press « molwt / ( ! e3 « gasconst » temp )

Dynamic viscosity
LA R R R R R R R R R R R EREDR]

dynviee = dynviscr « (temp/tempri)esl fe0 «1.00/(1 eO+tenp/tenprl)chagasab

Mean free path
LA A R R R R R R R L ER R

anfrpath = dynviee « esqrt(pi/ (2 eOspresscgdensity))

Diffusivity of water vapor in air

LA AR R R R R R R R R R R R R R R R R R
diffusy = diffusvr « (pressr/press) = (temp/tempr2)e«1.04

Vapor density near surfaces
LA A R R R R R R R R R R EE R

The molecular weight has unite = kgs/kmol.

vconeln’ = prooo--olv\v-v.!rcln’ /(1. eld«gasconstetenpel )
veonwall = pressspolwtvevafrwall / ( 1 elsgamconstetempwnll )
veonflor = pressepolwtvevafrflor / ( 1. elegasconstetenpflor )
return

end

chogast
chngas2?
chugan28
chagas2V
et::;c'O
e as3d)l
chagasd2
chmgasds
chugas3d
chngas3ds
chugasds
chmgasd?
chmgas”@
chagasd®
chugandO
chagasd)
chogeasdd
chmgasdsd
chugasdd
chagasdb

chngusd
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subroutine charamob

This subroutine 2alculates particle mobilities at the collocation
pointe using the MAEROS formulam.

common /ecollpte/ neoll.olo'or.-uppor.cyncta’.dlogon.lo.o-o
- yradiue(100) ,mase (100) ,mobility (100)
real logemO,maes ,mobility ,mlover,supper

common /eerslcon/ cehpfetr dehpfotr,stickef?
* yaknudweb, qknudweb , bknudweb
- ,pdensity,pthracen

- ,kbrock,cmbrock,ctbrock
resl kbrock

common /gasprope/ temp,press, gdensity dynvise,molwt anfrpath
* y@thrmcon, ve oet\‘..ol'tv,itliu-v

. yvafrelng, vafrvall ,vafrflor

B ,vegrelng,vegrwall ,vegrflor

. yveonelng,veonwall,veonflor

real aclwt , enfrpath molwty

common /fundecon/ pi,boltsmnn,gravitat,gasconst

do 100 jcoll=1,ncoll
Stoke's law mobility

LA AR A R R R A L R R R R RS

L ]

stokes = 1.00,/(8 eOspisdahpfetredynvisceradiue(icoll))

Cunninghas elip correction
AR AR R R

rl = radius(icoll) /enfrpath
cunning = 1.0 « aknudweb/rl
* + gknudweb/rleexp(-min(bknudweberl, 100.¢0))

Combine the two factors
LA R R R

mobility(icoll) = stokes » cunning
100 continue

return

end
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chamob 2
chamob 3
chamob 4
chemob &
chamob 6
collpted
collpted
collpted
chasob 8
serslcod
nerslcod
nermlcod
aerslcobd
serslcod
cheaobl0
gaspropd
gaspropd
Assprop4d
gesproph
gaspropd
gasprop?
chapobl 2
fundeon2
chamobl4
chasobld
chasobl®
chamobl?
chaaobl®
chamobl®
chazob0
chamob?l
chasob2?
chamob23
chamobd4e
chamob2ds
chamob28
chamobd7
chazmob28
chamob2e
chamobdo
chamobdl
chamobd2
chasob3d3
chamob34
chemobdb
chmaobde
chamsba?
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subroutine charaflo

This subroutine calculates flow properties which are needed
for the caleoulation of deposition velocitien and
agglomeration rates.

common /gasprops/ temp,press, 4o-¢£ty.dyavtoc}.olvt.laQrpnth

real

common /fundecon/

common /eollpte/

real

common /cell/

real

common /flow/

integer

gthrmcon,ve octt‘..olcsv.dt fusy
yvafrelng, vefreall ,vafrflor
vegrelng,vegrwall  vegrflor
.vooaclu.ivaouvoll.vconllor

polwt anfrpath ,molwty
pi,boltamnn,gravitat, gasconat

aooll.nlo'or..uppor.opnctu’.dl en, logend
yradiue (100) ,maee (100) ,mobility (100)
logenO game mobility , mlower, nupper

aresncing areavwall areaflor
,tempelng, tempwall  teapflor
,volume , lenkrate

yhydrdism, eqvrough

lenkrate

bl!lnf.vblthich,dblthich(lOO)
.odd{d &8, ustar,reynolds
blflieg

common /toleranc/ eps,ete peta, saxcalles, naxtrys

common /iotapes/

integer

resl kt

real kinviee
logiens firetgoe

columne,ntaped, ntaped ntaped
columne

data firetgo/ true./
data reyncut /2300, 0/

externs

kt = boltsannetenp

Friction veloeity
AR R R R R R R R R R EREE R

The formulae are from Schlichting. They are for »

roughness - the reughness required by the correlation is the

equivalent msand rou’haﬂco as firet umed by Nikuradee. The
-

hgdroulie diameter
T

the correlation to be used for other cross-sectional shapes.

kinviscsdynvisc, gdenmity
reynolde=velocityshydrdias 'kinviese
{f(reynolde.lt. . reyncut)then

uetar=0. e0

elne
ifail = 2

flower = 1.e-10
lupgor = 1.e0
. eapw
stel = eta
rtol = seta

rwve

nealle =

call cObwhe
(flower fupper,rtol atel ,charafan, nealle,stol , fanning,ifeil)

if(ifail . ne . O)then
write(ntaped,1000)ifail

117
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4 » the flow ares / the wetted perimeter,
is squaie the pipe disseter for cylindrical pipes but enables

fundeon?
chafloll
eollpred
collpted
collpted

toleran®
chaflel®
iotapen?d
iotapesd
chaflo®l
chaflc22
chaflodd
chaflcae
chaflo@ds
chmfloge
chaflod?
chuflodn
chaflo2®
chaflodO
chaflodl
cehafiodd
chaflodd
chaflode
chaflodd
chaflase
chaflod?
chuflods
chaflcd®
chaflode0
chaflodl
chaflosed
chufloed
cheflodd
chafloed
chaflo4s
chufloa?
chafloes
chaflo4®
chaflob
chaflobl
chafl 63
chatlcobd
chaflob4d
chaflobb
chaflobe
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write(ntapes 1000)ifeil chuflob?

1000 format (dx, 'sss CHARMFLO faile: IFAIL is ',12,' ses') chaflob®

sto chaflob®

endif chaflodo

ustar = velocity « sqrt(fanning/9. 0) chaflo®)

endif chafloba

c chaflobd

c Eddy dissipation rate ocheflot4

i N I ohafloth

e chaflots

c The eddy diwsipation rate is calculated by sssuming o)l the energychaflo8?

e consumed by shear stresses at the walls is dissipated by turbulonc:::}:::
< e

if(hydrdias. ¢q.0, . ¢0)then ehafloT0

eddydines~0. 0 chafle?l

elme ehaflo?2

eddydise=d eOsvelocitysuntarsuntar/hydrdian chaflo?d

endif ehnflao?4

e chuflo?s

e Viscous boundary layer thickness ehuflo?6

- B I ehaflo??

< chaflo?8

if(blflag . eq.0)then chuflo?e

if (ustar eq.0 . eO)then cheflos0

vhlthick=0. e0 chaflob)

elme chaflo8?

vhlthick=kinvise ustar ehnflold

endif chaflobd

endif chaflols

¢ chafloB®

e Fiffusion boundary layer thicknems chaflod?

o I e I mmmTTTT chaflo8s

e chaflok®

e The diffusion boundary laver thickness is an input date ites chaflo®0

c or elme defaults to 1.e-86 in MAERDS. chaflo®l

e chuflo®ad

< Here it ie caleulated from the viscous boundary layer chaflo®d

e thickness using the Keller (1978) formuls. chaflobde

I3 chaflo®s

if(bifleag.eq.0)ihen chuflo®e

do 10 icoll=l,neell chaflo®?

schaidt = kinvise, (krsmobility(icall)) chuflobt

dblthick(ieoll) » vhithiok / schmidtes(]l.00/8. 00) chaflo®®

10 cont.inue chafll00

eine chafl101

if(firetgo)then ehafl103

firetge = .falne. chafl108

do 20 icoll=),neell chafli04

dbhlthick(icell)=dblehick(l) chaflios

20 continue chaflioe

endif ehufllO?

endif chafllo8

return ehaflios

end chafll10
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subroutine oObwhe(xl,xu,eps,eta,func , maxcalle, seta, x,ifail) cOl':o :
cObwhe

This subroutine locaites serce of a function of one variable, The cObwhe 4

method employws inverse quadratic interpolstieon and bisection, :g:-:o :
whe

ifail = 1 on entry: soft fail. ifail = O on entry: hard fail. cObwhe 7

ifail = O on return: success. ifail = 1 on return: ne sare. cObwhe &

ifall = @ on return: maxcalls resched. cObwhe @

aeObwhelO

written by C.J Wheatley October 1985, cO8whell

eObwhel?

common /iotapes/ columne,ntaped, ntaped ntapesd iotapes?

integer columne iotapend

eObwheld

0"".‘!1(1-0-!0.0;0) cObwheld

eta-amaxl (0. 0, 0tn eObwiiel®

loto-..oul(o.too.lotui eO8whel?

saxcal lecaaxO (8 saxcalls) cObwhel 8

cObwhel®

check If sero present and wiart iteration. eObwhe 20

B ¢OBwhe)

cO8whed2

wlexl cObwhe2d

xJoxu cObwheld

¥yl = fune(xl) cObwhedb

3 = fune(xd) cObwhede

fealle= cObwhe2?

if(yley8.ge 0.e0)goto 1000 cObwhedd

-t-(nt-ulgfl.oo cObwhed®

cObwhedO

start of iteration loop. cO6whedl

R cOBwheldd

cO8whedd

¥ = func(x®) cObwheldd

iealle=icalleel cO8whalb

cOfwheds

test for last iteration step. cOBwhed?

LA R R R R Y m‘h.“

cObwhed

{f(abe(y2) le.eta)gote 60O cObwhedO

“2(71‘7.-“-"-’0) and. (abe(x3-x1).)le . epu))gote 8OO cOfwhed)

it (7'0{0.1070.00)..nd.(obo(ll—lt)‘lo.opo))noto 700 cOBwhedd

if(ienlle . eq naxcalls)goto 0% cObwhedd

eNbwhedd

test for inverse quadratic interpelation step. oO8whedb

LA AR R R R R R R LR R R R R m‘h."

cObwhed?

denomexle (y@ - y3) oxPe (y3-y1)+uSe(yi-y2) cObwhedd

if(denos. eq.0 «0)gote P00 cObwhea®

d‘-O.DOOO(yI-yI)- y3-y3)e(x3-x1) /denon cObwhebO

if(abs(dy) ge zetavabs(yd-yl) goto 200 cObwheb)

cObwhebd

interpolate. cObwhebd

SesNssanEany cObwhebd

cObwhebd

AP (yley2 1t .0 . 00)x»0 BeOe (x1+xB) cObwheb®

AV (y@ey8 . 1t . 0. 00)x=0 BeOs (x3+x2) cObwheb?

&oteo 300 cObwhebs

ey @e (¥ ((x@-%1) /(yR-y1))-yle( (=2 x8) (y2-y3)))/(y8-5y1) cOBwhebS

cObehedO

revise range. cObwhet)

SRR AR RR R RN EE S c“‘h..'

cOéwhetd

if(yleyd. it . 0. ¢0)gore 310 cQbwhefd

xl=x@ cO8unedd

yl=y2 cObwhet8

gote 400 cObwhe8?

x3-x2 cOfwhed8

ya=y2 cObwhe8®

119 -

SOURCE LISTING



revise intermediate point.
LR R R R R R R R R R R R R R

xdox

if(abe(xB-%x1) le. 2. 00cepe)x@=0 BeO+ (x1+x8)

if(abe(x8-x1).1le.2. eOcepe)gote 100

tlstbo(lt--t).lt.op.)n!ouloni.a(opo.ll--l)
abe(x3-x2) 1t epe)xBexB-nign(eps x8-x1)

it
gote 100

end of itereation loop.
LA AR R R R R R R R LR

gove 710

if(abe(yl) 1t . abe(y2))x=x]
gote 710

700 xend

if(abe(y8) 1t . abe(y2))x=x3
710 ifail=0

return

ne sero found.
IR R R R R R R R R

if(ifail egq.1)return
write(ntaped K 9000)
write(ntaped 0001 )x1 ,y1 ,x3,y8
write (ntaped K 9000)
write(ntape8 001 )x1 ,y1,x3,y3
stop

saxcalle resched.
LA AR R R R R R R R L R

if(ifail eq.1)ifail=2
if(ifeail eq. @) return
vttto(l‘;pcl.OOOO;.n-csll-
write(ntapeh, 0001 ) x1 ,y1,x8,y3
write (ntapes 0002 maxcalle
write(ntapes B001)x1, 71 ,x8,y3
stop

PO00 format(

sd4x, 'wee oObwhe faile:
#0001 format(

slx, Tene x1 ¥l
wdx, 'sne’ dpdelB 4, ser’)
008 formet(

+4x, 'ses cOBwhe faile: serc not found after ',i8,' stepe see')

end

SOURCE LISTING - 120 -

interve! does rot contain s sere ses’)

cObwheT0
eObwhe?)
cObwhe?d
cO8whe?d
cObwheT4
cObwhe?8
cObwhe?@
cDbwhe??
cOBwhe?8
eObwhe?8
cObwhe RO
cObwhel]
cObwhel2
eOBwheBd
cObwheld
cObwhebs
cObwhe®®
cObwheR?
cOBrhell
cObwhel®
cObwhe®0
cO8whe®l
cObwhe®2
cObwhe®ld
cObwhebd
cObwhe®d
cObwhe®d
cO8whe®?
cObwheb#
cOBwhe®®
cOBwh1CO
cO8wh101
cObwh102
cObwhl10d
cOBwh104
cO8wh1086
cO8wh108
cOBwh107
cObwh108
cOB8wh109
cOBwh110
eO8whlll
eObwhi113
cO8wh113
cObwhlilae
cO&whl 18
cObwhl18
cOBwh11?
cO8whl 18
cObwhlle
eO8whl 230
cO8wh121



function charmfan(f)

Thie funetion subroutine is used tc caloulate the fanning

friction fector for a eylindrical pipe with arbitrary roughness.

common /ecell/ sresclng,areawall areaflor
. ytempelng, tempwall, tempflor
. yvolume, leakrate
* yhydrdiam, eqvrough

real leakrate

common /flow/ blflag,vblthick,dblthick(100)
. .odd{:too.uotnv.roynnido
integer blfling

sqrifric = 2.40 « agre(f)
charafan = 1.0 -« sqrefric » ( 1.7460 - 2.00 «

n

.

-

-
ARNBDOITLABNDOALATN

chufanl®

B sloglO( 2 eOseqvrough/hydrdiam + 18.7¢0/ (reynoldecagrtfric) ) dechufanld

return
end

chuefanlse
chufanlh
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subroutine charmags

e
e Thies subroutine ealeculates the agglomeration rates of the
e particles at all combinations of the collocation points. This
e is done in » nested DO loop which could be written as & single
e loop to enable full vectorisation if thie progras unit turns-out
e to be computationally costly. The agglomeration rates are
e identical to those used in ‘A&tﬂ. to facilitate comparisons, The
e particle radiue, mase and mobility at the collocation peinte are
e assumed to have been previously cesloulsted.
[
comason /collpts/ neoll mlower,mupper,epacing,diogen, logend
* yradiue (100) mass (1N00) ,mebility (100)
resl logenO , mane mobilicy, mlower supper
L4
common /sersleon’/ cehpfetr dehpfotr atickeff
. ,aknudweb  qknudwed , bknudweb
,pdensity pthracon
* ,Rbrock,cmbrock ,ctbroch
resl kbrock
e
common /gasprope/ to.p.pro.n.,don-tty.dynvino.-olvt.-nlrp;Qh
B ,@thracon ve lccity , molwty diffusv
N yvafrelng, vafrwall ,vafrflor
. vogrelng,vegrvall vegrflior
* ,veonclng,veonwall,veonflor
real polwt , anfrpath, polwty
e
cosmon /fundeen,/ pl,boltesnn,gravitat,gasconst
<
common agglom/ sgglonrt (100,100) ,deposrtf (100)
. ydepoertw(100) ,deposrte (100)
e
real mal,sal, nol w0, kt
kt = boltsmnnetenp
e
3 Nisted DO loops to ealculate sggloseration rates.
[ - LA R AR R R R R A R R L R R E R R R R R R R R L R R R R R
e
do 100 ifeolli=1,necell
do 200 leolld®=1,icelll
rl = r.‘tul(tcoill)
r2 = radive(icell®)
aal = mass(icolll)
ma? = masa(icolld)
ool o mebility(icelll)
2o@ = sobllity(icalld)
erisplecahpfery
er@=r@ecohpfotr
c
€ Brownien agglomerstion
[ ] A A AR R R R R LR R R R R R RN
<
vhar = sgrt( 8. e0skte (]l o0 /mal + 1 00 /nald) /pi )
fuchel = kte(mol « mol) / (stickeffevbars(rl =+ r@3))
e
ol = selsegrt( 2 eOsktonmanl pi )
ad = polrogrt( 3. e0rktomald pi )
8 = ((rilsal)ecsB-(rierisnlonl)vel 5a00),/ (8 e«Qerisal) - ri
89 % ((r2+a@) sl (r2er@cadrnl)ios]l 500) /(3 eOsr3vald) - r2
bar « sgrol glegl « goeg2 )
uehe® = 1. 00 / (1.00 « Q. eQsghbar/(ri + r3))
<
e Note that there is no sticking efficiency fester.
e FUCHS3 equale unity in Dunbar et al., BUR 9178,
e
fuchocer = 1 o0 (fuchel +« fuched)
SE8b = 4. 00 ¢ pi = kt ¢ (mol + wel) » (erl + ord) + fuchecor
¢
SOURCE LISTING - 132 -

ceheaggl?
coliprted
collpted
collpted
eh 14
nerslcod
serslcod
serslood
aerslcob
serslcof
chonggl®
gnspropd
gnspropd
guspropd
gaspropd
gespropd
gasprop?
choaggl®
fundecon?
chnagg?0
sgglom 9



apdnNn neoBd

§§

Gravitational sggloweration

SessssEsaARELaERRRRSRERT R,
The Fuche collinion efficiency. ..

colleff = 1.8e0 » ( min(rl,rd)/(rlsrd) )e-2

Dunbar et al. has pdensity - gdensity / pdensity here...

relvel = gravitat « ( salemol - malemo? )

sggg * colleff o stickeff « aba(ralvel) « pi « (ericerd)s-2

Turbulent sgglomeration
IR R T R R R R R R R R AL AL L

tfactor = 8. eOspiegdensityseddydion/ (16 eOsdynvine)

agats = otickeff o« ,cricer@)sed » sgqrt( tfactor )

sgpti = stickeff » écrloerl)OOD « sqrt( B eOe«piceddydion )
e { tfuctor )e+ 2600 + abs(relvel) / gravitat

Add the shear and inertial contributions in quadreture - note
the collision efficiency factor ie miessing from both terss.

SEET ¢ sGrt (egEtecagate o aggticagati)

Cosbine the agglomeration contributions
S 22 R R R R R R R R R R R R R R

sgglomrt(icolll,icollld) = aggh + * t
sgglonrt(icelld,icolll) = n..lonrt!!c.ll:?,oolli)
eontinue

continue

return

end
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eubroutine charsdep

Thie vubroutine caleulates the particle deposition rates

at the collocation pointe. The deposition rates far
ravitation, Brownian diffusion and thersophoresis aure
dentical teo thoese used in MAEROS to feaciliuate comparisans.

Deposition due to turbulent diffusion, turbulent impaction and
diflusiophoresie have slec been included. The diffusicphoresis
forsula ies taken from s later varsion of MARROS which includes
this mechanisn. It was an input dats item in esrly versions,

The particle wdius, mase and sobility at the colleocation pointe
are assumed + have been previously caleculsted,

Deposition reates ~to floors, walle and cellings are kept
separste to enable . e depusited mase onto the three
surfaces to be separstely integrated.

common /eollpte/ n.all,ll."t.lv".?.l’.‘il‘.‘l.’.l.1.‘.‘0
- radiuve(100) ,naee (100) ,mobllity (100)
resl logenO nass pobility  mlower mupper

common /mnersleon; cehpfetr , dehpfctr otickef!
. yaknudweb , qknudwed  bknudweb
. .:donoity. threcon

* ykbrock,cabrock,ctbrock
resl khroeck

conpon /gersprops/ tc.p.’rooo,’donutty.dynvioe..olvt..a{rpsth
y@rhrecon,velocity  molwty , diffuey
voafrelng, vafrwall vafrflor
yvegrelng,vegrwall  vegrflor
yveonelng,veonwall ,veonflor

resl .Ol'%.lli?’l\h..‘l"v

L

common /fundeon/ pi,boltsenn,gravitat,gasconst

common /egglom/ agglon t (100,1M7D) ,depoartf (100)
. yAdeposrtw (100) ,deposrte (100)

common /eell; arescing,areavwall areaflor
. yteapelng, tempwall  tenpflor
. ,volume, leakrate

. yhydrdian, eqyvrough

resl leskrate

common /flew/ blflag,vblthick,dblthick(100)
. ,eddydies, ustar, reynolds
integer blfleg

res! kt, me

In MAEROS, raticcon defaults to 0.08.

kt « Loltazmsnnstenp

raticcon « gthraecon pthracen
deltcl = 1.0 - tempelng/venp
deltwall = 1. e0 - tempwall/tenp
deltflor = 1 .00 - teapflor/temp

DO leop to caloviate deposition retes
LA AR A R R R R R E R R

do 100 icoll=l,neell
r = radive(icell)

rl = r/mafrpath

me = pobility(icell)

e Gravitationsl deposition velocity

SOURCE LISTING - 124 -

i

chadepi®
collptad
collpted
co.lpted
chadepdl
aerslcod
sers.cod
aers.cod
sersicob
serslcof
chmdepdd
Baspropd
gespropd
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L
Dunbar et al. have pdensity - gdensity / pdensity here...
vgravity = gravitats=mass(icoll)smo

Brownisn diffusion deposition veloecity

LA R T S R

if(dblthick(iccll) .eq.0.e0)then

vbrown = 0.e0

else

vbrown = 0.0504e0 » ktsmo/dblthick(icoll)
endif

Turbulence deposition velocity

R R R R -

The correlation used here is derived from the Liu and Afsrval
data for dimensionless deposition velccity ve dimensionless
particle relaxation time. The correlation is unverified for
dimensionless relaxation time 1t .1 and gt 100.

relaxtim = masse(icoll)emo
dimrelax = relaxtim » ustar « ustar « gdensity / dynvisc
if(dimrelax.eq.0.e0)then
dimvturb=0.0
else
dimvturl = 6.e-4 » dimrelax + dimrelax
dimvtur2 = 2.13e-1 » dimrelaxse(-0.125e0)
dimvturb = 1.0 /

sqre( 1.e0/(dimvturledimvturl) + 1.e0/(dirvtur2edimvturd) )

endif
vturb = dimvturb « ustar

Thermophoresis deposition velocity
LA

The gdensitysvblthick term is miesing in early versions of MAEROS.

brockfac = kbrock / (1.0 + 3.eO-cabrock/rl)
/ (@.20 + 1.e0/(ratioccon+ectbrock/rl))

if(vbithick.eq.0.e0)then
vthermns = 0.e0
else
vthermo = 0.eO+pisdynviscedynviec

sremosbrockfac/ gdensityesvblthick)
endif

Diffusiophoresis deposition velocity

LA R R R R R

Thie is taken from a later version of MAEROS.

if(veonelng. eq.0.e0)then

vdfoclug=0.e0

elwe

vdfoclng = diffusv « vegrelng / veonclng

*» vofrelng / ( vafreing + (1.e0-vmfrelng)smqrt(molwt/molwty) )

endif

if (veonwall .2 43.0.e0)then

viioaall=0. e0

else

vdfowall « diffuev « vegrwall / vconwall

« vofrwall / ( vafrwal) +« (1.eO-vmfrwall)esgrt(molwt/molwty) )

endif
if (veonflor.eq.0.e0)then
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chodepb3
chondepb4
chmdepbb
chmdepb8
chondepb?
chmdepbs
chmdepbo
chadepB8O
chmdep81
chmdep82
chmdep83
chmdep84
chmdep85s
chmdep8s
chndep8?
chudepBs
chmdep8®
chmdep70
chodep?1
chodep72
chadep?3
chmdep74
chondep78
chadep786
chmdep??
chmdep78
chodep?7®
chmdep80
chmdep8l
chadep82
chedep83
chm lepB4
chadep8S
chondep88
chadep8?
chadep8®
chundeps8®
chmdep®O
chadep®1
chodep®2
chodep®3
chndepf4
chedep®s
chadeptt
chmdep®?7
chandep®8
chandep®9®
chade 100
chmdelOl
chmde102
chmdel103
chmde104
chmdel08
chmdel08
chndel0?
chandelO8
chndel0®
chadell0
chadelll
chmdel12
chmdel13
chudelld
chmdells
chmdel118
chmdel17?7
chmdell8
chmdel19
chmde 120
chndeld:
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vdfoflor=0.e0 chmdel22

else chndel123
vdfoflor = diffuev = vegrflor / vconflor chmdel24
- « vafrflor / ( vafrflor + (1.e0-vmfrflor)esqrti{molwt/molwty) ) chmdel2s
endif chmdel28
c chmdel27
c Net deposition velocity onto ceiling, walls and floor chmdel28
c e chmdel 29
e chmdel130
e Note the thermo- and diffusiophoresis terms could be negative... chmdel3l
a chmdel132
vel = max(0.e0,vbrown+vturbe+delteln -vzhorno¢vdfocln{-v.ruvity) chmdel133
vwall = max(0.e0,vbrown+vturbsdeltwallsvthermo+vdfowall) chadel34
vilor = max(0.e0,vbrown+vturbs+deltfloresvthermo+vdfoflor«vgravity) chmdel138
e chmdel38
e Store deposition rates for ceiling. walls and floor chwmdel37
e LA R R R R R R R E R R R EEREREEREEREEERER R REE R R EREEREEEREREEREEREREERESEEZ:E:ES] cb.d.l‘.
c chmdel39
deposrtf(icoll) = areaflorevflor/volume chmdel40
deposrtw(icoll) = areawallevwall/volume chomdeldl
deposrte(icoll) = areaclngevelng/volume chmdel4d2
100 continue chandel 43
return chmdeldd
end chmdeldd
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endif chms1ln83d
return chmelné4q
end choslngs

SOURCE LISTING - 128 -
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subroutine charmdif (reset)

This subroutine mets-up the input for the CLAMS ODE solver
DEBDF, calle DEBDF for one time step and checks that the
integration was done correctly.

common /collpte/ .ucoll,mlower,mupper,spacing,dlogem,logenO

- ,radiue (100) ,mass (100) ,mobility (100)
real logenO,mass ,mobility ,mlower,mupper

common /dietrib/ gzetore(105)

common /timinge/ time,istep,thhyntep

. yitime,ntime,timester(20),timeend(20)
+ yithhy ,nthhy,timethhy (20)
+ yidata,ndata,timedata (20)

commen /toleranc/ epe,eta,zv.a,max2alis,paxtrys

common /moments, wigma,r.db0,rdensity,ndensity,gecommean,sassb0

real ndensicy,ndensity,nassb0
common /lognormz/ sigmazln,radbOzln,mdenzln
. yndenzln,geonmzln, masbOzln
real mdenzln,ndenzln, masbOzln

common /lognorme/ eigmasln,radbOsln,mdensln
. yndenslin,geomsln,nasbOsln
real ndensln,ndensln,sasbOsln

common /iotapwe/ columne,ntaped,ntapeb,ntaped
integer columne

dimension 2(105)

dimension rwork(12326),iwork(160)
dimeneion info(18)

dimension rtol (100) ,atel (100)
logical reset,firstgo

data firetgo/.true./

external charmrhs

Set-up input for DEBDF

if(firetgo)then
timein=0.e0

else
if(revet)timein=timeout
endif

timeout=time

Initial number density distribution and deposited mass

AR R R R R R R R R R e I

g(neoll+1l) holde the integrated masw deposited on floors
#(neoll+2) holdes the integrated mass deposited on walle
2(ncoll+d3) holde the integrated mams depomited on ceilinge
#(ncoll+d) holde the integrated scurce masse

2(necoll+s) holdme the integ.ated leaked mass

if(firetgo)then
do 100 icoll=1,necoll
g(icoll)=setore(icoll)
continue

neqne=ncoll+s

do 1086 fegne=ncoll+l,negne
e(iegqne) = 0. .00

continue
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chmdif
chmdif
chmdif
chmdif
chmdif
chmdif
collpte2
collpte8
collpted
chadif ©
distrib2
chmdif11
timinge2
timinge3
tinninged
timingsb
chndif13
toleran2
chmdifl1é
romente2
momented
chmdif17
lognorm2
lognorm3d
lognormd
chadifle
lognorm2
lognorm3
lognorm4
chadif21
iotapes2
iotapesd
chandif23
chodif24
chadif26
chudif28
chndif27
chadifas
chadifa9
chndif30
chadif31
chadif32
chmdifa3
chodif34
chmdif3s
chadifae
chadifa?
chadifas
chmdif3e
cehmdif40
chmdif4l
choadif42
chmdif43
chmdif44
chmdifab
chmdif48
chmdifa?
chodif48
chodif49
chadif80
chadifbl
chadifb2
chmdifb63
chodifb4
chadi {656
chmdifbe
chendifs?
chadifb8
chmdifb0
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SOURCE LISTING

endif
Information for DEBDF

L

Flag firet/reset call or subsegquent call
Reset is set whenever the independent variables change

discontinuously so that derivatives are calculated afresh on

paseing the discontinuity.

if(firetgo .or. reset)then
info(1)=0

elee

info(1)=1

endif

Both tolerances are vector

if(firetgo)then
info(2)=1

The solution iw not required at intermediate times
info(3)=0

The integration can be done without restriction on t
info(4)=0

Partial derivetives should be calculated by differencing
info(6)=0

The Jacobian is dense

info(8)=0
endif

info(7) to info(16) are not used by DEBDF

Set-up relative and absolute tolerances
.....‘...“...-'.-.‘.......‘....‘..‘...

atol ie chosen to obtain sccuracy in both the number density
and mass deneity dietributions. rtol is used as a trap in

case ndensity or mdensity decrease by large amounts during
the time mtep.

do 180 icoll=l,necoll

rtol (icoll)=eps

if (mdenmity.eq.0.e0)then

atol (icoll)=min( wdenslne (timeout-timein) /masm(icoll)

yndenslne (timeout-timein) )eeps/dlogen
eloe

.t:l;icel1)--in(-acnnity/-uuo(icoll).ndonoity)--p./dlo.o-
endi
continus

do 186 ifogqne=ncoll+l,neqne

rtol (leous)=eps

lf(-dcnolty.og.o.oO)thon
en

atol (ieqne) =m elnes(timeout-timein) repe
elwe

atol (iegns) *mdenmityseps
endif
continue

Dimenwions of rwork and iwork arrays.
...'..“.......‘...........‘....‘....
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subroutine chararhe (timenow,z,dedt,rpar, ipar)

Thie subroutine calculates dz/dt arising from the agglomeration,
deposition, eource and leak terms on the rhs of the discretised
equations.

The dependent variable of the meroscl equation im chosen
to be the number density times maws. This quantity ie
better wuited to numerical quadrature.

The mase deposited on floors i integrated in z(ncolls+l)
The mass deposited on walle is integrated in z(ncoll+2)
The mass deposited on ceilinge ie intotrstod in 2(necoll«+d)
The source mass is integrated in z(ncoll+4)

The leaked mass is integrated in z(ncoll+s)

nponofoNOONDOBDOR

common /collpte/ ncoll,-lo-or,-upvor.opscSnt,dlo.o-.lo.ono
. yradiue (100) ,mass (100) ,mobility (100)
real logemO,mass ,mobility ,mlower,mupper

common /agglom/ agglomrt (100,100) ,deposrtf (100)
+ ydeposrtw(100) ,deposrte (100)

common /indexcoe/ nelement ,hwidth, jbarmin, index(-2:100)
* ykbarein(-2:100) ,kbarmax (-2:100) ,nkbar (-2:100)

common /coef/ pijk(8300),njk(100,100)
real njk

common /lognorme,/ sigmaeln,rads0sln,mdensln
+ yndensln,gecomsln, masbOsln
real mdeneln,ndensln,maebO0sln

common /cell/ areaclng,areawall , areaflor

* ,to-pclnf.tolpwsll.t-.p!lor
yvolume, leakrate

* yhydrdiam,eqvrough

real leakrate

-

common /esource/ sourcert (100)

common /timings/ time,ietep,thhystep

. yitime ,ntime,tinestep(20),timeend (20)
yitihhy ,nthhy, timethhy (20)

. yidate,ndate,tinedata(20)

+

dimension 2(105) ,dadt (108)

Update time dependent data if required

anooo0

if (thhystep.eq.0.e0)then
eall charmuth(timenow)
eall charmgas

call charmmob

call charmaflo

call charmagg

call charmdep

eall charmeln

endif

Initinlize the mass counters
......‘....‘...'..O.-.......

nnoon

negne=ncoll+s

do & iegne=nccll+l,neqne
dedt (ieqne) = 0O.e0
continue
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charhs
chmrhs
chmrhs
charhs
chmrhe
charhe
charhe
charhe
chmrhsl0
chmrhell
chorhel2
chmrhel3
chmrhsld
charhelb
chmrhsl8
chorhel?
collpte2
collpted
collpted
charhsl®
agglom 2

agglom 3
chmrhe21l

indexco2
indexco3
chmrhe23
coef 2
coef 3
charhae2b
lognora2
lognorn3
lognormd
charhes27
cell 2
cell 3
cell 4
cell &
cell 8
charhe20
source 2
charhedl
timinge2
timings3
timinged
timingeb
chmrhe33
chmrhe3dd
chorheds
charhe36
chorhed?
chmrhe3ds
cherhed®
chmrhed0
chmrhs4l
chmrhed?2
charhedd
charhedd
chmrhedb
chmrhed8
chmrhed?
charheds
chmrhed®
chmrheabO
chmrhebl
chomrheb2
charhebs
shmrhab4
charhebb
charheb8
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subroutire charmmom

This subroutine calculates mozents of the discretized number
density distribution using the trapezium rule.

common
+

real
common

-

-

-
real
common
common
common

common
real

common
-+

common
integer

external charmmbO

/eollpte/

ncoll ,mlower,zupper,epacing,dlogem, logenO
yradiue (100) ,mase (100) ,mobility (100)
logenO,mase,mobility ,mlower,mupper

/merrlcon/ cehpfetr,dehpfctr,estickeff

/fundecon/

,aknudweb, gknudwelb , bknudweb
,pdensity,pthrmcon
,kbrock,embrock,ctbrock
kbrock

{,beltemnr ,gravitat,gasconst
P

/toleranc/ eps,eta,zeta mexcalls,maxtrys

/distrib/

/momente/

gstore(106)

sigma,radfO,ndensity ,ndensity,gecmmenn, nassbo
mdensity ,ndensity ,massb0

/indexcoe/ nelement,hwidth, jbarmin,index(~2:100)

/iotapes/

ykbarmin(-2:100) ,kbarmsax(-2:100) ,nkbar (-2:100)

columne,ntaped  ntaped,ntaped
columne

Calculate sume - x is loge (mass)

suml =
sumd =
sumd =
sumd =
do 10 i

LA R

0.e0
0.e0
O.e0
0O.e0
=1,necoll

¥ = logemO + isdlogem

suml =
sum2 =
sumd =
sumd =
continu

suml
sum?
sum3d
sumnd
e

+ 4 9+

gstore(i)*mass (i)
setore (i)
gstore (i) »x
getore (i) exex

Calculate moments 7rom these mums
i L e

if(eum2.¢q.0.e0)thenr
sigona=0.e0
radb0=0 . 0

ndenmity=0.e0
ndensity=0.e0
geommean=0.e0

mAse
retuy
endi

50=0 . «0
rn
4

mdenwity = dlogem » suml
ndensity = dlogem » sum2
dusmyl = dlogez » sumd
:to-o.n = eaxp( dummyl/ndensity )
ummy? = dlogem + sumd
dumsy3d = (dummy2 - dummyledummyl/ndensity) /ndensity
if(dummyd. 1t .0, e0)dunny3=0. 0
sigoa = exp( wgrt( dummy3d ) /8.0 )

Calculate nass median sass

SOURCE LISTING
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chmmom
chamom
chmmom
chmpom
chmmom
collptel
collpted
collpted
chmmom 8
mnerslco2
aerslcod
nerslcod
aerslcob
aerelcoB
chrnoml0
fundecon2
chmmom12
toleran2
chomoml4
dietrib2
chmmom18
moxentsd
wmomented
chomoml8
indexco2
indexcod
chmmom20
iotapes2
iotapes3
chomom22
chapom23
chomom24
chamomdb
chmnom26
chmmom27?
chomom28
chasom29
chamom30
chmmom31
chomom32
chomon33
chamom34
chmmom35
choamom38
chmmom37
chmmom3s
chmmom39
chmmom40
chmmom4l
chmmomnd42
chmmom43d
chmmomdd
chumom4b
chomom4®
chmmomd?
chmmom48
chomom49
chamombO
chamomb1
chmmomb2
chmmomb3
chmmomb4
chmmombd
chamomb6
chomomb?
chamomb8
chamonh®
chmmom80
chmamom8)
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chanomB2
homom63
immomB4
immomB6
mmomB6
mmomB7
immomB8
chmmom89
rhmmon70
71
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100C) ifai

Noe

tape8 ,1000)ifai
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function charmms0O(x) chmmbO 2
e chamb0 3
c Thie function subroutine calculates the mass density of the chmmb0 4
e discretised dietribution up to x and subtracts chambO &
c half the total mase density. The result is zero when chamb0 6
e x is x60: x is loge (mess). chamd0 7
e choaab0 8
common /collpte/ necoll,mlower,mupper,spacing,dlogen,logend collpte2
+ yradius (100) ,mase (100) ,mobility (100) collpted
real logemO,maes,mobility , mlower,mupper collpted
e chawb010
common /moments/ wsigma,radbO,mdensity,ndensity,geommean,massb0 momente2
real pdensity ,ndensity ,massb0 moments3d
e chanb012
common /dietrib/ zetore(105) distrib2
e chambO14
sum = O.e0 chnmb018
do 10 i=1,ncoll chamb0186
sunm = sum + getore(i)+mass(i)+charmfeO(x,i) chanb017
10 continue chumb018
charonmb0 = dlogemssum - O,5eOsmdensity chanbO1@
return chanb020
end chamb021

SOURCE LISTING - 136 -
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Fourth order element
PR R R R R R R

continue
2 =y -

1.0

if(y.1t.2.¢0 .and.

integral=13.e0,/24.e0-3 . e0v2ez2ez+2/8 e0Ovzsavzee~2/2. 0

Yy .ge.1.e0)

~gegegezszoz/6 0

if(y.1t.1.e0)
integralsy-yeyey /3. e0-6.e0sysysyey /B e0+3 eQueysysysysy/2.e0

~ysyeyeyesyey/a.e0
charmfeO = 0.5e0 + sign(integrsal,x)

return

Fifth order element

continue
s =y -

1.00

us=y - 2.
if(y.lt.3.e0

integral=1681.e0/33680.e0-ususususyu/80.e0+usususurusu/34.¢0
“~ususyusysysyuey /28 . eOrusususucsusyueyusy/0868.e0

.and.

y...-’-.o)

if(y.l1t.2.¢0 .and. y.ge.l.e0)

integral=303.e0/5660. . e0+«z2+2+2+2/48.e0-3]1, ,e0vgsgvzre+2/30, 0
+25 eOsgogogrzeong+2/12.00-3] eOvgegrgezvpszri/2]1, 0

+356 eOvgegegvpgozogezsz/08, e0

if(y.1t.1.00)
integralsy-yesy+y/3.e0-91 eOvysysysysy/30.e0
+10 . e0sysysyeyoyry/3.e0-32 eOeysysyoyoeysysy/7.e0

+68 eOsysysysysynoyoyoy /48, 0
charmfeO = 0.5e0 + sign(integral,x)

return

Sixth order elenent
LR R R R R R R R

continue
s =y -

1.e0

us=y - 3.0
if(y.1t.3.¢0 .and.

integral=1081.e¢0/2180.e0-11.e0%usususususu/144.00
+susususususyu*u/4.a0-5, e0rsusususiisyusuvusy,/18, 00

Yy -§¢.2.0)

+10 . e0sursusysysysyusyusu=yu /108, 0
~8.e0sysysyusysyusysusyesyusy /80, e
if(y.1t.23.e0 ,and.

integral=73.e0/136.e0+2v2sa+v2 /48 aQ0spgezvasp+2/120.00
~1485 eOszegegegoge sz /48 20+103. aOsgegepgegopgrnz2/12. 0

Yy ge.1.e0)

chmfeO88
chufe080
chufe070
chnfe071
chnfe0O72
chnfe073
chafeO74
chufe075
chafeO78
chafe077
chafeO78
chmfeO79
chmfe080
chafeO8)
chmfeOB82
chnfeO83
chnfeO84
chafeORS
chufeO88
chnfeOR?
chafeO8S8
chmfeO86
chufeOR0
chunfeOO1
chafe002
chafe003
chnfe004
chafe005
chofeO08
chafeO07
chafeO08
chnfe000
chnfelOO
chufelOl
chafel02
chufelOd
chunfelO4
chafel08
chnfelO8
chafel107
chmfelO8
chmfelO®
chafellO
chmfelll
chafell2
chafel13
chafelld
chmfells

“115 . eOvgvpogegeopgeogs2+2/12. 0,355 eOsgogogeonsgeogrzrz~2/72. . ¢0chnfells

<47  eOspegepopopepepzspgszen/48. .00
if(y.1t.1.e0)
integralsy -yeysy /B e0syeyeyeyey/20. 0
~BB50 . e0syeysyoyeyey /72 00+37]1 . @0eysysysyeysyoy/14.00
~30 . e0syeysysynysysysy+ 108856 eOsysveyoysyayaysyoy /108, 0
~36 e0sysysysysysyosynyoys
ch rufe0 = 0,80 + wign(integra

return
end

SOURCE LISTING
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chmfell?
chmfell®
chmfell®
chmfel20
chafel2l
chmfe122
chafe128
chafe! 24
chanfel25
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subroutine charmout

Thie subroutine writes to tapes 5 & 8 (tty & ocutput file resp.).
No form control characters are printed.

common
real

common

real

common

real
common
common
common
real
common
common
real
common

common

common

common
real

common

common

common
integer

common

resl
common

integer

/eollpte/ ncoll..lo--r,.uppcr,opseinf,dlogc-,lo‘c-o
yradius (100) ,mass (100) ,mobi ity (100)
logemO,mase ,mobility, ,mlower ,mupper

/mersleon/ cehpfetr,dehpfetr,stickef?
;aknudweb, gknudweb, bknudweb
,:dou-ity, thrmcon
brock,cmbrock,etbrock
kbrock

/gasprops/ to-p,9rco-,!donnity,dynvioc.-olwt.-nlrpnth
y@thrmcon, ve ociz{.-olwtv,dilluov
yvafrelng, vafrwall ,vafrflor
yvegrelng,vegrwall ,vegrflor
yveonclng,vconwall ,veonflor
molwt , mnfrpath, molwty

/agglom/ agglomrt (100,100) ,deposrtf (100)
ydeposrtw(100) ,deposrte (100)

/indexcoe/ nolc.ont,hvidth.jb-rnin.indox(-ﬂl)OO)
.hb.r.in(-znloo),kb.r-;z(-anloo).nkbsr(—a'IOO)

/eoef/ piik(lOO).nJh(lOO.lOO)
nj

/dietrib/ zstore(108)

/lognorme/ sigoasln,radbOsin,adenmsln
yndensln,geconeln,nasbOsln
mdensln,ndensln,sasbOnln

/source/ sourcert (100)

/timinges/ time,istep,thhystep
.iti-o,nti-o,ttl.-top(GO),ti-oond(OO)
sithhy,nthhy,timethhy (20)
yidata,ndata,tinedata (20)

/toleyvanc/ eps, eta,seta, maxcalle, maxtryw

/moments/ eigme,radbO,mdensity, ndensity,gecmmenn,nasedl
mdensity ,ndeneity,maess0

/fundeon/ pi,boltamnn,gravitat,gasconst

/ioflags/ iondie,iocsmom, iccoef, ionors
yiodepo,iomaes,ioradi, iomobi
yionggl ,iondie, iondie, iombal
yioindx,iompon, iocell,iogasp
yiotele,ioacon,ioflow

/iotapes, columne,ntaped,ntaped,ntaped
columne

/eeall/ areaclng,areawall areaflor
ytempelng, tempwall  teapflor
.volu.o.’cukr.to
yhydrdiam,eqvrough

lenkrate

/flow/ blflag,vbithick,dblthick(100)
yeddydies,ustar,reynoldes
blf{-'

chmout
chaout
chmout
chmout
chuout 6
collipte2
collpted
collpted
chmout 8
aerslco2
aerslcod
aerslcod
aerslcob
aerslcod
chmoutl10
gasprop2
gaspropd
Basprop4d
gasproph
gasprop8
gasprop?
chmout12
agglom 2
lom 8

e utld4
indexco2
indexcod
chmoutlé
coef 2
coef 3
chmout18
distrib2
chmout20
lognornm2
lognorn3d
lognorm4
chmout22
source 2
chmout24
timinge2
timinged
timinged
timingeb
chmout3s
toleran2?
chmout28
momented
momented
chmout30
fundecon?
chmout32
ioflage2
ioflaged
ioflages
ioflaged
foflagee
chmoutd4
iotapen2
iotapesd
chmoutds
cell 2
cell a
cell 4
cell &
cell 6
L}

2

a

4

e ww

chmoutd
flow
flow

flow
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logical firstgo
data firetgo/.true./

Rule-off page firet time round

LA R R R R R R R R R R L L R R

if(firstgo)then

if (columne.eq. BO)wrive(ntapeB ,f 0006)
tlgtgluan..oq.132)wr1to(ntnp00,l099)
en

Current time and mass balunce
LA A R R R R R R R R R R R R R R R

iffiretgo)balance0 = mdensitysvolume
balance = mdensitysvolume

+ smtore(necoll+l)
getore(ncoll+2)
gstore(ncoll+3)
gstore(ncoll+4)
gstore(ncoll+H)
~ balanceO
write(ntapeb,0000) istep,time, balance
write(ntape8 038)istep,time,balance

L I

Mass belances
R R RN R R

if(iombal .ne.O)then

if(mod(ietep,iombal) .eq.0)then

write(ntapes,9010)

write(ntapes , 0001 )mdensitysvolume,zstore(ncoll+1)
,estore(ncoll+2) ,setore(ncoll+a)

,sstore(ncoll+4) ,zstore(ncoll+s)
endif

endif

Sound alarm if t~o much mase at end collocation pcinte
LA AR R R A R R R R R R R R R R R A R R A R R A R R R R A R R R R R LR R R

if (ndensity ne.0.e0)then

fraction = setore(ncoll)*mase(ncoll)+dlogen/wdennity
if(fraction.gt.1.e~1)then

write(ntapeb,0018) fraction
write(ntape8 9018) fraction

endif

fraction = getore(l)+mass(l)+dlogen/mdensity
if (fraction.gt.1.e-1)then
write(ntapes ,0083) fraction
write(ntape8 , 0053) fraction

endif

endif

Sound alarm if too many particles at end collocation pointe
LR R R R R R R R R R R R R R R R R R R R R L R R R

if(ndensity ne.O.e0)then

fraction = setore(ncoll)edlogen/ndensity
if(freaction . gt.1 . e~1)then
write(ntapeb, 0064) fraction
write(ntape8 , 0084) fraction

endif

fraction = setore(l)+dlogem/ndenmity
if(freaction.gt.1.e-1)then
write(ntapeb,0085) fraction
write(ntapef QO068) fraction

endif

endif

SOURCE LISTING - 140 -

chmout40
chmout4l
chmout42
chmout43
chmout44d
chmout4db
chmout48
chmout4?
chmout4s
chmout4®
chmoutso
chmou’.61
chmoutb2
chmoutsd
chmoutbsq
chmoutbs
chmoutb6
chmouth?
chooutss
chmouts®
chmout80
chmout8)
chmout82
chmout83d
chmout84
chmout8s
chmout6s
chmout8?
chmout8s
chmout8®
chmout?70
~hmout?1
chmout?72
chmout?73
chmout?74
chmout?8
chopaut?8
chmout??7
chmout78
chmout?79
chmout80
chmout8l
chmout82
chmout83
chmout84
chmout88
chmout8s
chmoutB8?
chmoutBS
chmout89
chmout®O
chmout®1
chmout®2
chmout®3d
chmout®4
chmout®s
chmout®8
chmout®?
chmoutOR
chmout®®
chmoul 00
chmoulOl
chmoulO2
chwoul O3
chmoulO4
chmoul OB
chmoulO8
vhmoulO?
chmoulO8



mmean , massbO




e chmoul?8
c Element, number of collocation pointe ete. chmoul?®
c R A A chmoul BO
¢ chmoulBl
if(firetgo)then chmoul8?2
range = pupper/mlower chmoulB83
write(ntape8,h 9004) chmoul 84
writo(ntspoo.OOoa)nolc-ont.ncell,hwidth.np.cin..rsn.o chmoul 86
endif chmoul 88
e chmoul 87
c Indexing for production coefficients chmoul8s
c B AR chmoul 89
e chmoul 90
if(firetgo .and. icindx.ne.O)then chmoul 91
write(ntape8,h 9023) chmoul®2
vrito(ntnpo0,00ﬂ‘)(ib.r,hb.r-in(}b;r),kbsr-sx(jb.r).nkbnr(jbsr) chmoul93
yindex(jbar), jbar=jbarmin,ncoll-1) chmoul 94
endif chmoul®d
c chmoul®98
e Production coefficientn chmoul®?
e B A chmoul 08
c chmoul 99
if(firstgo .and. jiocoef.ne.O)then chmou200
if(columne.eq. BO)write(ntape8,8007) chmou201
if (columne.eq.132)write(ntaped,8007) chmou202
if (columne.eq. lO)wrlto(nt.po0.000l)(pijk(ind).1nd-1,indox(neoll))ch-ouﬂoa
if(eolu.nc.oq.llz)vrit.(nt.poﬁ.loox)(pijk(ind),ind-l.indon(neoll})chncuﬂO‘
endif chmou208
e chmou208
c Normalization chmou207
¢ Csesssnnnnses chnou208
c chmou209
if(firetge .and. ionorm.ne.O)then chmou210
if(columne.eq. BO)write(ntapes,PO08) chmoudll
if(columne.eq.132)write(ntapes,8008) chmou212
do 10 j=1,ncoll chmoul13
if (columne.eon. 80)write(ntaped ,9003) (k,njk(j, k), k=1,necoll) chmou214
1¢(colu-n..oq.llﬁ)vrito(nt.po.,looa)(k,njk(j,k).k-l,ncoll) chmou218
10 continue chmou218
endif chmoull?
[ chmou2ls
e Collocation pointe chmou219
< L e chmou220
e chmou221
if(firetge .and. iomass.ne.O)then chmou222
if(columne. . eq. 80)write(ntapes,008) chmou225
if(columne.eq.132)write(ntapes, 8008) chmould24
if(columne.eq. 80)write(ntapes,0003) (i ,mame (i), i=1,necoll) chmou226
if(colu-nc.oq.laa)writo(nt-poa,IOOS)(1.-‘--(1).t-l,ncoll) chmoul28
endif chmoud2?
e chmou238
3 Radii at the collocation pointse chooud29
c R e chmou230
c chmou23dl
if(firetgo .and. ioradi.ne.O)then chmou?32
if(columne. eq. 80)write(ntape8 9011) chmou233
if(columne.eq.132)write(ntapes,B8011) chmoudd4
if(columne.eq. B80)write(ntaped ,0003) (i,radiue(i), i=1,necoll) chmou238
il(eolu-no.oq.l!ﬂ)vrito(ntnpoﬁ.lOOl)(i.rudiuo(i).t-l,neoll) chmou238
endif chmou2a?
e chmoudds
e Tolerances chmou239
e SRR ssannn chmou240
e chmou241
if(fireteo .and. iotole.ne.O)then chmou242
write(ntuyef,0028) chmou243
'rtto(ntupo.,iozl)opc.otn,lotl.l.:c.ll..l.:xrya chmou244
endif chmoudeb
e chmou246
SOURCE LISTING - 142 -
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Aerosol physics data
R

if(firstgo .and. ioacon.ne.O)then
write(ntape8,0040)
write(ntape8,904i)cahpfetr,dehpfetr,stickef?
write (ntape8,9027)aknudweb, gknudweb, bknudweb
write(ntape8,9028)pdensity,pthrmcon
writ;(ntupo.,OO?O) brock,cmbrock,ctbrock
endi

Ce’'l data

LA A R B B2 2

if(iocell.ne.0O)then

if (mod(imtep,iocell).eq.0)then
write(ntape8,9042)

endif

endif

if(firetgo .and. iocell.ne.O)then
write(ntape8,9030)volume,leak .te

write (ntape®,9048) hydrdiam,eqvrough
vrit:(nt-poo.ooal)sro.clng,.ro.-s l,areaflor
endi

if(iccell.ne.0)then

if (nod(istep,iocell) . eq.0)then
write(ntape8,9032)tespcing, tempwall  tempflor
endif

endif

Gas data
L

if (iogmep.ne.0)then

if (mod(istep,iogasp) .eq.0)then
write(ntape8,9043)
writo(ntspc0,00ll)tc-p,pronu.voloeity
'rito(ntspoo.ﬂoal)gdonulty.dynvinc.-nfrpsth
if(firetgo)then
write(ntape8,9038)molwt,gthracon
write(ntapef ,00L1)molwty,diffusy
write(ntape8,0040) vmfrclng, vafrwall, ,vofrflor
'rito(ntlpoo.OOGO)“c.rcln.,vc.rvull,vcgr!lor
write(ntape8,9082)veonclng,veonwall,veonflor
endif

endif

endif

Flow data

‘A A LR R

if(ioflow.ne.0)then

if (mod(iwtep,ioflow) .eq.0)then
write(ntape8 K 9048)
write(ntape8 , Q0356)eddydins, ustar,vblthick
write(rtapef K 9047)

if(columne.eq. lO)vrito(ntupo0.000l)\i.dblthick(i),i-l,neoll)
1l(colu-n-.oq.laﬂ)writo(ntnpoe,looa)(i,dblthich(i).1-l.ncoll)

endif
endif

Mobilities at the collocation pointe

.‘..........‘........'......'..‘....

if(iomobi.ne.0)then
if(mod(imtep,iomobi) .eq.0)then
if(columne.eq. d40)write(ntaped, 9012)
tf(colunno,oq.ltﬂ)vrito(nttpol.OOlﬂ)
if

(columne.eq. lO)vrito(nt.poQ,OOOS)(i,nobility(i),inl,ncoll)
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chmou247
chmou248
chmou249
chmou280
chmou251
chmou262
chmou253
chmou264
chmoulbs
chmou268
chmou257
chmou2b8
chmou269
chmou280
chmou261
chmou282
chmou2863
chmou264
chmou288
chmou286
chmou287
chmou288
chmou289
chmou270
chmou2?1
chmoud?73
chmou273
chmou274
chmou2?8
chmou2?786
chmou2?7?
chmould?d
chmoul?9
chomoudB8O
chmoud8l
chmoud82
chmou283
chmou284
chmou286
chmou286
chmou287
chmou2B88
chmou289
chmou290
chmou2901
chmou2902
chmou203
chmou204
chmou208
chmoul96
chmoue?
chmou208
chmou299
chmou3d300
chaoud01
chmoud03
chmoud03
chmoud04
chmoul0s
chmoul086
chmoud0?
chmoul308
chmould0®
chmoud10
chmouldll
chmoudld
chaould13
cheoulld
chmoud1b

SOURCE LISTING




nanon

oono0

8

ooan

anon

001

SOURCE LISTING

ifﬁ::lusn..oq.llﬂ)ﬁrizo(ntopoe,looa)(S,-obility(S),l-l,ncoll)
en
endif

Deposition rates at the ceollocation pointe
LR R R R R

if(iodepo.ne.0) then

if(mod(istep,iodepo) .eq.0)then

write(ntape8 9018)

if(columne.eq. BO)write(ntape8 , 9013)
if(columne.eq.132)write(ntape8 B8013)

if(columne.eq. BO)write(ntape8 9003) (i ,deposrtf (i), i=1,ncoll)
if(columne . eq.132)write(ntapes B8003) (i, ,deposrtf (i), ,i=1,ncoll)
write(ntape8 , 9019)

if(columne.eq. BO)write(ntapef , 0013)
if(columne.eq.132)write(ntape8 8013)

if(columne.eq. 80)write(ntape8 , 0003) (i, ,deposrtw(i) , i=1,necoll)
if(columne.eq.132)write(ntapes , B8003) (i ,deposrtw(i),i=1 necoll)
write(ntape8,h 0020)

if(columne.eq. 80)write(ntape8,f 6013)

if(columne.eq. 132)write(ntape8 8013)

if(columne.eq. 80)write(ntape8, f003) (i,deposrte(i),i=1 , ncoll)
i!gc:luun-.oq.l!!)writo(nt.poc,tooa)(i.dopo-rtc(i).i-l.ncoll)
endi

endif

Agglomeration rates at the collocation points

LA AR A R R R AR AR R R R R R AR R R R R R R R R EEREEEEELEEREEERE:R]

if (ie l.ne.O)then

if(mod(ietep,ionggl) eq.0)then

if(columne.eq. 80)write(ntapes 9014)
if(columne.eq.132)write(ntape8 8014)

do 20 j=1,ncoll

1l(colu.no eq. 80)write(ntapes ,003) (k,agglomrt(j,k) , k=1,ncoll)
if(columne.eq.132)write(ntape8, lOOl)(k.n;glo-rt(j k) ,k=1,ncoll)
continue

endif

endif

Kill FIRSTGO flag & rule-off page

firstgo=.falee.
if(columne.eq. BO)write(ntape8 h 0089)

if(columne . eq.132)write(ntapes 8609)
return

Format statements
LA R R R BB R B R EREEEER]

format (1pBel2.4)
forsat ('Airborne aerosocl moments, . . '

+! .i:-. ’ s

¢ ¥ radbf0 ',

»? mdensity ',

+! ndensity ',

+! geonmean ',

»" nassb0 ')

format (B(id,1plel2.4))

format ('Collocation information.
+' nelement ',
+' neoll * s
! hwidth
0' spacing

r.nt

for.lt(a( 8, ‘n).l(lplolﬁ 4, 4:))
forvat (' Colloe.tion pointe...',/

al

'odx,
l“l
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chmou318
chmoudl?
chmou3dl8
chmould1®
chmoud20
chmoud21
chmoud22
chmoud23
chmoud24
chmould2s
chmoud2s
chmoud27?7
chmou3d2s
chmoud29
chmoud30
chmoud31l
chmoud3d2
chmoud3d3d
chmoud34
chmoud3s
chmouldle
chmoud3d?
chmou33s
chmoudd®
chmou340
chmoud4l
chmoud42
chmoud43
chmoul44
chmou345b
chmou346
chmould4?
chmou348
chmoud49®
chaoulsC
chaoudbl
chmou362
chmoudsad
chmoudbd
chmou3ss
chmoudse
chmoudsd?
chmoudss
chmouds9
chmould80
chmoudsl
chmou362
chmoudtd
chmou3ft4
chmoud8s
chmoud68
chmsoud®?
chmou36s
chmoud6d
chmoud70
chmoud?l
chmoud72
chmoyad?a
chmoud74
chmoud?8h
chmoud?86
chmoud??
chmould?s
chmould?®
chmoud80
chmoudBl
chmouds2
chmoudRa
chmoul3N4
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+' leakrate =',1plel2.4) chmoudbd
9031 format( chmoudbb
+' areacl =',1plel2.4, chmoudbs
+' mreawall =',61plel2.4, chmoudb?
+' areaflor =',1plel2.4) chmoudbs
9032 format( chmoudb®
+' tempelng =',1plel2.4, chmoud480
+! to.pv.lt =',1plel2.4, chmoudbl
+' tempflor =',lplel2.4) chmoud482
9033 format( chmoud83d
2w temp =',lplel2.4, chmoud464q
+! press =' l1plel2.4, chmoul88
+' wvelocity =',1plel2.4) chmoud8e
9034 format( chmoud8?
+' gdeneity =',1plel2.4, chmoud468
g dynvise =',1plel2.4, chwoudB®
+' mnfrpath =',1plel2.4) chmoud?0
9036 format( chmoud?1
+' eddydiss =',1plel2.4, chmoud4?2
+! ustar =',1plel2.4, chmoud?3
+' wvblthick =',1plel2.4) chmoud74
9038 format( chmoud?8s
‘! molwt =',1pleld. 4, chmoud?6
+' gthrmcon =',1plel2.4) chmoud??
9038 format( chmoud?8
+83('«"),/ chmoud?9
+'step no. = ',4i8,°’ time =',1plel2.4,"' mass check =',1plel2.4, /chmoud8O
+82('«") /) chmoud481
0039 format('Source number distribution...') chmouds2
0040 format('Aerceocl physice data...') chmoud483
9041 format( chmoud84
+' ecehpfetr =',1plel2.4, chmoud8s
+' dehpfetr =',1plel2.4, chmoud480
+' stickeff =',1plel12.4) chmoud8?
9042 “‘ormat('Cell data...’') chmoudB8s
9043 format('Gas data...') chmoudB8®
Q044 for..tg’Atrborno mass distribution...') chmoud®O
9048 format('Airborne number distribution...') chmoud®l
0048 format('Flow data...') chmoud92
0047 format('Diffusion boundary layer thickness...',/ chmoud®3d
+6(4x,"’ dblthick ')) chmoud®4
9048 format( chmoud9s
+' hydrdiam =',1pleld.4, choouds
+' eqvrough =',1plel2.4) chmoud®?
0049 format( chmoud9s
+' wvafrel =',1plel2.4, chmoud®®
+' vofrwall =',1plel2.4, chmsoub00
+' wvafrflor =',1plel2.4) chmoubOl
9080 format( chmoudO2
¢? vc‘relnt =' 1plel2.4, chmoubO3d
+' vegrwall =',1pleld. 4, chmoubO4
+' wvegrflor =',1pleld.4) chmoubOb
081 format( chmoubO8
. molwty =' ipleld. 4, chmoubO?
. diffuev =',1pleld.4) chmoubO8
0082 format( chwoubo®
+«' wveonel =',1pleld.4, ehmoub10
+' wveonwall =',1plel2. 4, chmoubll
+' wveonflor =',1pleld.4) chmoubid
V083 format{dx, ' ses CHARMOUT warning: the mass fraction in the', chmoubld
+' bottom bin is ',1pleld.4,' wew') chmoubld4
V064 format (4x,'ess ClAanUT warning: the number frection in the', chmoubls
+' top bin is ',1pleld.4,' seo') chmoubl s
Q088 format(4x,'ses C UT warning: the rumber fraction in the’', chmoubl?
+' bottom bin ie ',1pleld.4,' see') chmoubl®
0908 format(/,80('«"'),/) chmoubl®
8001 format(lplilel?2.4) chmoub20
8008 format(8(id4,1pleld. 4)) chwmoubal
8008 forwat('Collocation pointe...',/ chmoubaa
SOURCE LISTING - 146



+8(4x,’ mass )

format (

+'Production coefficients in indexing order...',/
+11(’ pijk ')

format ('Normalisation factors...',/
«8(4x,’ nik *%3

format('Radii at the collocation pointe...',/
+8(4x,’ radius '))

format ('Mobilities at the collocation pointe...',/

+8(ax,’ mobility '))

format (B(4x,’ dep.rate '})

format ('Agglomeration kernel...’',/
+8(4x,’ agg . rate '))

format (8 (4x,’ m-distr '))

format (8 (4x,’ n-distr '))

format ('Diffusion boundary layer thickneses...',/
“B(4x,’ dblthick '))

format(/,132('+"),/)

end
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chmoub23
chmoub24
chmoub28
chmoub2s
chmoub27
chmoub28
chmoub2®
chmoub30
chmoub31
chmoub32
chmoub33
chmoubdd
chmoubdb
chmoub3ds
chmoubad?
chmoub38
chmoub3d®
chmoub40
chmoub4l

SOURCE LISTING
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hl' b-' bt
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ok - 0%

Clm,t)
Cu

APPENDIX E - NOMENCLATURE

Parameters in Sit:z ki and Seinfeld’'s corrcction to the
Brownian agglomeration rate.

The cell cross-sectional area perpendicular to the flow.

The area exposed to aerosol of , respectively, the ceiling,
wall, floor and any one of these surfaces.

Dimensionless constants appearing in the Brock factor, Br, in
the expression for the thermophoresis deposition velozity.
The mobility of particles of any mass and those of nass =,
@, and o, respectively.

Tﬂe Brock factor in the expression for the thermophoretic
depnsition velocity.

The particle mobility according to Stoke's law.

The vapor concentration adjacent to, respectively, the
ceiling, wall, floor and any one of the surfaces.

The vapor concentration gradient adjacent to, respectively,
the ceiling, wall, floor and any one of these surfaces,

The number density distribution.

The Cunningham correction factor in the expression for the
particle mobility.

The hydraulic diaseter of the flow path - see Eq. §.

The integral which appears in the destruction term in the
discretized aerosol equation.

The diffusivity of steam in air at T,, and P_.

The vapor diffusivity in the gas.

The Fanning friction factor.

The molar fraction of vapor in the gas/vapor mixture adjacent
to, respectively, the ceiling, wall, floor and any one of
these surfaces.

Puchs' correction factor to the Brownian agglomeration rate.
The terms due to Fuchs, and Sitarski and Seinfeld which
appear in Fu.

The acceleration due to gravity.

The basic finite element.

The i", j“ and k*™® finite elements based on g(y). e.g. g (x)
= g( (x-x.)/h ).

The logarithmic spacing between successive collocation
points.

Indices with values in the range 1 to n. See under subscripts
below.

=4 - j and similarly for k.

Boltzmann's constant.
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COSWHE
CHARM
CHARMAGC
CHARMBLO
CHARMCOE
CHARMCOL
CHARMCFT
CHARMDAT
CHARMDEP
CHARMDIF
CHARMF AN
CHARMFE
CHARMFEO
CHARMFLO
CHARMFUN
CHARMCAS
CHARMHIS
Ch "MIN
CHARMIND
CHARMITH
CHARMLDR

APPENDIX F - INDEX OF SUBROUTINE AND FILE NAMES

36,46, 48,83° 84,117
40-4~ ,80°% 85,86
83%, 120

54,80 85,92
18,45-46,54,81° 85,102
81°, 08

41-42,51

22,42

51.83% 122
46-7,80,83% 8687, 126
46,83 119

81,829 108

84% 134

824 118

814,101}

82 113’

41,51
45,54,80% 85 04
45,81 09’

54,857 110'

41-42

4 subroutine description

! subroutine listing

CHARMMS0
CHARMMOB
CRARMMOM
CHARMNOR
CRARNOPL
CHARMOUT
CHARMP JK
CHARMRAD
CHARMRHS
CHARNSLN
CHARMUTE
CHARMWTH
CHARMZLN
DEBDF
GALSE
SSORT
ot

USe 0D1
USERMOD2
USERMODS

153 INDEX OF SUBROUTINE AND FILE NAMES

48 ,84°% 133’

83% 114

48 ,84° 87,131

82° 107}

41,51

48 ,51,80,84° 87,138’
81%,85,104

82° 108’

80,84% 85,120
54,80, 83% 85,125
54,80,82% 85,112
54,82% 11’

54,82%, 109
19,29,36,47, 46,83, 84°
45-46,49,81°

49,81°

23-24,36,40, 2,61,63
50,52

51-52

52
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