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ABSTRACT

A new model has been developed for predicting the rate at which
gaseous molecular iodine is absorbed by water sprays.. The model is a
quasi-steady state mass transfer model that includes the iodine hydroly-
sis reactions. The parameters of the model are spray drop size, initial
concentration of the gas and liquid phases, temperature, pressure, buff-
ered or unbuffered spray solution, spray flow rate, containment diameter
and drop fall height. The results of the model were studied under many
values of these parameters. Plots of concentration of iodine species in
the drop versus time have been produced by varying the initial gas phase
concentration of molecular iodine over the range of 1 x 1075 moles/liter
to 1 x 10710 moles/liter and a drop size of 1000 microns.

Results from the model are compared to results available from the
Containment Systems Experiments at Pacific Northwest Laboratory. The
difference between the model predictions and the experimental data
ranges from -120.5% to 68.0%7 with the closest agreement 7.7%. The new
spray model is also compared to previously existing spray models. At
high concentratioqs of'gaseous molecular iodine, the new spray model is
considered to be less accurate but at low concentrations, the new model
predicts results that are closer to the experimental data. Inclusion of
the iodine hydrolysis reactions is shown to be a feature important to a
model intended for determining the removal of molecular iodine over a

wide range of conditions.
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CHAPTER I
BACKGROUND

1. Iodine and Nuclear Reactor Accidents

Radioactive isotopes of iodine are produced in abundance within the
reactor cores of nuclear power plants. Much concern has been placed on
the possible release into the atmosphere of radioactive iodine under ac-
cident conditions. Iodine can be inhaled or ingested and 1is quickly ab-
sorbed into the bloodstream. Once in the body, iodine concentrates pre-
ferentially in the thyroid gland, which is apﬁarently the only tissue in
the human body that uses iodine.! As a result, the radiation dose to
the thyroid is likely to exceed by far the dose to the rest of the body
and 1s likely to affect more individuals than any other health effect
from a nuclear reactor accident.!

In a nuclear reactor, fissionable isotopes such as uranium-235 and
plutonium-239 interact with neutrons resulting in a release of energy
and the formation of fission product fragments. As can be seen in Fig-
ure 1, iodine (atomic number 53; mass numbers from 125 to 133) is an
abundant fission product, and iodine can exist in a number of radioac-
tive states; the most important is iodine-131. Radioactive iodine emits
beta particles and gamma photons that can cause severe health effects.

There are several basic types of nuclear power plant designs. One
classification (the most important in the United States) is the light
water reactor. The two different types of light water reactors are

pressurized water reactors (PWRs) and boiling water reactors (BWRs). In
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PWRs, the pressurized cooling water is not allowed to boil in the re-
actor core, but BWRs operate at lower pressure and have a different core
design which allows the water boil. Power generation systems for both
of these reactors are similar to those in other thermal electrical
generating plants. Heat is produced and is used to generate steam which
turns the turbine to generate electricity. In the case of a nuclear re-
actor, heat 1s produced by the fission process.

One serious accident sequence postulated that could result in re-
lease of iodine into the atmosphere is a "loss of coolant accident.”
For example, in the design basis accident sequence for a boiling water
reactor, the recirculation system piping connected to the reactor vessel
is presumed to break on the suction side of the pump, (see Figure 2) and
it is assumed that the emergency cooling water systems do not func-
tion. The reactor control rods would be inserted to shut down the re-
actor, but heat would still be produced, due to decay of radionuclides
in the reactor (decay heat), at an initial rate equivalent to approx-
imately 77 of the normal operating power. The decay heat generation
rate slowly decreases with time after reactor shutdown, but enough heat
would be produced in the short term to boil off the water and expose the
fuel rods to air. Without restoration of core cooling water systems,
the fuel rods would eventually overheat and fracture, releasing the
fission products. The fission products have a pathway into the primary
containment (drywell) via the fractured cooling water pipe. The

pressure in the drywell would increase and eventually the primary
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containment would fail. The fission products would then be able to
escape into the secondary containment or reactor building and from there
into the outside atmosphere and expose the environment to radioactive
iodine.

To minimize the release of radioactive iodine to the environment
under the conditions of the design basis accident, all light water reac-
tors have a containment water spray system. The spray systems are lo-
cated outside of the reactor vessel and inside the primary containment
for both PWR and BWR designs. Figure 3 shows the location of the con-
tainment sprays for the BWR Mark I containment design.3 The purposes of
the spray systems are to remove the heat and thereby lower the pressure
within the primary containment and to remove airborne fission pro-
ducts. As indicated, the BWR spray systems employ ordinary water taken
from the pressure suppression pool. Models that predict the rate of
iodine removal by the containment sprays are necessary for rational
design of spray systems and for predicting the behavior of existing

spray systems under accident conditions.

2. Existing Spray Models

In the past, most PWR containment spray systems used an aqueous so-
dium-thiosulfate solution. The reaction that occurs between sodium-

thiosulfate and iodine is:
2NapS,03 + I —> 2Nal + NapS,0¢ (1)

This reaction is very fast, essentially instantaneous. However, sodium-
thiosulfate has been found to be unstable in a radioactive atmosphere,

breaking down into colloidal sulfur which is highly corrosive to ferrous
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metals. Because of this problem, sodium-thiosulfate solutions are no
longer used.

The spray solutions now used for PWR spray systems are, for the
most part, sodium hydroxide-boric acid solutions, while ordinary water
is used in BWR spray systems. The chemical reactions that occur in
these solutions are not as fast as the reactions for sodium-
thiosulfate. The existing model* for the removal rate of iodine is

first order and can be expressed by:

£=c, (2)
where

C = concentration of iodine in the gas phase,

t = time,

A = washout rate constant.
Integrating:

cC=¢, exp(-At) (3)

where Co is the initial iodine concentration.

The washout rate constant 1s defined as:
A FPE

= v ’ (4)
where
F = spray flow rate,
Cy
P == iodine partition coefficient for iodine between water and
g
air (related to Henry's coefficient),
V = containment volume, and
E = removal efficiency.



The removal efficiency is defined as:

6NSh2exp(—g2 9)
E=1-— % for a stagnant drop model , (5)

2(,2 =
an(an + NSh(NSh 1))

[ ekt
E =1—exp|— g = for a stagnant film model , (6)
d(P + kg/kl)

[ 6 k_t
E =1-— exp|— —a—gp—e-]for a well-mixed model , (7)
L
and
6k h
E=—= fora gas phase controlling resistance model . (8)
P vgd

In these equations,

gas film mass transfer coefficient,

~
0Q
]

k] = 1liquid film mass transfer coefficient without reaction,
t, = drop exposure time,
d = drop diameter,
Ng, = kgd/(2 PC D1),
D) = 1liquid diffusion coefficient,
¢ = 4D1 t./d?,
a, = nth root of ancot(an) + (Nsh—l) =0,

h = drop fall height, and

v

g terminal settling velocity of the drop.

Equations 4 and 8 result in a washout rate constant:

6 k Fh

A WieRees (9
g



Using this equation for the removal rate constant, the equation for the
concentration in the gas is:

-6k Fht

¢ v G, exp)esfomy—1s ()

g
The property P is referred to as an "effective"” partition coef-
ficient because it relates the total concentration of species containing

iodine, I, in the liquid to the gas phase at the interface. The

"effective” partition coefficient for aqueous iodine is defined as:

[I, (1iquid)] + [I(reacted)]
S (12 (gas)] ' (o

where the square brackets represent the concentration of the species.

A model often used today referred to as the "realistic” model“ is
the well-mixed drop model with a partition coefficient of 100,000; this
appears to give satisfactory results (see Figure 4 for comparison to ex-~
isting data). The major problems with the "realistic"” model are that it
does not describe the iodine hydrolysis reactions, it does not deal with
the liquid phase concentration, and it uses an effective partition coef-
ficient. The effective partition coefficient is that it lumps the
effects of the reactions into a single constant. The effects of the
kinetics on the rate of mass transfer, under all conditions, are not
constant (see Chapter 3). The temperature of the spray solution, the
initial concentration of the spray solution, the pH of the spray
solution, and the contact time of the individual drops all will signifi-
cantly affect the rate of mass transfer. Therefore, a different effec-

tive partition coefficient is required for each condition which might
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exist. For these reasons, the "realistic” model will predict the same
removal rate for an initial concentration in the liquid of moleclar
iodine of zero and for an initial concentration in the liquid near
equilibrium.

The best available experimental results that might be used in an
effort to judge the efficacy of the "realistic” model are the reuslts
obtained in the Containment Systems Experiments (CSE) which are
discussed in Chapter 7.° Briefly, these experiments are large scale
containment system tests in which one of the goals of the tests was to
determine the rate of removal of gaseous molecular iodine by water
sprays. Some of the experimental runs used recirculatory sprays. For
example, the third spray period for CSE experiment A-4 is for a recir-
culatory spray. The data show desorption of iodine from the spray
solution. The so-called "realistic” model would predict that iodine is
still being removed from the gas phase.

The objectives of this work are to develop a new model for the ab-
sorption of gaseous molecular iodine by water droplets which includes
the iodine hydrolysis reactions and to determine if and under what con-
ditions,the iodine hydrolysis reactions influence the rate of mass
transfer. The parameters of the model are the initial gas phase concen-
tration of molecular iodine, the initial concentration of the iodine
species in the liquid (including pH), the gas phase temperature, the
liquid phase temperature, the pressure, the diameter of the droplets,
the spray flow rate, the spray time, the containment diameter and the

containment height (drop fall height).
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CHAPTER II
MASS TRANSFER
l. General Mass Transfer with Reaction

Mass transfer between two phases occurs because of a chemical po-
tential driving force between the bulk of each phase aﬁd the inter-
face.® When the chemical potential driving force 1is greater in the gas
phase than in the liquid phase (see Figure 5), the component being
absorbed diffuses through the gas film to the interface of the drop
where equilibrium is achieved. This phenomena is usually referred to as
the "gas-film resistance”, which suggests a stagnant gas film of finite
thickness through which the soluble gas is transferred by molecular dif-
fusion.” The transferring species then diffuses from the liquid inter-
phase to the bulk of the liquid. A concentration gradient exists in the
liquid phase, just as in the gas phase, and this is referred to as the
"liquid-film resistance”, suggesting a stagnant liquid film of finite
thickness at the interface. The bulk liquid may be completely mixed and
thus have a uniform concentration, or it might be stagnant with the con-
centration of the transferring species decreasing as the distance from
the interface increases, or the bulk liquid could be partially mixed.
When chemical reactions occur in the bulk liquid, the concentration of
the diffusing species can be reduced (or even eliminated) by the reac-
tions. This can give a higher driving force due to the lower concentra-

tion of the transferring species in the bulk liquid.

12
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Complications can occur when determining the effect of the chemical
reactions on the mass transfer rate. As the transferring species dif-
fuses through the liquid, that species is partially or possibly totally
removed from the liquid by the chemical reactions. The rate of mass
transfer may be increased further because the concentration gradient
driving force at the interface becomes steeper (see Astarita® or
Dankwerts’ for more details). On the other hand, if the reaction in the
liquid occurs very slowly, it might not affect the rate of mass trans-
fer. A fast reaction in the liquid will increase the rate of mass
transfer to a greater extent by removing the diffusing species from
within the liquid film. A inétantaneous reaction that occurs on the
surface completely eliminates the contribution of the liquid phase to
the rate of mass transfer.

The unsteady-state differential equation for diffusion with simul-

taneous reaction of the diffusing species 1s:6
D A3C = u+VC + 3C/ot + R . (12)
These terms represent the relation

molecular transport = convection + accumulation + reaction rate,

where
2 2 2
A, = Laplacian operator = 32/3x), + 32/3x, + 32/3x3 ,
V = Nabla operator = g; 3/9x; + 0, 3/9x, + o3 9/3x3 ',
u = velocity <vector>,
C = concentration of the diffusing species,
t = time, and

R = reaction rate.

14



For the penetration theory in one-dimension in spherical coordinates,
this equation reduces to:®

D1[§+%-a£]—-g—%+R. (13)
Where r is the distance from the outer radius of the drop.
For the film theory (which assumes steady state in the film) in one-

dimension, the unsteady-state diffusion equation reduces to

2¢ |
afZe.2ie. 1o

These equations can be solved analytically for simple kinetics. In
general, the solution involves solving a series of differential equa-
tions for all species present.’ For the complex differential equations
resulting from the iodine hydrolysis reactions (see Chapter 3), an anal-
ytical solution for the unsteady-state diffusion equation with reaction

is not possible, and a numerical solution is required.
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2. Overall Mass Transfer Resistance for Iodine
Absorption into Water Droplets

When mass transfer occurs between two phases, the resistance to
diffusion of both phases will influence the rate of mass transfer. If
one phase's contribution to the overall resistance is much smaller than
the contribution of the other phase, the effect of the phase, with the
smaller resistance, may be ignored because it will not significantly
affect the overall rate of mass transfer. The overall mass transfer
resistance is the sum of the two resistances. For a soluble gas

transported across both films, one can write for a completely mixed

drop:8
= — = 0 —_—
M =k (B =iCyd 5 49 16~ 0;) (15)
where
M, = rate of mass transfer,
kg = gas—-side mass transfer coefficient,

ki = liquid-side mass transfer coefficient with no reactions,
C, = concentration in the bulk gas,

C_; = concentration in the gas at the interface,

C, = concentration in the bulk liquid,

Cyjy = concentration in the liquid at the interface.

Using a partition coefficient P = Cli/Cgi:

= — = o ——
IR kg(cg cgi) k, (P Cgi c) (16)
Solving for Cgi:
0
kg (Cg —-Cgi) = k1 (p Cgi-— Cl) (17)

16



[o]
0, + ke
gl 4%

g 1

c " (18)

Substituting into Equation 16, one obtains:

(P Cg —-Cl)
M = = = (P cC —-C ) (19)
Ton/ad) + e/ ] ov 7 % T
g
where
Ky = i, o

1/k] + P/k,
where K;, ., 1s the overall liquid-side mass transfgr coefficient.

To estimate the relative contribution of the individual resistances
(for the case of completely mixed bulk liquid and no chemical reac-
tions), one can calculate the overall mass transfer coefficient and
compare with the reciprocal of the individual gas and liquid mass
transfer coefficients. (See Chapter 4, DROP MODEL, for calculation
equations for mass transfer coefficients.) At 25°C:

k, = 10.75 cm/sec,

g
o
kl = 0.25 cm/sec,
P = 86&8,
11 86.8
= +
Kl 0.25 10:75 ?
ov
Kioy = 0.0826 cm/sec.

This indicates that there is significant resistance to mass trans-
fer in both phases when no reactions occur. The chemical reactions that
occur in the liquid (see Chapter 3, AQUEOUS IODINE CHEMISTRY) will tend

to decrease the significance of the liquid phase.
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CHAPTER III

AQUEOUS IODINE CHEMISTRY

The chemistry of aqueous iodine has been studied in depth by Bell,?
Sellers,!0 and Eigen.ll The true reaction mechanisms of iodine and
water are not known. The following reactions involving iodine and water

are the best equation available for a mass transfer with reaction

model:?
k)
1) I2 + H0 2 HOL + I” + HY , (21)
ko
kao, k2 - _ N
2) 3HOI e 103 + 21~ + 3ut , (22)
Lz -
k3
3) 41 + 02 + 4HY + 21, + 2H20 , (23)
ky
4) Ip+ 12 I3 , (24)
k_y
kg
5) HOI 2 gt + or" , (25)
ks
kg
6) H20 2 g + OH™ . (26)
k_g

Note that this treatment essentially considers iodine hydrolyses as a
two step mechanism given by equations 21 and 22. The othgr equations
give terms related to this assumed two step process.

The kinetic rate equations developed for the chemical equations

above are:

18



d[I]1/dt = =k [I3] + k3 [I"1[HOI][H*] + 0.5 k3[H*][0,][17] -
27
—ky [I2][1I7] ,
d[17]/dt = ky[I5] — k= [I7][HOI][H*] + (2/3) kyq[HOI)?
+ (2/3) kpp [HOI][0I7] — 2 k—, [I03][I7]2[H*])2 (28)
— k3 [H¥][0,][I7] — ky[Io]([I7) ,
d[HOI]/dt = k; [Ip] — k-y[I"][HOI][H*] — kpq [HOI]2
(29)
— k1 [HOI][OI] + 3 k., [103][I"]2[Ht)2
d[103]/dt = (1/3) koo[HOI]Z + (1/3) kpj[HOI][OIT] :
30)
— k_,[103]1[17)2[H*)2 ,
d[I3]/dt = ky [T, ][I7] — ko [I3] + k3 [HF][0,][I7] , (31)
d[H+]/dt = k1[12] — k_l[I_] [HOI][H+] + kzo[HOI]z
+ kp; [HOI][0I"] — 3 k_,[103][1I"]2[Ht]2 (32)

— k3 [H*][0][I7] .

The stoichiometry of Equations 21 through 26 are not represented in the
Equations 27 through 31 because Equations 27 through 31 are derived from
experimental observations.? Equation 32 was derived by incorporating
the individual rate expressions used by Bell.®

The first reaction has been assigned a pseudo first order rate
constant for the forward reaction and a third order rate constant has
been assigned to the reverse reaction. This reaction is fast and comes
to equilibrium in a few seconds (see Table 1 for rate constants). There
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Table 1. Values of rate of
equilibrium constants

(Bell?)
Conatant Tempsrature Value
(°c)
k14 20 3 s-1
k-1 20 4ob x 1012 M2 571
k20 25 250 M1 571
k21 25 120 M1 571
k-2 25 3 x 108 M™* 571
k3 -~ 25 3.475 x 107 M2 571
ku 25 3 x 106 M1 571
k=t 25 4 x 103 s71
Ky 25 736
K5 25 2.3 x 1011
Ks 25 1.006 x 10~1%

QThe value of k1 was calculated by Eigen
and Kustin,11 who assumed that K1 = 6.8 x
10-13 M2,
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is a pH dependency since hydrogen ions (H+) are formed and the extent of
the reaction varies greatly with the pH of the solution. The existence
of hypoiodous acid, HOI, has not been proven; however, HOI is thought to
be formed.®

The second reaction has been assigned a two term rate equation in
which both expressions have a second order rate constant for the forward
reaction and a fifth order rate constant for the reverse reaction. The
second reaction is much slower than the first reaction and comes to
equilibrium in a period of time varying from approximately fifteen sec-
onds to well over one year depending on the pH. As in the first reac-
tion, the higher the pH, the faster the reaction rate.

The third reaction is irreversible. The concentration of oxygen is
assumed to be constant and is related to the concentration of oxygen in
the gas by a Henry's coefficient. A pseudo second order rate constant
kp3, can then be assigned to this reaction:?

kp, = k3 [02] (33)
In this third reaction, molecular iodine is a product, and the reaction
is also pH dependent. :At a low pH, the equilibrium shifts to the right,
resulting in the production of more molecular iodine. But the produc-
tion of molecular iodine by this reaction is small. Therefore, the
third reaction also produces more beneficial effects, at a high pH, by
producing molecular iodine than at a low pH.

Reaction four involves the formation of tri-iodide. This reaction

is very important because it is essentially instantaneous and removes

21



molecular iodine from the solution. A second order rate constant is as-
signed to the forward regction and. a first order rate constant is as-
signed to the reverse reaction.?

Reaction five 1is the dissociation of hypoiodous acid, and reaction
six is the dissociation of water. Both reaction five and six are essen-
tially instantaneous.

The most important reactions are the first and the fourth reac-
tions. Both of these reactions remove molecular iodine from the solu-
tion, and by lowering the concentration of molecular iodine, the con-
centration driving force for mass transfer increases.

The most important species besides molecular iodine is the hydrogen
ion concentration. Overall, the removal of molecular iodine from solu-
tion is increased when the pH of the solution is high and is decreased
when the pH is low. All of the reactions except reaction four contain
terms involving the hydrogen ion concentration.

At a high pH, the combined result of all reactions is to deplete
the concentration of molecular iodine in solution. As a result, the
concentration driving force for mass transfer is increased, and the mass
transfer rate is increased. It 1is also very desirable to have the pH
buffered because sufficient hydrogen ions are produced that otherwise
would cause the pH to drop very quickly to a point where the reactions
would essentially stop.

Little information is available concerning the temperature depen-
dencies of these reactions. For reactions 1 through 3, no experimental

information is available for the temperature dependencies. The
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temperature dependence upon the equilibrium constants for reactions 4

through 6 are:9

Ln Ky = 3727.86/T - 11.6326 + 0.0192212 T (34)
Log K5 = 2800.48 + 0.7335 T - 80670./T -1115.1 (Log T) (35)
Log Kg = =4.098 =3245.2/T + 2.2367 x 105/T2 - 3.984 x 107/T3  (36)

+ (13.957 - 1262.3/T + 8.5641 x 105/T?) Log DENLIQ
where DENLIQ, the density of water which was derived by a numerical fit
to experimental data 17 is given by:

DENLIQ = 6.0251147 x 1079 T3 -9.1329064 x 1076 T2
+ 3.573572 x 1073 T + 5.835882 x 10~! , and e

T = temperature, K.

A numerical model which simulates the iodine hydrolysis reactions
has been developed (see Appendix B). The model uses a Runge-Kutta-
Felhburg (RKF) algorithm!2 which numerically integrates the kinetic rate
equations 27 through 32 as a function of time. Figure 6 shows the algo-
rithm for the kinetic model. Inputs to the model are:

1) temperature of the solution,

2) 1initial concentration of all species in the solution,

3) whether buffered or unbuffered (see Appendix A, Numerical Tech-
nique), and

4) simulation time.

Output from the model produces one file and one plot. File FOR50.DAT

contains the concentration of all species as a function of time (see
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INPUTS:
TEMPL, WOLD(1), WOLD(2), WOLD(3),
WOLD(4), WOLD(5), WOLD(6), WOLD(7),
A, 8, HMIN, HMAX, IN, TOLER.

DETERMINE THE CHANGE IN THE CONCEN—

DETERMINE NEW
STEP SIZE
(LARGER)

NO

STOP

> TRATION OF EACH {ODINE HYDROLYSIS
SPECIES, ACCORDING TO THE REACTIONS.

A

ORNL-DWG 84—6609 ETD

UPDATE
SPECIES

REJECT

DETERMINE NEW
STEP SIZE
(SMALLER)

\

CONCEN-
TRATION

Figure 6. Kinetic Model Flowsheet.
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Appendix B for a sample output). This file is used to make a plot of
concentration of all species in the liquid versus time.

Figures 7 through 15 show the chemical kinetics as a function of
time for initial concentrations of molecular iodine of 1.0 x 1073 to
1.0 x 10710 moles/liter and the initial concentration of the other
species were zero. These plots were produced by numerically integrating
the iodine hydrolysis reactions (see Appendix A for a description of the
numerical technique). The fifteen-second time scale was chosen as the
maximum drop lifetime because fifteen-seconds is the maximum time a drop
would experience in a containment safety spray system (for longer
reaction times see Reference 9).

These plots show that the concentration of molecular iodine
decreases as the conversion of molecular iodine increases. For example,
with an initial concentration of molecular iodine of 1 x 10~3 moles/
liter and with a buffered pH of 9.0, Figure 7a, the equilibrium concen-
tration of molecular iodine is by a factor of approximately five less
than the initial concentration. At an initial concentration of mole-
cular iodine of 1 x 10710 moles/liter and a buffered pH of 9.9, Figure
l4a, the equilibrium concentration of molecular iodine is almost seven
orders of magnitude less than the initial concentration. The leveling-
off of the change in the concentration of molecular iodine that occurs
before 5 secondsiis due mainly to the equilibration of the first
reaction. The effects of the second reaction are not as obvious, but
after the plateau has occurred, the concentration of moleéular iodine is

still dropping and the concentration of iodide, I, 1s increasing due to
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the second reaction. The second reaction equilibrates very slowly and
this equilibrium is shown in the figures provided by Reference 9.

In Figures 7 through 14, part a is for a buffered pH of 9 in the
liquid while part b presents the results for a buffered pH of 7. Com-
paring the two parts, the conversion of molecular iodine for the same
initial concentration is much greater for the pH 9 solutions than for
the pH 7 solutions. For a pH of 7 and a high concentration of molecular
iodine (above 1.0 x 10~7 moles/liter), the fraction of molecular iodine
conversed is small but as the initial concentration of molecular iodine
decreases, the conversion of molecular iodine increases. At an initial
concentration of molecular iodine of 1.0 x 10710 moles/liter, the
concentration of molecular iodine, at equilibrium, decreases by five
orders of magnitude for a buffered pH of 7.0 as opposed to a decrease of
7 orders of magnitude for a buffered pH of 9.0.

Figure 15 represents results calculated for an unbuffered solution
of pH 9.5 and an initial concentration of molecular iodine of 1.0 x
10~® moles/liter. The plotted results show quite clearly the effects of
the enormous quantity of hydrogen ions produced, such that the pH very
quickly drops frém its initial value to a pH of approximately 6, and the
reactions essentially cease.

A few important conclusions can be drawn from observing the plots
of the iodine hydrolysis reactions and considering their effects on the
rate of mass transfer:

1) For a solution that is buffered at a high pH, the reactions greatly

increase the rate of mass transfer by decreasing the concentration
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2)

3)

of molecular iodine in the liquid. This increases the concentra-
tion driving force for mass transfer, thereby increasing the over-
all rate of mass transfer.

For a solution that is buffered at a low pH, the ;eactions will
also increase the rate of mass transfer, but the increase will be
much less than for a buffered high pH.

For a solution that is unbuffered at essentially any pH, the pH
will almost immediately drop to a value at which reactions cease,
and the reactions, therefore, will not have any substantial further

effect on the rate of mass transfer.
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CHAPTER IV
DROP MODEL

The drop model simulates a single droplet suspended in a gas con-
taining molecular iodine for a specified amount of time. This model is
used to calculate the rate of mass transfer for one drop and the concen-
tration in the drop as a function of time. Water drops falling in air
are essentially stagnant (non-circulating) if their diameter 1is less
than 30 microns.l3 Drops greater than 1000 microns are significantly
non-spherical, and drops break-up before they reach a diameter of 10,000
microns.!l3 Safety spray systems in nuclear reactors have droplet mass
medium diameters ranging from 700 microns to 1500 microns.> According
to Clift!3 these drops are in the diameter range of non-spherical drops,
with the bulk of the drop well mixed. Thus an approach was chosen such
that the assumptions for the drop model are:

1) each drop has a completely mixed bulk liquid,

2) resistance to mass transfer in both the gas phase and the liquid
phase,

3) molecular iodine (I2) is the only species which transfers in or out
of the drop,

4) reactions occur in the bulk of the liquid,

5) drops always fall at their terminal velocity,

6) the drop has a constant surface area and constant volume at all
times,

7) the gas phase concentration i1s always constant (quasi-steady

state), and
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8) there is no transfer of heat or water between the drop and the gas
phase.

The assumption of no heat transfer is made to make the model
reflects only the mass transfer and the iodine hydrolysis reactions.
Heat transfer will occur if there exists a temperature difference
between the gas and liquid phases. Heat transfer would be important
under certain conditions but consideration of it would add unnecessary
complications to a completely new approach. If the results of this new
approach are reasonable, then the addition of heat transfer models is
the logical next step.

The drop is composed of water which may be unbuffered or buffered
with a solution such as H2B03 and NaOH. The presence of these solutions
would not change the iodine hydrolysis reactions. The gas phase is
assumed to be a mixture of air and molecular iodine (I2). A two re-
sistance model is used for the mass transfer rate:8

M
r

kg (cg - Cgi) (38)

_ 1,0
where

M, = rate of reaction,

kg = gas phase mass transfer coefficient,
ki = liquid phase mass transfer coefficient without reaction,
Cg = concentration of molecular iodine in the gas phase,

Cgi = concentration of the transferring species (molecular iodine)
in the gas phase at the gas-liquid interphase,

Cy = concentration of the transferring species in the liquid
phase,
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Cli = concentration of the transferring species in the liquid phase
at the gas liquid interphase.
Using an overall mass transfer coefficient, the mass transfer rate
may be written as:

*
M = Klov (¢, —Cyp) (40)

Kiov = the overall mass transfer coefficient based on the liquid

phase,
CT = the equilibrium concentration of the transferring species
corresponding to the interphase liquid-phase concentration,
Cy = the concentration of the transferring species in the bulk
liquid,
and
Kl =1_o+-£_ (41)
lov kl g

where PC is the partition coefficient (related to a Henry's coeffi-
cient).

The gas phase mass transfer coefficient is determined by a correla-
tion given by Cliftl3 for drops in free fall in airnand Qith diameter

greater than 300 microns:

kg(Sc)2/3 - 0.83(8p/0g) /Mgt /Mt 271 (42)
where
kg = gas phase mass transfer coefficient,
Sc = Schmidt number, Sc = A/Dg,
v = kinematic viscosity, v = ug/og 5
ug = viscosity of the gas,
pg = density of the gas,
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D, = diffusion coefficient,

Ap = density of the liquid phase minus the density of the gas
phase,

p = density of the gas phase,

g = acceleration of gravity, and

d = drop diameter.

This equation can be rearranged as:

kg = 0.83 (b0/og) /g (oghug) /o0 2a7M/ (43)

The diffusion coefficient is estimated by a binary gas system of
air and molecular iodine. The mutual diffusion coefficient for a binary
gas at low pressure is:l%

_ 0.001858T3/2(1/Ma+1/Mb)1/2

D
2
P Pab 24

g cm/sec (44)

where
Dg = mutual diffusion coefficient for a binary gas,
T = temperature,
Ma = molecular weight of component a,
Mb = molecular weight of component b,

p = pressure, atm

0,p = Lennard-Jones force constant for the binary mixture, and

Qq = collision integral.

There are very few successful attempts to correlate the inside the
drop liquid phase mass transfer coefficient. This lack of correlations

could be due to the inconsistant experimental results caused by surface

impurties and other experimental problems. For this study, the liquid
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phase mass transfer coefficient is approximated by using concepts
Higbies penetration theory.
The liquid phase mass transfer coefficient is determined by Higbies

penetration theory which leads to the following equation for droplets:®

k] = (4 Dy/m t*)1/2 (45)
where

t* = gas-liquid element contact time [for a falling liquid drop in

a gas phase: t* = d/u (assumed)],

d = drop diameter,

u = velocity of drop,

m = 3.1415..., and

D, = liquid diffusion coefficient.

Higbies penetration theory was first applied to the liquid phase
mass transfer coefficients between gas bubbles and bulk water for short
periods of time. As a water drop falls through air, the water inside
the drop circulates causing continual renewing of the surface. Garner
and LanelS have observed circulation within a drop as it falls in a
gas. Previously reported studiesl®>17 have shown appreciably greater
absorption rates of a gas by water drops than predicted by theoretical
rates of mass transfer in stagnant drops; the difference due to circu-
lation within the drops. The experimental results of Garner and Lanel3
for CO2 absorption from a gas into liquid water drops agree reasonably
well within the values used in this study based upon the Higbies pene-
tration theory. The penetration theory is only one approach for visual-
izing the mass transfer resistance in a liquid film. Other theories or
correlations could be used which would give slightly different values
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for use in these models, but the liquid side coefficients used in this
study are believed to be approximately correct and representative of
values observed experimentally under similar conditions.

The 1liquid phase diffusion coefficient is determined by Wilke and
Chang:l%

By

]

7.14 x 1078 [(eM)1/2 T/u v,0-6] (46)
where
D1 = 1liquid diffusion coefficient,
Vp = 71.2 for molecular iodine,
T = temperature,
Mg = 18.015,
¢ = 2.26, and
My = viscosity of the liquid.
Making these substitution, the liquid diffusion coefficient is
Dy = 3.653 x 1078[T/u,] . (47)
The partition coefficient is determined by a fourth order numerical
fit to the data presented in Table 2,18

Table 2. Partition coefficient of molecular
iodine as a function of temperature

Temperature Molecular lodine Partition

(K) Coefficient
292 108.

325 29.7

359 11.6

365 10.9

424 5.1

The fourth order numerical fit to this data results in:
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P = 9.98147 x 10~7 T — 1.5730121 x 10~3 T3 + 9.2785676
x 107! T2 — 2.4288388 x 102 T + 2.3824847 x 10* “®
where T is the absolute temperature, K.
The density, DENGAS, and the viscosity, VISGAS, of the gas phase

are determined by a fourth order numerical fit to experimental datal®

for air. The fourth order fit for the density of the gas 1is:

DENGAS = 8.2892005 x 10~16 T* — 4.2656962 x 10~12 T3
+ 8.0228283 x 1079 T2 — 6.8325529 x 1076 T (49)
+ 2.6129391 x 1073 gm/cc ,
where T 1s in K. The viscosity of the gas in centipoise 1s expressed
by:

VISGAS = -2.8713193 x 10715 T* + 1.6909463 x 10~!1 T3

— 4.015468 x 1078 T2 + 6.5679429 x 105 T (50)
+ 1.9523691 x 1073 ,
where T is in K.

The viscosity of the liquid, VISLIQ, is determined by a fourth
order numerical fit to experimental data for water.20 The expression
for the viscosity in centipoise is:

VISLIQ = 1.8662866 x 10~8 T* — 2.633395 x 1075 T3
+ 1.3970607 x 1072 T2 — 3.3074806 T (51)
+ 2.9558666 x 102 ,
where T is in K.

The density of the liquid, DENLIQ, is determined by a third order
fit to experimental data for water.20 The numerical fit results in

DENLIQ = 6.0251147 x 1079 T3 — 9,1329604 x 1076 T2

(52)
+ 3.573572 x 103 T + 5.835882 x 10~! gm/cc ,
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where T is in K.
The Reynolds number of the drop is determined by a correlation by

Clift.!3 The first step is:

2
]

4p A d3/3u 2 5
P e 8 /ug (53)

Np = "Best Number"” (3ND/4 is called Galileo number or Archimedes
number),
p_ = density of the gas,

(density of the liquid — density of the gas),

> g
©
]

g = acceleration of gravity,
d = diameter of the drop, and

viscosity of the gas.

Hg

The Reynolds number can then be calculated by:

Logy(Ng,) = -1.81391 + 1.34671 Logyq Nj — 0.12427 (Log)oNp)?
(54)
+ 0.006344 (LogyoNp)3 ,

where NRe is the drop Reynolds number .
The terminal velocity, TRMVEL, can then be determined from the drop

Reynolds number:

TRMVEL = N d 55
Reug/ Py (55)
where
ug = viscosity of the gas, and
pg = density of the gas.

The exposure time, EXPTM, can then be determined by:
EXPTM = HEIGHT/TRMVEL , (56)

where HEIGHT is the drop fall height.
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The drop model is a quasi-steady state algorithm (see Figure 16 for

DROP MODEL flowsheet). The algorithm is:

1)

2

3)

4)

1)

2)

3)

4)
5)
6)
7)
8)
9)

10)

determine the number of moles of molecular iodine that are trans-
ferred to the drop from the gas phase,

calculate the concentration of molecular iodine in the 1liquid drop,
determine the concentration of all species in the liquid drop due
to the iodine hydrolysis reactions, and

loop back to 1) until droplet fall time is reached.

The input parameters for the drop model are:

initial gas phase concentration of molecular iodine,

initial 1liquid phase concentration of all iodine hydrolysis
species,

whether the liquid is buffered or unbuffered (see Appendix A for
the Numerical Technique),

temperature of the liquid,

temperature of the gas,

pressure,

average drop surface area diameter,

average drop volume diameter,

exposure time, and

relative error control (see Appendix A for the Numerical Tech-
nique).

The output of the program is comprised of three files and two

plots. File FOR22.DAT contains a summary of all of the conditions and

calculations for the run. File FOR50.DAT contains the concentration of
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INPUTS:
TEMPG, TEMPL, PRESS, DIAM, SAD, CI2G,
WOLD(1), WOLD(2), WOLD(3), WOLD(4),
WOLD(5), WOLD(6), WOLD(7), A, B, HMIN,
HMAX, IN, TOLER.

CALCULATE: PROPERTY (EQN)
VISLIQ{51), VISGAS(50), PC(48), DENLIQ(52),
OENGAS(49), DIFLIQ(47), DIFGAS(44), NRE(54),
TRMVEL(55), KL120(45), K12G(43), KLOV(41),
RK4(34), RK5{35), RKB(36).

v

DETERMINE THE NUMBER OF MOLES OF

MOLECULAR IODINE TRANSFERRED AND
I THE NEW CONCENTRATION OF MOLECULAR l
IODINE IN THE DROPS.

DETERMINE NEW DETERMINE NEW
STEP SIZE STEP SIZE
(LARGER) ‘ (SMALLER)

h

DETERMINE THE CHANGE IN THE CONCEN-
TRATION OF EACH IODINE HYDROLYSIS
SPECIES, ACCORDING TO THE REACTIONS,
IN EACH DROP.

UPDATE
CHECK SPECIES REJECT
TO SEE IF CONCEN—
FINISHED TRATION

Figure 16. Drop Model Flowsheet.
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the drop as a function of time and is used to develop the plot of con-
centration in the liquid versus time. FOR51.DAT contains the gas phase
concentration, number of moles of molecular iodine removed per step and
the total number of moles removed as a function of time. This file is
used to develop a plot of the number of moles removed as a function of
time (see Appendix C for sample output files and for the FORTRAN pro-
gram) .

The results of this model are shown in Figures 17 though 28 for
cases involving initial concentrations of molecular iodine in the gas
phase from 1.0 x 1073 to 1.0 x 10710 moles/liter, a drop diameter of
1000 microns, and a temperature of 298 K. Figures 17 through 22
represent the results for cases with a buffered pH of 9.0, and Figures
23 through 28 are for the cases with a buffered pH of 7.0. For each
figure part a shows the concentration of the iodine hydrolysis species
as a function of time and part b shows the gram-moles of molecular
iodine removed as a function of time. If one compares the number of
moles of molecular iodine removed per drop for a pH of 7 with the number
of moles removed for a buffered pH of 9, it is seen that drops with a pH
of 9 remove approximately one and a half times to five times as much )

iodine from the gas phase as drops with a buffered pH of 7.
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(b) Number of moles of molecular iodine transferred as a function of
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Figure 18. Results of Drop Model. 1Initial concentration of molecular
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fered pH of 9.0.
(a) Concentration in the liquid drop as a function of time.
(b) Number of moles of molecular iodine transferred as a function of
time.
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Figure 21. Results of Drop Model. 1Initial concentration of molecular
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fered pH of 9.0.
(a) Concentration in the liquid drop as a function of time.
(b) Number of moles of molecular iodine transferred as a function of
time.
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Figure 22. Results of Drop Model. Initial concentration of molecular
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buffered pH of 9.0.
(a) Concentration in the liquid drop as a function of time.
(b) Number of moles of molecular iodine transferred as a function of
time.
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Figure 23. Results of Drop Model. Initial concentration of molecular
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(b) Number of moles of molecular iodine transferred as a function of
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Figure 24. Results of Drop Model. Initial concentration of molecular
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time.
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Figure 25. Results of Drop Model. Initial concentration.of molecular
iodine in the gas phase of 1.0 x 1077 moles/liter and a buf-
fered pH of 7.0.
(a) Concentration in the liquid drop as a function of time.
(b) Number of moles of molecular iodine transferred as a function of
time.
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Figure 27. Results of Drop Model. Initial concentration of molecular
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fered pH of 7.0.
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(b) Number of moles of molecular iodine transferred as a function of
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Figure 28. Results of Drop Model. Initial concentration of molecular
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CHAPTER V

SPRAY MODEL

The spray model is an expansion of the single droplet model into a
spray system. The drop model is expanded to be applicable to a system
of many drops suspended in a gas during the period of the drop fall
time. The assumptions for the spray model are:

1) each drop has a completely mixed bulk liquid,

2) resistance to mass transfer exists in both the gas phase and the
liquid phase,

3) molecular iodine (I2) is the only species that transfers (has vol-
atility) in or out of the drop,

4) reactions occur in the bulk of the liquid,

5) each drop falls at its terminal velocity,

6) every drop falls the same height,

7) each drop has a constant surface area and constant volume at all
times,

8) there are no interactions between drops,

9) for the lifetime of a drop, the physical characteristics of the gas
phase remains constant but the gas phase concentration can change
slowly in a stepwise fashion over several drop lifetimes,

10) there is no transfer of heat or water between the drop and the gas
phase (see Chapter 4, DROP MODEL), and

11) the containment height is the same as the drop fall height.
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These assumptions are the same as for the drop model except for as-
sumptions 6, 8, and 11. Both assumptions 6 and 8 deal with the rela-
tionship each drop has with the other drops and therefore would not be
present in a single drop model. Assumption 11 is needed to calculate

the containment volume, CVOL, by:
CVOL = w CDIAM? HEIGHT/4.0 , (57)

where

CDIAM

containment diameter, and

HEIGHT = drop fall height.
Since all drops are assumed to fall at the same velocity and fall
the same height, their exposure time will be the same. The total dura-

tion of the spray can be broken into N segments, where N is determined

by:

_ _total spray time
drop exposure time

. (58)

The spray model determines the total volume and surface area of all
of the drops suspended in the gas at any instant. The surface-to-volume
ratio of one large drop having this volume and surface area will not be
the same as the surface-to-volume ratio for the small drops, and the
large drop would have to be significantly non-spherical. Nevertheless,
the total volume and surface area is used to simulate one large non-
spherical drop in which the drop model is applied to this large drop for
N times. The algorithm used is (see Figure 29 for spray model flow-
sheet):

1) determine all physical properties for the gas and liquid phases,
2) determine the number of loops required, (N),
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TRATION
YES
Figure 29. Spray Model Flowsheet.
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Figure 29. (continued).
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3) determine the total surface area and total volume for all of the
drops in containment,
4) execute the drop model for the large drop with surface area and
volume equilvalent to these quantities for the actual system:
a) determine the number of moles of molecular iodine that are
transferred to the large drop from the gas phase,
b) calculate the concentration of molecular iodine in the large
liquid drop,
c) determine the concentration of all species in the large liquid
drop due to the iodine hydrolysis reactions,
5) calculate the new gas phase concentration, and
6) loop to step 4 until N loops have been completed.
A FORTRAN program that implements-this algorithm is listed in
Appendix E. Input parameters for the spray model are:
1) 1initial gas phase concentration of molecular iodine,
. 2) 1initial 1liquid phase concentration of all iodine hydrolysis
species,
3) whether the 1liquid phase is buffered or unbuffered (see Appendix A,
“ Numerical Technique)
4) temperature of both gas and liquid phases,
5) pressure,
6) average drop surface area diameter,
7) average drop volume diameter,
8) spray time,
9) spray flow rate,

10) drop fall height,
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11) containment diameter, and
12) relative error control (see Appendix A, Numerical Technique).
Output from the program comprises four files and four plots. File
FOR22.DAT contains a summary of all of the conditions and calculations
of the run. File FORS50.DAT contains the concentration of the drops when
they have fallen a distance equal to their input fall height and is used
to create a plot of the concentration in the liquid drops versus time.
File FORS51.DAT contains the gas phase concentration of molecular iodine,
number of moles removed for each individual group of drops and the total
number of moles removed versus time. FOR51.DAT is used to create a plot
of concentration of molecular iodine removed versus time, and a plot of
the number of moles of iodine versus time. File FOR52.DAT contains the
concentration of the sprayed solution collected in the sump, and is used
to create a plot of the concentration of iodine in the sump versus time.
A series of computer runs was performed for initial concentrations
of molecular iodine in the gas phase from 1 x 105 through 1.0 x
10-10 moles/liter for 10 minute sprays times. Results for the cases
with a buffered pH of 9 are shown in Figures 30 through 35 and results
"for the cases with a buffered pH of 7 are shown in Figures 36 through
41. The common inputs to the computer program for the cases whose
results are shown in these figures are:
1) the initial liquid phase species concentrations are all zero except
for the hydrogen ion concentration,
2) all of the spray solutions are buffered at pH 9 or pH 7,
3) the temperature of the gas is 298K and the temperature of the

liquid 1is 298K,
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Figure 30. (continued).

67



ORNL-DWG 84-65661 ETD (Part A)

10

10

I, THE GAS (G-MOL/L)
10° 10° 10§ +

CONCENTRATION OF

10° 107
!

headeadot iy

OVE
1 (Tp

Aed b b iaual

10°

bbb taasl

0

GM-MOLES OF IODINE REM
10
1

bl bk

T 1

T T
0.0 75.0 150.0 225.0 300.0 375.0 450.0 525.0 600.0
TIME (SEC)

Figure 31. Results of Spray Model. 1Initial concentration of molecular

(a)
(b)

iodine in the gas phase of 1 x 107® moles/liter and a buf-
fered pH of 9.0 in the liquid phase.
Concentration of molecular iodine in the gas phase as a function of
time.
Number of moles of molecular iodine transferred as a function of
time.

68



ORNL-—-DWG 84-6561 ETD (Part B)

8e

~N

=)

=

9—~ o —— g

3 T e——c

:m: R AR —

-2

==

= <

Zr o
=8

= LEGEND

En o - CONCENTRATION OF I,

£'a) o - CONCENTRATION OF I°

e s - CONCENTRATION OF HOI

S 3 + = CONCENTRATION OF 1I0;

3, ] x = CONCENTRATION OF I,
A I o = CONCENTRATION OF 01
E

10™

|

-7

10

LEGEND
o - CONCENTRATION OF I,
o - CONCENTRATION OF I°
a = CONCENTRATION OF HOI
“|+ - CONCENTRATION OF I0;
x = CONCENTRATION OF I,
s K o - CONCENTRATION OF 0l

0.0 75.0 150.0 225.0 300.0 375.0 450.0 525.0 600.0
TIME (SEC)

CONCENTRATION IN THE SUMP_ (E-MOL/CC)
10 10

(c) Concentration of iodine species in the liquid drops as a function
of time.
(d) Concentration of iodine species in the sump as a function of time.

Figure 31. (continued).
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Figure 33. (continued).
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Figure 35. (continued).
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Figure 38. (continued).
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Figure 40. (continued).
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time.
Number of moles of molecular iodine transferred as a function of
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Figure 41. (continued).
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4) the pressure is 1 atmosphere,

5) the drop surface area diameter is 0.l centimeters,
6) the drop volume diameter is 0.l centimeter,

7) the spray time is 10 minutes,

8) the spray flow rate is 37 liters/minute,

9) the drop fall height is 15.4 meters, and

10) the containment diameter is 3.3 meters.

These inputs were arbitrarily chosen, but are within the range of
conditions that are likely to be encountered in potential reactor acci-
dent systems.

For these input parameters, Figures 30 to 41 show the results of
these series of runs. Part a of each Figure shows the concentration of
molecular iodine in the gas phase as a function of time. For the condi-
tions of these tests, the gas phase concentration does not change very
much. (This result is only valid for the conditions of these runs.)
Part b of each Figure shows the number of gram-moles of molecular iodine
removed versus time. These plots show a first order removal (a constant
amount of molecular iodine is being removed between each time step).
This is because the gas phase concentration of molecular iodine is re-
maining relatively constant. (Again this 1is only true for these condi-
tions.) Part c of each Figure shows the concentration in the drops when
they have fallen a distance equal to their fall height. These plots
show that the concentration in the drops is not changing very much which
is again because the gas phase concentration is not changing. Finally

paft d shows the concentration of iodine in the sprayed solution that is
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collecting in the sump at the bottom of the containment. The concentra-
tion of molecular iodine in the sump decreases slowly with time because
the solution is becoming slightly more diluted from the slightly lower
concentration of molecular iodine in the drops and also because of the
iodine hydrolysis reactions that are occurring in the sump.

A typical run on a Digital Equipment Corporation PDP-10 takes ap-
proximately 6 seconds of central processing unit (CPU) time for every
minute of simulation. The CPU time depends upon the concentration of
molecular iodine, the pH of the solution, whether it is buffered or
unbuffered, and the error tolerance. For these simulations of 10
minutes of problem time, each run takes approximately 1 minute of CPU

time.
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CHAPTER VI

WALL-SPRAY MODEL

The wall-spray model calculates the removal of molecular iodine
from the gas phase by a spray system and by contact with the wetted
walls of the containment. This model incorporates the spray model to
determine the removal by the sprays, and there is an additional falling
liquid film routine to determine the removal of gaseous iodine by the
walls that are wetted by the sprays. The vertical walls of the contain-
ment are cut into several horizontal cylindrical pieces in which mole-
cular iodine is absorbed by the water flowing down the walls. The
effect of variation in width is neglected within each cylindrical piece,
and then the molecular iodine is reacted with the water in each piece.
The height of each piece or section of the wall is determined by the
drop exposure time and the velocity of the water on the walls. For this
model, the percentage of water that flows down the walls must be known
or estimated.

The assumptions for the wall-spray model are exactly those for the
spray model plus assumptions for the wall. These assumptions are:

1) each drop has a completely mixed bulk 1liquid,

2) resistance to mass transfer exists in both the gas phase and the
liquid phase,

3) the only species which transfers (has volatility) in or out of the
drop 1is molecular iodine (I2),

4) reactions occur in the bulk of the liquid,

5) each drop falls at its terminal velocity,
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6) every drop falls the same height,

7) egch drop, at all times, has a constant surface area and constant
volume,

8) there are no interactions between drops,

9) for the lifetime of a drop, the gas phase remains constant but the
gas phase concentration can change slowly over several drop life-
times,

10) there is no transfer of heat or water between the drop and the gas
phase (see Chapter 4, DROP MODEL),

11) the fluid in each cylindrical piece or slice of the wall is well
mixed,

12) reactions occur in the bulk liquid of each slice,

13) water only enters on the wall at the top, and

14) water only exits the wall at the bottom where it runs into a sump.

The boundary conditions for the wall are defined at the extremes of the

y and x coordinates as defined on Figure 42, and are as follows:8

1) at y = 0 and at all values of x, the concentration of molecular io-
dine equals the concentration of molecular iodine in the liquid
drop when it strikes the wall,

2) at x = 0 and at all values of y, the concentration of molecular io-
dine in the liquid on the wall is equal to the interphase equilib-
rium concentration of molecular iodine in the gas, and

3) at x = 8§ and at all values of y, 3[I2]/9x = 0, (assume no diffusion
into the wall).

The calculations for mass transfer to a falling liquid film are

outlined in Treybal.® One assumption in the outline by Treybal® is that
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no chemical reactions occur in the liquid. The concentration profile,
CA(x) (shown in Figure 42), is non-linear in shape (slope is a function
of the distance from the interface). The mass transfer coefficient is
proportional to the slope of the concentration profile at the inter-

face. The local mass transfer rate can be expressed by:

3 C,) _
NA Lo Dl —-a—x— x=0 = kl (CAi o CA,L) (59)

N, = mass transfer flux across the interface of species A,
" Dl = diffusivity of the transferring species in the liquid,
(—E%) = concentration profile of the transferring species in the
- X direction,
kl = local mass transfer coefficient, and
CA,L = average bulk concentration of the transferring species
after the water on the walls has Fallen a distance L,
the height of each horizontal piece.

When reactions occur in the liquid, the concentration profile, in
the liquid will change. This will change the mass transfer coefficient
in the 1liquid. Therefore, the assumption that the reactions induce a
small error in the wall film mass transfer rate is made. However, since
the transfer to the wall is only a small fraction of the total iodine
absorption, small errors in this part of the wall-spray model will be
insignificant. A more elaborate simulation of the transfer of iodine to

the falling liquid film is not justified.
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The average mass transfer flux for the wall liquid film, N, & 1s
bl
defined as:8
- s P . _ uyd A o
Ny w = &1,ay (1] = (1, 5Dy = 52T, 31 = (13D (60)

k),ay = the average 1liquid mass transfer coefficient,

[IT°] = the concentration of molecular iodine at the interface,

[I:’B] = concentration of molecular iodine at the bottom of the
wall,
[I,g] = the average bulk concentration of molecular iodine,
[Ig] = the initial concentration of molecular iodine in the
liquid,
u, = average velocity of the liquid down the wall,

§ = 1liquid thickness on the wall,

H

wall height, and
([Ii ] "[IZ,B])m = logarithmic average concentration gradient.

Valves for k1 e and for the other parameters can be obtained as fol-
’

lows:8
k) oy = (6D T/7 p)8 /2 | (61)
I' = mass rate of flow,

m = 3.1415... ,

Pp1 = density of water,
§ = (3 uT/ef g)1/3 , (62)
g = acceleration of gravity,
4 = viscosity of water,

—

(T/py8) , and (63)

'.f
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(I13] = [191) = (151 = (1} 4D
([xl] = [T, 513, = T = T ’ - (64)
. (151 = [13D/U1;] = (1} 1))

1
Equation (60) can be solved by iterating for [I,,B]:

by = ri%y i, _ 1
k (]~ 1D ~ M1 ~ e el? o A ([13,8] = [12) . (65)
1,av Ln((u;] - [1‘2’)/(121 — (1} §1» 1 ' ’

Since all variables are known except for [I;,B], one can iterate for
[Ié’B], the concentration of molecular iodine at the bottom of each
segment. Once [Ié’B]'is known, one can calculate the moles of molecular
iodine transferred to the drop.
The algorithm for the wall spray model 1s (see Figure 43 for Wall-
Spray Model Flowsheet):
1) determine all physical properties for the gas and liquid phases for
both the spray and the wall section,
2) determine the number of loops, N, for the spray section of the pro-
gram,
3) determine the number of pieces into which the wall will be broken,

4) determine the total surface areas and total volumes for the drops

and for a wall slice,
5) execute the drop model until the drop reaches the wall,
a) determine the number of moles of molecular iodine that are
transferred to the large drop from the gas phase,
b) calculate the concentration of molecular iodine in the large

1liquid drop,
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INPUTS:
TEMPG, TEMPL, PRESS, DIAM, SAD, CI2G,
CI2sP, CISP, CHOISP, COISP, CIO3SP, CI3SP,
CHSP, A, HMIN, HMAX, IN, TOLER, FLRAT,
DURTM, CDIAM, HEIGHT, WFRAC, WHT.

¥

CALCULATE: PROPERTY (EQN)
VISLIQ(51), VISGAS(50), PC(48), DENLIQ(52),
DENGAS(49), DIFLIQ(47), DIFGAS(44), NRE(54),
TRMVEL(55), KLI120(45), C12G(43), KLOV(41),
RK4(34), RK5(36), RKB(386), ILOOP(58),
WFILM(62), WVEL(83), KLWI(B1).
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UPDATE
SPECIES REJECT
CONCEN-
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Figure 43. Wall-Spray Model Flowsheet.
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Figure 43. (continued).
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Figure 43. (continued).
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6)

7)

8)
9)

10)

11)
12)
13)

14)

15)

c) determine the concentration of all species in the large liquid
drop due to the iodine hydrolysis reactions,

store the concentration of the drop (to be used as the initial con-

centration of the liquid of the wall),

continue execution of the drop model until the drop has reached the

fall height,

execute the wall model for each section used to represent the wall,

execute the kinetic model on the liquid in the sump,

determine the total number of moles of molecular iodine transferred

to the liquid and calculate the new gas phase concentration,

loop back to 5) until the spray part of the model is finished,

execute the wall model on the water that remains on the wall,

execute the kinetic model on the liquid in the sump,

determine the total number of moles removed and the new gas phase

concentration of molecular iodine and,

loop back number to 12 until all of the water has flowed off the

wall.

A FORTRAN program with this algorithm is shown in Appendix F.

Input parametars for this model are the same as those for the spray

model with the addition of two more parameters for the wall section of

the model. The inputs are:

1)
2)

3)

4)

initial gas phase concentration of molecular iodine,
initial 1iquid phase concentration of all iodine hydrolysis
species,

whether buffered or unbuffered,

temperature of both gas and liquid phases
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5)
6)
7)
8)
9)
10)
11)
12)
13)

14)

pressure,
average drop surface area diameter,

average drop volume diameter,

spray time,

spray flow rate,

drop fall height,

containment diameter,

relative error control (see Appendix A, Numerical Technique),
percentage of spray flow rate which flows down the wall, and
height of the wall.

A series of computer runs were performed for initial concentrations

of molecular iodine in the gas phase of 1.0 x 107 to 1.0 x

1010 moles/liter for 10 minute spray times for and a buffered pH valves

of 9;

the results are shown is Figures 44 to 45. The specific input

parameters used for these runs are:

1)

2)

3)

4)
5)
6)
7
8)

9)

initial liquid phase concentrations are all zero except for the hy-
drogen ion concentration,

all spray solutions are buffered,

temperature of the gas is 298K and the temperature of the liquid is
298K,

pressure is 1 atmosphere,

drop surface area diameter is 0.l centimeters,

drop volume diameter is 0.l centimeter,

spray time is 10 minutes,

spray flow rate is 37 liters/minute,

drop fall height is 15.4 meters,
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Figure 44. Results of Wall-Spray Model. 1Initial concentration of
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10) containment diameter is 3.3 meters,
11) the percentage of spray that flows down the wall is 5%, and
12) the wall height is 3.3 meters.

The output parameters provided by the wall spray model are the same
as those calculated by the spray model. If one compares the results of
the spray model to those of the wall-spray model, one will find that
there is not much difference in the calculated number of moles of mole-
cular iodine removed from the gas phase and that most of the plotted
results are nearly the same. These results show that the removal of
gaseous iodine by the water on the wall is approximately as important as
the removal of gaseous iodine by the spray drops. But wall spray model
requires much more CPU time than does the spray model and yet does not
predict significantly different results from the spray model. There-
fore, it 1is suggested that the spray model can be used in most cases for
predicting the absorption of gaseous iodine by water sprays. Neverthe-
less, there are probably times when the results of the two models would
differ significantly such as for cases in which the wall surface area is

very large.
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CHAPTER VII

EXPERIMENTAL DATA

The experimental data used to compare with the results of the spray
model are from the Containment System Experiments (CSE).° Experimental
runs A-3, A-4, A-6, A-7, and A-8 of this series are large scale spray
system tests to determine the effectiveness of a spray system for
removing airborne fission products. The results of these tests are
reported in terms of the gas phase elemental iodine concentration versus
time and also in terms of the liquid phase elemental iodine concentra-
tion versus time. The parameters for the spray experiments are the
spray flux, the drop size, the gas phase temperature, pressure, and
humidity, and the liquid spray composition. The physical dimensions of
the CSE vessel are listed in Table 3 and are shown in Figure 46. Since
these tests were made in realistic and not idealized equipment and con-
ditions, the liquid and gas flow patterns are complex and not well
characterized. The results from the new spray model will be compared
with these results, but no better than approximate agreement can be ex-
pected. This data, however, can still provide a means for useful and
meaningful evaluation of the spray model.

The CSE vessel is a large scale vessel (see Table 3 and Figure
46) . The overall dimensions of the vessel are 20.34 meters high and a
diameter of 7.62 meters. The vessel has a drop fall height of 15.4
meters. The overall volume of the vessel is 751 cubic meters.

The tests varied the temperature, pressure, pH of the drop, spray

nozzle configuration and drop size. The conditions for run A-3 are a
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Table 3. Physical conditions common to all spray
experiments (Hillard®)

Volume above deck including drywell

Surface area above deck including

drywell
Surface area/volume
Cross section area,

Volume, middle room

main vessel

Surface area, middle room

Volume, lower room
Surface area, lower
Total volume of all
Total surface area,
Drop fall height to
Drop fall height to

Surface coating

Thermal insulation

room

rooms

all rooms

deck

drywell bottom

21,005 ft3 595 m3
6,140 ft2 569 m?

0.293 ft~1 0.958 m~!

490 ft? 45.5 m?
2,089 ft3 59 m3
1,363 ft2 127 m?
3,384 ft3 96 m3
2,057 ft? 191 m?

26,477 ft3 751 m3
9,560 ft2 888 m?
33.8 ft 10.3 m
50.5 ft 15.4 m

All interior surfaces
coated with phenolic
paint.2

All exterior surfaces
covered with 1-in. b
fiberglass insulation.

QTwo coats Phenoline 302 over one coat Phenoline 300
primer. The Carboline Co., St. Louis, Missouri.

Dk = 0.027 Btu/(hr) (ft2) (°F/ft) at 200°F, Type PF-615,
Owens—-Corning Fiberglass Corp.
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Figure 46. Schematic diagram of containment arrangement used in CSE
spray tests (Hillard®).
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temperature of 298K, 1 atmosphere of pressure, pH of 9.5 and a drop dia-
meter of 1210 microns. For all of the tests, the spray solution tem-
perature was at 25°C, and the solutions were all buffered. For run A-4,
the conditions were the same as for A-3 except for a higher spray flow
rate and a different spray nozzle configuration. Run A-6 increased the
temperature of the gas to 397K and the pressure to 3 atmospheres. Run
A-7 changed the pH to 5, lowered the temperature to 394K and raised the
pressure to 3.4 atmospheres. Run A-8 changed the drop diameter to 770
microns. See Figure 46 for spray nozzle arrangements, Table 4 for spray
nozzles used, Table 5 for the atmospheric conditions, Table 6 for the
spray flow rates and solutions used in the tests and Table 7 for the
timing of the spray periods.

The experimental procedure for the molecular iodine spray absorp-
tion tests involved first heating the containment vessel with steam
until the specified temperature was reached. A flask containing
molecular iodine traced with 1 curie of iodine-131 was heated electri-
cally. Air was passed over the flask to release molecular iodine.
Samples were taken prior to turning on the sprays to determine how
molecular iodine behaves without sprays. After the first spray period
of each run was started, many samples were taken from the gas phase,
from the liquid in the sump, from the wall trough and from the spray
drop collectors. When the first spray period was ended, more samples
were taken to determine how molecular iodine acts. A second, third, and
sometimes a fourth spray period were used with many samples taken from
the gas and liquid phases. The gas phase concentrations were determined

by Maypack samplers (see Figure 47), and the liquid phase concentrations
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Table 4. Nozzles used in CSE spray experiments
(Hillard®)

Runs A3, 4, 6, 7

Nozzle type: Spraying Systems Co. 3/4 — 7G3
Nozzle characteristics: Fog type, full cone
A3 A4, 6, 7
Number 3 12
Layout Triangular Square gride
Spacing 10 ft 5 in. 6 ft apart
apart
Pressure 40 psid 40 psid
Rated flow 4 gpm - 4 gpm
MMD 1210 u 1210 n
og 1s5 1.5
Run A8
Nozzle type: Spray Systems Co. 3/8 A 20

Nozzle characteristics: Fine atomization, hollow cone

Number used 12

Layout Square grid
Spacing 6 ft apart
Pressure 40 psid
Rated flow 4 gpm

MMD 770 n

og 1.5
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Table 5. Atomspheric conditions in CSE spray

experiments (Hillardd)

Run Run Run Run Run
A3 A4 A6 A7 A8
Containment vessel No No Yes Yes Yes
insulated
Forced air circula- Yes Yes No No No
tion?
Start of lst spray
Vapgr temperature, 77 77 255 248.7 250
Pressure, psia 14.6 14.6 44,2 50.0 50.7
Relative humidity, # 70 88 100 100 100
End of lst spray
Vapgr temperature, 77 77 229 234.5 243
Pressure, psia 14.6 14.6 38.6 44,4 48.2
Start of 2nd spray
Vapgr temperature, 77 77 237 240 243
Pressure, psia 14.6 14.6 40.8 46.0 243
End of 2nd spray
Vapgr temperature, 7. 77 202 203 188
Pressure, psia 14.6 14.6 29.5 36 34.1
Start of 3rd spray
Vapgr temperature, 77 77 233 230 218
Pressure, psia 14.6 14.6 40.7 41.8 32.2
Start of 4th spray
Vapgr temperature, e e e 232 247
o
Pressure, psia ] c c 42.4 52.4
End of 4th spray
Vapgr temperature, ] e e 192 175
Pressure, psia e c e 32.7 32.4

AFan without duct located in bottom of drywell.
2400 ft3/min discharge.

bAvetage of 5 thermocouples located at various eleva-

tions and radii.

CNo fourth spray.
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Table 6. Spray flow rates and solutions
used in CSE experiments (Hillard®)

Run Run Run Run Run
A3 A4 A6 A7 A8

lst spray

Total flow rate, gpm 12.8 49 49 49 50

Volume sprayed, gal 128 490 490 490 150

Spraying pressure, 40 40 40 40 40

psid

Solution a a b e b
2nd spray

Total flow rate, gpm 12.8 49 50 48.5 50

Volume sprayed, gal 385 1480 1500 1455 1850

Spraying pressure, 40 40 40 40 40

psid

Solution a a b c b
3rd spray

Total flow rate, gpm 12.5 42 16 45.5 47

Volume sprayed, gal 735 1890 960 2730 2820

Spraying pressure, 40 29 4 36.5 36.5

Solution d e e e e
4th spray

Total flow rate, gpm g g g 48.6 50.4

Volume sprayed, gal g g g 2428 2520

Spraying pressure, g g g 40 40

psid

Solution g g g

QFresh, room temperature. 525 ppm boron as H3B03 in
demineralized water. NaOH added to pH of 9.5.

bFresh, room temperature. 3000 ppm boron as H3BO3 in
demineralized water. NaOH added to pH of 9.5.

CFresh, room temperature. 3000 ppm boron as H3BO3 in
demineralized water. No NaOH added. pH 5.

dFresh, room temperature demineralized water.

€Solution in main vessel sump recirculated. No heat ex-
changer used.

fFresh, room temperature. 1 wt7Z Na2S203, 3000 ppm boron
as H3BO3 in demineralized water. NaOH added to pH 9.4.

gNo fourth spray.
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Table 7. Timing of spray periods
(Hillard®)

Time after start of iodine
release, min

Run Run Run Run Run
A3 A4 - A6 A7 A8
First spray
Start 40 40.5 30 30 30
Stop 50 50.5 40 40 33
Duration 10 10 10 10 3
Second spray
Start 140 140 80 80 80
Stop 170 170 110 110 117
Duration 30 30 30 30 37
Third spray
Start 1473 1205 1565 1323 200
Stop 1533 1250 1525 1383 260
Duration 60 45 60 60 60
Fourth spray
Start a a a 1443 1350
Stop a a a 1493 1400
Duration a a a 50 50

@No fourth spray.

115



a LN =

INLET 6
TEFLON BALL 7
NOSE CONE 8
TEFTON GASKET 9
TWO PARTICLE FILTERS 10

Figure 47.

SIX SILVER PLATED SCREENS
SILVER MEMBRANE FILTER
CHARCOAL LOADED FILTER
STOP RING

CHARCOAL BED

Maypack Sampler.

116

/- BNASN
x N

ORNL-DWG 84-6533 ETD

FLOW

i
12
13
14
15

SCREEN
SPRING
BODY

END CAP
OUTLET



were determined by measuring the amount of iodine~131 tracer present.
For more information see Reference 1.

Results of these experimental tests are shown in Figures 48 through
57 and Table 8. Table 8 shows the material balance of iodine for all of
the experimental runs. It should be noted in this table that between
25.65% and 57.587% of the iodine delivered to the containment vessel is
unaccounted for and is assumed to be deposited on surfaces. Figures 48
through 52 show the concentration of elemental iodine in the gas phase
as a function of time. The data is reported in terms of the half life

of iodine, defined as

t1/2 =—1Ln (/2 , (66)

0.693/x , (67)
where A is the removal rate constant.

The reason the data are in this form is because the old spray
models (Equations 2 through 8 of Chapter I, Section B) are in terms of
the removal rate constant. Figures 53 to 57 shows the concentration of
iodine in the 1liquid versus time. As can be seen in these figures,
there is a delay in the response of the increase in the concentrgtion of
iodine‘in.the liquid phase.

In these tests there are many processes for the removal of molecu-
lar iodine from the gas phase. In these large scale realistic tests,
there are painted surfaces, non-painted surfaces, insulation, sprays,
wet walls, and dry walls. All of these features can contribute to
iodine sorption, and heat transfer can also have an effect on the re-

moval rate of molecular iodine from the gas phase. Therefore, one can

only hope to develop an approximate model which accounts for the major
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Figure 48, Concentration of elemental iodine in the main room, run A-3
(Hillard3).
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Figure 49. Concentration of elemental iodine in the main room, run A-4
(Hillardd).
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Figure 50. Concentration of elemental iodine in the main room, run A-6
(Hillardd).
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Figure 51. Concentration of elemental iodine in the main room, run A-7
(Hillard®).
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Figure 52. Concentration of elemental iodine in the main room, run A-8
(Hillardd).
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Figure 53. Liquid volumes and concentration in vessel sumps, run A-3
(Hillardd).
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Figure 54. Liquid volumes and concentration in vessel sumps, run A-4
(Hillard?d).
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Figure 55. Liquid volumes and concentration in vessel sumps, run A-6
(Hillardd).

125



ORNL-DWG 84-6531 ETD

RUNA7 CV DRYWELL|
IODINE o .
CESIUM O ]
VOLUME —-— ==---

LRI LR L

1104

Cp. LIQUID CONCENTRATION ( ug/liter)

| THIRD r10°
SPRAY

(RECIRC.)

VOLUME (liter)

100 -
0 50 100 1300 1350 1400 1450 1500
TIME (min)

L ”l | s 102

Figure 56. Liquid volumes and concentration in vessel sumps, run A-7
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Figure 57. Liquid volumes and concentration in vessel sumps, run A-8
(Hillard®).
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Table 8. Iodine material balances

(HillardS)
Run A3 Run A4 Run A6 Run A7 Run A8
Location
Grams ol Grams o Grams ol Grams b oo Grams Y
Aerosol Generation .

Starting material 101.00 100.00 101.50 100.00 101.00 100.00 101.00 100.00 101.00 100.00
Generation apparatus 2.57 3.54 1.13 1.11 0.14 0.14 . 1.06 1.05 3.45 3.42
Injection line 22.32 22.09 29.32 28.99 1.49 1.47 2.05 2.03 1.62 1.60
Injection line 0.36 0.36 0.15 0.15 1.030 1.02 0.32 0.32 0.32 0.32

samples
Accounted for 25.25 25.00 30.59 30.14 2.66 2.63 3.43 3.40 5.39 5.34
Delivered to con- 75.75 75.00 70.91 69.86 98.34 97.36 97.57 96 .60 95.61 94.68

tainment (by dif-

ference)

Grams Zb Grams Zb Grams Zb Grams Zb Grams Zb
Containment

Delivered to con- 75.75 100.00 70.91 100.00 98.34 100.00 97.57 100.00 95.61 100.00

tainment

In liquid pools® 45.32 59.83 37.67 53.11 53.97 54.88 39.28 40.26 53.15 55.59

(Prior to decon-

tamination)

Samples 0.48 0.63 8.87 12.51 0.556 0.57 0.59 0.60 0.88 0.92
Purge to stack 0.52 0.69 0.73 1.03 0.086 0.09 0.16 0.17 0.11 0.11
Decontamination 5.90 7.78 5.46 7.70 0.820 0.83 1.36 1.39 1.44 1.50
Accounted for 52.22 68.93 52.73 74.35 55.43 56 .37 41.39 42.42 55.57 58.12
On surfaces (by 23.52 31.06 18.18 25.65 42.91 43.63 56.18 57.58 40.04 41.88

difference)

Qpercent of starting mass.
bPercent of delivered mass.

CIncludes spray solution and steam condensate.



phenomena involved and considers only the removal by the sprays. If one
looks at the drop data, these data are "difficult to interpret, not only
because of sampling inad;quacies but because the relative fractions of
the various iodine forms and particle sizes were changing rapidly with
time."d

The data for the gas phase are the result of the combined effects
of all of the processes for the removal of molecular iodine from the gas
phase. But if all of the processes except for the sprays exerted only a
small overall effect in the removal of molecular iodine from the gas
phase, then these data would be acceptable from the standpoint of use-
fulness in determining the efficiency of the spray model. The data for
liquid in the sumps should eliminate some of the sources of error be-
cause these data shows how much molecular iodine is transferred to the
liquid. Nevertheless, any iodine that is on the surfaces and is not
chemically held to the walls could be washed off in the sumps. Since
the sprays were not started at the instant the molecular iodine was
released, a significant amount of molecular iodine released into the
containment may have deposited on the surfaces, and subsequently been
washed off into the sumps or might have been transferred back into the
gas phase later when the partial pressure of molecular iodine in the gas
phase was smaller than the partial pressure of molecular iodine on the
surfaces. The latter effect could result in an underestimate of the
removal rate of molecular iodine.

To remove some of the possible sources of error, the comparison of
experimental results to the results of the spray model will be limited

to the area of the drywell. The drywell had a cross sectional area of
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8.8 square meters (which is a diameter of 3.35 meters), a drop fall
height of 15.4 meters, and a volume of 135.52 cubic meters. For
example, in run A-3, at the start of the first spray period, the initial
gas phase concentration was approximately 5 x 10* micrograms/cubic meter
(1.97 x 10~7 moles/liter) and the final concentration was approximately
1.25 x 10% micrograms/cubic meter (4.92 x 1078 moles/liter). The amount
of iodine removed from the gas phase during the first spray was 5.082
grams. Also, at the start of the first spray, the concentration of the
liquid in the drywell sump was approximately 4 x 10% micrograms/liter
(1.58 x 107~ moles/liter) and the initial volume was approximately 150
liters. At the end of the first spray, the concentration in the drywell
sump was 8 x 102 micrograms/liter (3.15 x 10~® moles/liter), and the
volume was approximately 332 liters. The number of grams of iodine
transferred to the liquid in the drywell sump was 13.15 grams. The
difference between the number of grams of iodine removed from the gas
phase and the number of grams of iodine transferred to the liquid phase

was —-6.78 grams. The resulting relative error based on the gas phase is

SHEGE = gramg removed from gas — grams transferred to liquid (68)
grams removed from gas
x 100% ,
error = (5.082 — 13.15) x 100% = -133.47 . (69)

(5.082)
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Results of the other runs were similar with more iodine appearing trans-
ferred to the liquid than was removed from the gas. In fact, for many
cases the error is much greater.

Some of the errors noted above may have resulted from iodine that
had deposited on the walls before the sprays had started and that was
subsequently washed off into the drywell sump. This explanation appears
feasible, but may not be the total answer since the highest concentra-
tion of molecular iodine in the gas phase was reported to be 6.5 x 10
micrograms/cubic meter; and with a concentration at the start of the
spray period of 5 x 10% micrograms/cubic meter it appears that only 2.03
grams were removed before the first spray (from gas above the drywell
area). Another explanation would be that since the volume for this com-
parison is constrained to the volume of the drywell, there could be a
transfer of additional iodine that was previously on the surfaces back
to the gas. Most likely, however, much of the error is simply due to

error sampling and analytical measurements in both phases.
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CHAPTER VIII

COMPARISON TO DATA AND OLD MODELS

The spray model has been compared to the large scale tests from the
Containment Systems Experiments,® see Figures 58 through 67. The basis
for the comparison is the number of grams of molecular iodine removed
from the gas phase in the experimental test as opposed to the number of
grams of molecular iodine that is predicted to be removed by the spray
model. Since there is such a large discrepancy in the data between the
gas and liquid phases (see Chapter 7, Experimental Data), only the ex-
perimental data from the drywell will be considered in an effort to
eliminate some of the possible sources of error (see Table 9 for spray
distributions). For run A-3 of the CSE tests, the initial conditions at
the beginning of the first spray are:

Temperature of the liquid spray solution = 77°F = 298K,

Temperature of the gas = 77°F = 298K,

Pressure = 1 atmosphere,

Drop size 1210 microns mass medium diameter,

(assumed) 1210 microns average surface area diameter,

1210 microns average volume diameter,
Spray solution = buffered pH of 9.5 and all other liquid species

have a concentration of 0.0 moles/liter,

Spray flow rate 12.8 gallons/minute = 48.5 liters/minute (full

containment),

4.8 gallons/minute = 18.18 liters/minute

(drywell area),
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Figure 58. Results of Spray Model for CSE run A-3 first spray period.

(a)
(b)

Initial concentration of molecular iodine in the gas phase
of 1.97 x 10~7 moles/liter and a buffered pH of 9.5 in the
spray solution.
Concentration of molecular iodine in the gas phase as a function of
time.
Number of moles of molecular iodine transferred as a function of
time.
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Figure 58. (continued).
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Figure 59. (continued).

136



ORN L—DWG 84-6581 ETD (Part A)

-

10

10
Aot il

CONCENTRATION Oﬂ I, THE §ﬁS (G—ﬂgL/L)
10% 0% 0

Lo iaiiul

(a)

10’! lo‘ll
1

Lol il

p
!

10

il

b Lol

10™

Sk bkl

GM-MOLES OF IODINE REMOVE
10

b)

10°

0.0 75.0 150.0 225.0 300.0 375.0 450.0 525.0 600.0
TIME (SEC)

Figure 60. Results of Spray Model for CSE run A-4 first spray period.

(a)
(b)

Initial concentration of molecular iodine in the gas phase
of 1.50 x 107 moles/liter and a buffered pH of 9.5 in the
spray solution.
Concentration of molecular iodine in the gas phase as a function of
time.
Number of moles of molecular iodine transferred as a function of
time.
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Figure 61. Results of Spray Model for CSE run A-4 second spray
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period. 1Initial concentration of molecular iodine in the
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Concentration of molecular iodine in the gas phase as a function of

time.
Number of moles of molecular iodine transferred as a function of

time.
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Figure 6l1. (continued).
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Figure 62. Results of Spray Model for CSE run A-6 first spray period.

(a)
(b)

Initial concentration of molecular iodine in the gas phase
of 8.67 x 10~8 moles/liter and a buffered pH of 9.5 in the
spray solution.
Concentration of molecular iodine in the gas phase as a function of
time.
Number of moles of molecular iodine transferred as a function of
time.
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Figure 63. Results of Spray Model for CSE run A-6 second spray
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time.
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Figure 63. (continued).
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Figure 64. Results of Spray Model for CSE run A-7 first spray period.

(a)
(b)

Initial concentration of molecular iodine in the gas phase
of 1.06 x 10~7 moles/liter and a buffered pH of 5.0 in the
spray solution.

Concentration of molecular iodine in the gas phase as a function of

time.

Number of moles of molecular iodine transferred as a function

of time.
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Figure 64. (continued).
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Figure 65. Results of Spray Model for CSE run A-7 second spray
period. 1Initial concentration of molecular iodine in the
gas phase of 2.05 x 10~8 moles/liter and a buffered pH of
5.0 in the spray solution.
(a) Concentration of molecular iodine in the gas phase as a function of
time.
(b) Number of moles of molecular iodine transferred as a function of
time.
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Figure 65. (continued).
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Figure 66. Results of Spray Model for CSE run A-8 first spray period.

(a)
(b)

Initial concentration of molecular iodine in the gas phase
of 1.18 x 10~7 moles/liter and a buffered pH of 9.5 in the
spray solution.
Concentration of molecular iodine in the gas phase as a function of
time.
Number of moles of molecular iodine transferred as a function of
time.
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Figure 66. (continued).
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Figure 67. Results of Spray Model for CSE run A-8 second spray

(a)
(b)

period. 1Initial concentration of molecular iodine in the
gas phase of 4.14 x 10~9 moles/liter and a buffered pH of

9.5 in the spray solution.
Concentration of molecular iodine in the gas phase as a function of

time.
Number of moles of molecular iodine transferred as a function of

time.
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(c). Concentration of iodine species in the 1liquid drops as a function

of time.
(d) Concentration of iodine species in the sump as a function of time.

Figure 67. (continued).



Table 9. Measured spray liquid distribution

in CSE tests (Hillard®)

Total spray volume recovered, %

Deck
Wall Main sum Dry well distribution
trough P sump tlo
(%)
Cross section
Area, 7% 2.0 78.5 19.5
Run A3 0.7 62.8 3745 64.8
Run A4 10.9 68.9 20.2 46.7
Run A6 and 2-1 68 04 28 05
A7D .
Run A&? ~6.0 73.0 21.0 46.2

2Measured during shakedown test.

DMeasured from liquid level change during run. Normal
condensation deducted.
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Spray time = 10 minutes,
Containment height = 15.4 meters,

Containment diameter = 3.35 meters.

For the First Spray:

Initial concentration of elemental iodine in the gas phase =

5 x 10* micrograms/cubic meter = 1.97 x 10~/ moles/liter,
Initial concentration of iodine in the drywell sump =

8.0 x 102 micrograms/cubic meter,

Initial volume of liquid in the drywell sump = 150 liters.

Results of the CSE tests are:

Final concentration of elemental iodine in the gas phase =
1.25 x 10* micrograms/cubic meter = 4.92 x 1078 moles/liter,
Number of grams removed from the gas phase =
3.75 x 10% micrograms/liter * 15.4 meters * 8.8 square
meters =
5.82 x 108 micrograms = 5.082 grams,
Final concentration in the drywell sump =
4 x 10% micrograms/liter,

Final volume in the sump = 331.8 liters,
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Number of grams transferred to the liquid =
(4 x 10* micrograms/liter * 331.8 liters) -
(8 x 102 micrograms/liter * 150 liters) =

13.15 x 108 micrograms = 13.15 grams.

These calculations show the discrepancy between the number of grams

of iodine removed from the gas phase, 5.082 grams, and the number
grams of iodine transferred to the liquid, 13.15 grams. This

discrepancy is discussed in Chapter 7.

Results of the Spray Model (for run A-3 first spray figure 58) is:

Final concentration of the gas phase =
2.4 x 10% micrograms/cubic meter = 9.45 x 1078 moles/liter,
Number of grams of iodine removed from the gas and

transferred to the liquid = 3.54 grams.

Relative Percent Difference is:

Gas phase,

5082 x 100% 30.4%

Liquid phase

(13.15 — 3.54)
13.15

x 100% = 73.1% .

Table 10 contains the results of the comparisons for all of the
runs. The third or fourth spray periods are not included in the com-

parison because these periods are for a sodium thiosulfate spray
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Table 10.

Comparison of spray model to the CSE

tests

Initial gas ph

CSE experimental results

Spray model’s results

Relative percent

Stsl: 3::::.1 concentration Final gas phase Grams removed Grams transferred Final gas phase ) Grams transferred difference between
(moles/1iter) concentration from the gas to the liquid concentration from the gas the gas phases
(moles/1iter) phase phase (moles/liter) to the liquid
A-3 1st 1.97 x 107 4.92 x 10-8 5.082 13.15 9.50 x 10-8 3.54 30.3
A-3 2nd 1.27 x 1078 2.89 x 10-10 0.426 4.90 1.26 x 1079 0.393 7.7
A4 1st 1.50 x 10~7 1.97 x 102 5.082 12.85 3.17 x 10-8 4.07 19.9
A-4 2nd 7.88 x 10710 7.88 x 10-11 0.0244 1.124 6.61 x 10712 0.0269 -10.2
A-6 1st 8.67 x 1079 2.36 x 1079 2.900 11.10 1.40 x 10-8 2.50 13.8
A-6 2nd 2.01 x 1079 1.10 x 10-? 0.312 2.33 7.92 x 10712 0.0688 -120.5
A7 1st 1.06 x 1077 3.27 x 10-? 3.547 8.08 . 7.35 x 1078 1.14 68.0
A-7 2nd 2.05 x 1079 7.49 x 10710 0.0447 1.57 2.62 x 10710 0.0615 -37.6
A-8 1st 1.18 x 1077 5.12 x 1079 3.889 7.57 5.77 x 1078 2.12 45.5
A-8 2nd 4.14 x 1079 2.17 x 1079 0.0678 4.96 2.89 x 10713 0.143 -110.1




solution or for recirculatory spray solutions. The sodium-thiosulfate
changes the chemical kinetics and therefore, the model developed in this
report should not be expected to be valid. However, recirculatory spray
solutions can be used in the spray model if one knows the concentration
of all of the species in the solution. The experimental data do not re-
port the concentration of all of the species and since the liquid phase
data are questionable (discussed in Chapter 7), and any results would be
essentially meaningless. Therefore no further comparisons were
attempted.

With a high initial concentration of molecular iodine in the gas,
such as those seen during the first spray period, the spray model pre-
dicts the number of grams of iodine removed within a relative difference
of between 13.8% and 68%. At low concentrations of molecular iodine in
the gas, such as those seen during the second sp;ay period, the spray
model predicts the number of grams of iodine removed within a relative
difference of -120.0% to 68.0% with the closest result having a dif-
ference of 7.7%. At high concentrations, the model always under-
predicts the number of moles transferred as indicated by the experi-
mental data. At low concentrations of molecular iodine in the gas, the
model over-predicted the removal rate 4 out of 5 times when compared to
the gas phase data. It should also be noted that the spray model never
over-predicts the number of grams removed when compared to the experi-
mental data for the liquid.

The only difference between the conditions of experimental runs A-3

and A-4 is the spray flow rate. The model responds quite adequately
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and, in fact, the difference in results decreases slightly. For experi-
mental runs A-6, A-7, and A-8, the temperature and pressure of the gas
are raised to approximately 397K and 3 atmospheres, respectively. The
results of the spray model appear to have larger difference with the
experimental data because the spray model does not contain calculations
for heat transfer and the temperature of the drop always remain at its
initial temperature of 298K. The properties of the liquid change with
temperature and the kinetic rate constants will also change.

In run A-8, the drop size decreases to 770 microns. The model re-
sponds adequately and the error is most likely due to the higher temp-
erature. It should be recalled that all of these results are produced
with an input that assumes spherical drops. The drops are not spheri-
cal, but no information 1is available on the actual shape of the drops.

Comparing the new model to the previous models shows the new model
has a better correlation with the experimental data than do the previous
models. The data and the previous models are in terms of a removal rate
constant and half lives of molecular iodine. The removal rate constant
is expressed by Equation 3 of Chapter 1, Section B, repeated here:

C = C0 exp(-At) (3

where

Co initial concentration of molecular iodine in the gas phase,

C = concentration of molecular iodine,
A = removal rate constant, and
t = time.

Rearranging Equation 3 and solving for the removal rate constant:

A =-1n (C/Co)/t . (70)

158



The half life of molecular iodine is the period of time during which the
concentration of molecular iodine in the gas phase decreases to one half

of its initial concentration. The half life is determined by rearrang-

ing Equation 3 into:
tyj/2 = —Ln(C/Cq)/A = —Ln(1/2)/x = 0.693/X (71)

Using these two equations, one can compare directly the experimental
spray data and the results of the previous models in their existing
form.

Note that the new spray model is not intended to determine a re-
moval rate constant because removal rate constants tend to smooth out
the data and can give false impressions since a logarithm is involved.
The output of the new spray model is only put into this form to compare
its results to the results of the existing models. The correct compari-
son would be to compare the number of moles removed or the resulting gas
phase concentration.

Table 11 shows the comparison of the removal rate constant for the
new model to that for the experimental data. As can be seen from Table
11, the new spray model always over-predicts the removal rate constant
(under-predicts the removal rate) for the first spray period (high con-
centrations of molecular iodine). The absolute value difference for the
new model is from 34.0% to 89.3%Z with an average difference of approxi-
mately 59.6%Z. One should notice that these differences do not have as
wide a spread between the numbers as does the difference for the direct
comparison of the number of grams of molecular iodine transferred to the
liquid. This difference is due to the fact that the removal rate con-

stant is calculated from a logarithm which smooths out the error. It is
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Table 11.

Comparison of removal rate constant for spray model against CSE

tests

Initial gas phase

CSE tests results

Spray model's results

Relative percent

CSE  Spray concentration Final gas phase Removal rate Half 1ife Final gas phase Removal rate  Half life difference’ between
run  period removal rate
(moles/liter) concentration constant, A t1/2 concentration constant, A tl/2 Eant
(moles/liter) (min~1) (min) (moles/liter) (min-1) (min) constants
A-3 1st 1.97 x 10-7 4.92 x 1078 0.139 5.0 9.50 x 1078 0.074 9.5 47.1
A-3 20d 1.29 x 1078 2.89 x 10710 0.126 5.5 1.26 x 1079 0.077 9.0 38.9
A-4 1st 1.50 x 1077 1.97 x 10-9 0.495 1.4 3.17 x 10-® 0.155 4.47 34.0
A-4 2nd 7.88 x 10710 7.88 x 10-11 0.077 9.0 6.61 x 10712 0.159 4.35 107.0
A-6 1st 8.67 x 1078 2.36 x 1079 0.365 1.9 1.40 x 10-8 0.182 3.8 50.1
A-6 2nd 2.01 x 10-9 1.10 x 10-9 0.022 32.0 7.92 x 10-12 0.184 3.75 739.0
A7 st 1.06 x 107 3.27 x 1079 0.347 2.0 7.35 x 10-8 0.037 18.7 89.3
A7 2nd 2.05 x 109 7.49 x 10°10 0.033 21.0 2.62 x 10-10 0.068 9.33 107.0
A-8 1st 1.18 x 1077 5.12 x 10-9 1.08 0.64 5.77 x 1078 0.239 2:67 77.4
A-8 2nd 4.14 x 1079 2.17 x 10-9 0.017 40.0 2.89 x 10-13 0.257 2.89 1307.0

apifference =

|0\ csp = Asppay|

xCSE

x 100%.



far more realistic to use the number of grams of molecular iodine re-
moved for comparison.

A comparison of the results of the pré?ious spra? models is shown
is Table 12. Note that the "realistic model” is the name given to this
model when it was first developed for inclusion in WASH-1329% and does
not imply that it is the best model.

It is quite obvious that from Table 12 that for the first spray
period of runs A-3, A-4, A-6, and A-8, the new spray model is not as
accurate as some of the older models. Since the old models are not a
function of the gas phase concentration of iodine and the parameters
used in the old model for the first spray period and the second spray
period are the same. The removal rate constant predicted by the old
models would be the same for the first and second spray periods. The
new model would predict results closer to the spray tests than would the
"realistic” model for the second spray period. Although the "realistic”
model does predict close results for the first spray period, it uses an
effective partition coefficient of 100,000. For a drop fall height of
15.4 meters, the contact time of the drop with the gas phase is only 3.9
seconds and the effective partition coefficient at the conditions would
only be approximately 2200. An effective partition coefficient of
100,000 would not be reached until approximately 10 days at a pH of
9.5. So this effective partition coefficient of 100,000 would not be
reached until approximately 10 days at a pH of 9.5. So this effective
partition coefficient consists of a true effective partition coefficient
times an empirical factor. It is believed that this effective partition

coefficient was picked so as to best describe the results for the first
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Table 12. Comparison of removal rate constant for spray model
against previous models

1] ua c
s Spray Experimental e Stagnantb Stagnant CSE modeld New model
run eriod A 1n-1 : model film model drop model A. min-l A. min-l
number P m A, min~! A, min~! A, min™! g i

number period Experimental " "Realistic"a film model drop model CSE modeld New model

A-3 1st 0.139 0.102 0.027 0.053 0.109 0.074
2nd 0.126 0.102 0.027 0.053 0.109 0.077
A-4 1st 0.495 0.39 0.093 0.195 0.408 0.155
2nd 0.077 0.39 0.093 0.195 0.408 0.159
A-6 1st 0.365 0.34 0.202 0.235 0.365 0.182
2nd 0.022 0.34 0.202 0.235 0.365 0.184
A-7 1st 0.347 e e 5 3 0.037
2nd 0.033 e g & » 0.068
A-8 1st 1.08 1.02 0.483 0.527 0.978 0.239
2nd 0.017 1.02 0.483 0.527 0.978 0.257

QEquation 7 with PC = 105.
Pgquation 6 with PC = 5000.
CEquation 5 with PC = 5000.
quuation 8.

€published results not found.



spray period. If a situation would arise for the need of the "real-
istic” spray model and it did not occur in this same vessel used in the
CSE tests and under egactly the same conditions, the correction factor
may be wrong.

The CSE model is a gas-film controlled model and is compared to
tests maybe with a buffered high pH. The controlling resistance to mass
transfer for iodine would be gas-film controlled under these conditions
because the reactions quickly remove the molecular iodine in the
liquid. However, when the pH is buffered at a low pH or when the pH is
unbuffered, there will be significant resistance to mass transfer in
both phases. BWRs use ordinary water for their sprays, so there will be
significant resistance to mass transfer is both phases. Therefore, the
CSE model would give incorrect results for BWRs and any other system not
buffered at a high pH.

Since the iodine hydrolysis reactions are included in the new spray
model, they can determine internally when the reactions play an impor-
tant role in the mass transfer, and the new spray model should be valid
for any conditions. The new spray model appears to give better results
at low concentrations than for high concentrations of iodine in the gas
phase. The difference between the experimental data and the new spray
model can be caused by incorrect correlations for the mass transfer co-
efficients, incorrect data for the molecular iodine partition coeffi-
cient, incorrect expressions for the iodine hydrolysis reactions, or
from incorrect reaction rate constants. But much of the difference is

believed to be in the experimental spray data.
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CHAPTER IX

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
l. Summary

A new model has been developed for predicting the rate at which
gaseous molecular iodine is absorbed by water sprays. The model is a
quasi-steady state mass transfer model that includes the iodine hydro-
lysis reactions. The spray model was developed to determine numerically
the influence of the iodine hydrolysis reaction on the mass transfer
rates. The spray model is used to determine if inclusion of a represen-
tation of the iodine hydrolysis reactions increases the understanding of
what is occurring and increases the realism of the actual process. The
spray model is also used to see if the new models provide an increase in
accuracy for the removal of gaseous iodine. The parameters of the spray
model are the spray drop size, initial concentration of molecular iodine
in the gas phase, the initial concentration of all of the iodine hydro-
lysis species (including pH), the temperature of the gas, the tempera-
ture of the liquid, the pressure, whether the spray solution is buffered
or unbuffered, the spray flow rate, containmept diﬁmeter, and contain-
ment height (drop fall height).

Three other models have also been developed; these are kinetic,
drop, and wall spray models. The kinetic model simulates the solution
to the equations to the iodine hydrolysis reactions as a function of
time. The drop model simulates the absorption of gaseous iodine by a
single water droplet. The drop model has a mass transfer with reaction

algorithm and is the base model for the spray model. The wall-spray
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model contains the spray model algorithm plus a falling-liquid film
algorithm to simulate the removal of gaseous iodine by the water on the
walls. The results of the wall-spray model are not sigﬁificantly dif-
ferent from the results of the spray model and therefore the signif-
icantly longer computational time necessary to use the wall-spray model
is not warranted.

The spray model shows a difference of -120.5% to 68.0% compared to
the measured data of the Containment Systems Experiments with the clos-
est result being within 7.7% of the experimental data. Some of the dif-
ference is believed to be due to error in the measured data from the ex-
periment caused by the sampling techniques used and the fact that these
tests are large scale with many removal processes occurring simultane-
ously. Molecular iodine is absorbed on paint, piping, insulation and
particulates as well as on the spray drops. With all of these processes
occurring simultaneously, it is extremely difficult to separate the
contribution of the drops to iodine removal from the overall removed.
Since litteral interpretation of the experimental data show that twice
as much iodine is transferred to the liquid phase as is removed from the
gas phase, it is obvious that there are significant experimental errors
present.

Other sources for the difference between the calculated results and
the experimental data of error undoubtedly result from limitations in
the spray model itself. The spray model does not include any
representation of enhanced mass transfer during drop formation, and it
has been shown by Simpson?l that significantly higher mass transfer

rates do occur during drop formation. Another source of difficulty is
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the unknown sphericity of the drops of the experiment. The new spray
model has the ability to handle non-spherical drops, but there is no
information on the sphericity for the spray drops and Cliftl3 indicates
that drops of the size used in these tests are significantly non-
spherical. Using non-spherical drops would increase the rate of mass
transfer by increasing the surface area of the drops.

The spray model also does not consider heat transfer. Temperature
changes in both the gas and liquid phases can alter the rate of mass
transfer. The difference in results between the spray model and the ex-
perimental data increases when the initial temperature of the gas 1is not
the same as the temperature of the liquid. Since there are no heat
transfer calculations in the model, the gas and liquid phases are

assumed to remain at the same temperature throughout the simulation.
2. Conclusions

In conclusion, the iodine hydrolysis reactions have a major influ-
ence on the removal of gaseous iodine by water droplets. The kinetics
are influenced most when the water is buffered at a high pH. With a low
PH or an unbufferéd solution, the reactions essentially do not occur.
The pH is the single most important kinetic rate-controlling parameter
in the iodine hydrolysis reactions. A model for the absorption of gase-
ous iodine by water droplets will not be able to respond accurately to
the different conditions that can occur if it does not include the io-
dine hydrolysis reactions. The new spray model gives better results
when compared to the Containment Systems Experiment data for tests with

low concentrations of molecular iodine but gives worse results at high
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concentrations of molecular iodine than the previous models. The new
spray model is more realistic since it contains the iodine hydrolysis
reactions. It also provides information about the liquid phase and is
able to handle a much greater range of conditions such as recirculatory
sprays and unbuffered solutions. In any conceivable accident, radiation
would be present and would alter the results based on hydrolysis alone
by generating molecular iodine within the drops and by changing the pH

in unbuffered sprays due to the formation of the acid.
3. Recommendations

It is recommended that all of the models: ‘kihetic, drop, spray,
and wall-spray models, be tested more extensively. It is recommended
that both heat transfer and mass transfer during drop formation be in-
corporated into the spray model.l” Adding a representation of heat
transfer would probably make the most significant improvement to the
models and allow better comparison to experimental data taken from tests
in which a temperature difference exists between the gas and 1liquid
phases. The most important recommendation is that new smaller scale
tests, which are more' highly controlled, should be conducted. Presently
there is a greater need for new data to which the results of these new
models could be compared than there is a need for a more sophisticated
model. Smaller scale experimental tests under better controlled condi-
tions are suggested in which the only process for the removal of gaseous
iodine would be by water drops or sprays. A small scale drop test could

also be useful. Since the spray model is based upon the drop model, the

drop model should be tested to see if it is correct. The drop model
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must simulate a drop falling through gaseous iodine correctly; if not,

then both the spray model and the wall-spray model would be incorrect.
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APPENDIX A

NUMERICAL TECHNIQUE



All of the models involve the iodine hydrolysis reactions and an
efficient numerical integration technique must be used. The kinetic
model numerically integrates the iodine hydrolysis reactions with re-
spect to time. The drop, spray and wall-spray models all contain mass
transfer of molecular iodine to the liquid and the iodine hydrolysis re-
actions occurring in the liquid drop. Therefore, in all of the models
the iodine hydrolysis reactions must be integrated.

The iodine hydrolysis reactions are integrated by a Runge-Kutta-
Felhburg, RKF, 5(4) order numerical integration routine.l? RKF 5(4) has
is a fifth order Runge-Kutta routine with a fourth order routine im-
bedded in it. The RKF routine is a single step method with error con-
trol. To save computer calculation time the routine in the model only
contains the parts of the RKF routine which are necessary to integrate
these equations and the absolute error control has been replaced by a
relative error control to improve accuracy and computer time. The error
control is possible by comparing the difference between the two
orders. The model requires as input the number of equations to inte-
grate. For a buffered solution, there are four equations to numerically
integrate. Equations 24, 25, and 26 are assumed to come to equilibrium
instantaneously and since the hydrogen ion concentrations will not
change, one would have to integrate Equations 27 through 30. For unbuf-
fered solutions the pH would change, so Equation 32 would have to be in-
tegrated, so five equations would have to be integrated. Therefore, for
a buffered solution the input parameter IN would be four and for an un-

buffered solution IN would be equal to five.
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Other numerical integration routines have been tried such as DGEAR
and DVERK from the International Mathematics and Statistics Library,
IMSL, and LSODE from Corlib. Neither of the IMSL routines would get
started because the step size would drop below the accuracy of the
machine. This is most likely due to the complexity of the differential
equations. LSODE is a Gear's multistep integration routine. Gear's
method works extremely well for the kinetic model. In fact LSODE works
better in the kinetic model for longer periods of time. This is the
routine that Bell® used. When mass transfer is included this routine
becomes extremely slow, taking almost 10 times more computer time than
does the RKF routine. This is because LSODE is a multistep method and
each time mass transfer occurs a new concentration of molecular iodine
is determined and the system must start over. So the RKF method was

chosen because error can be minimized and efficiency can be achieved.
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APPENDIX B

KINETIC MODEL, SAMPLE INPUT AND OUTPUT
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K INETIC MODEL
M. P. ALBERT

THE KINETIC SIMULATES THE AQUECUS IODINE HYDBOLYSIS REACTICHNS.
REACTIONS 4, 5 AND 6 (EQUATIONS 24, 25, AND 26) ARE ASSUMEL TO
COME TO EQUILIERIUM . THE KINETIC MCDEL NUMERICALLY INTEGRATES
EQUATIONS 27 THEOUGE 32 WITH A RUNGE-KUTTA-FELEBURG S (4) RCUTINE.
SUBROUTINE FOUNCTN AND ITTER ARE CALLED FROM THIS 4AIN PROGEAM.
SUBROUTINE PUNCTN CCNTAINS THE EQUATIONS TO BE INTEGRATED.
SUBROUTINE ITTER FINDS THE ROOT TO THE EQUILIBRIUM ECUDATICN CF
EQUATION 24 BY A SECAET METHOD. TBHIS PROGEAM IS DESIGNED TO RUN
ON A PDP-10 COMFUTEE EUT SHOULD BE EASILY CONVERTED TC RUN ON ANY
PORTRAN COMPUTER.

PR R RIS R R LRSS 22 A RS SR R R R R R SRR R R S R S 2 R R RSN SRS R R R L 2 L S

IMPLICIT DOUBLE PRECISION (A-H,K-2)
INPLICIT INTEGER (I-J)

DIMENSION W (8) ,WOLD(8),K1(7) ,K2(7),K3(7),R(7),¥B(7),
1 DELTA (7) ,9BS (7) ,F (7) ,K4(7) ,KS (7) K6 (7),TOL(7)

READ (58,*)2,B,EMIN,HNAX,IR
READ (49,*) TOLER, TENPL

PORMAT (* N TIME 12 I- HOI

1 103- B+ 10- 13- STEP SIZE'
2,7)

FORMAT (*STEP SIZE EELOW STEP MIN',D15.7)

FORMAT (IS, 9D13.7)

FORMAT (I6)

WRITE(50,11)

READ IN INITIAL COMDITIONS

DO 20 J=1,7
READ (58,%*) WOLD (J)
CONTINUE

TOLD=A
Q=1.0D-1
H=1.0D-2

WRITE(50,22)I,TOLD,RCLD(1) ,#OLD(2) ,WOLD (3) ,ROLD (4) ,®OLD(5) ,HOLD (6)
1 ,9CLD (7) ,B

CALCULATE THE ECUILIBEIUM CONSTANST K4,KS,K6

DENLIQ=6.0252247D-9%TENPL*#3-9.1329604D-6*TEMPL**2+3.573572D-3I*TEN
1PL+5.8358882C-1

RK6==4.098D00~-3245. 2D00/TENPL+2.2363D5/ (TENPL**2)~3.984D7/ (TEMBPL*#*
13)+{13.957D00-1262.3D00/TENPL+8.5641DS/ (TEMPL**2)) *CLCG (DENLIQ)
RK6=10%% (BK6)
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RKS= 10**(2800.08D00¢0 733SCO0*TEMPL-80670. ODOOITEHPL
1-1115.1D00*DLOG10 (TEXEL))

RK4=DEXP (3727.86D00/TEMPL-11.6326C00+0. 01922 12D00* TEMEL)
5

WOLD.{8) =RK6/WOLD (5)
c
c BEGIN THE RUNGE-KUTITA-FELBEURG BROUTINE
c
c
c CALCULATE R'S
c
1 po 3¢ J=1,18

aw)aunw)

30  COHTINUE
c

CALL FUNCTN(W,®OLD,F,IN)

(o]

DO 46 J=1,1IN
K1(J) =8*P (J)
40 CONTINUE

DO 5C J=1,1IN
W(J)=WOLD (J) +K1(J) /4.0D00
50 COBTINOE

CALL PUKCTN (%,WOLD,P,IN)

DO 60 J=1,IN
K2 (J) =H*F (J)
60 CONTINUE

DO 80 J=1,IN
W(J)=NOLD (3) +3.0D00*K1(J) s3.2D1+9.CD00*K2 (J) /3. 2D1
80 CCHTINDE

CALL FUNCTN (W,ROLD,F,IN)
DO 90 J=1,1IN

K3 (J) =B*F (J)
90 CONTINUE

c
DO 110 J=1,IN
W(J)=FOLD (J) +1.932D3*K1(J) /2. 197D3=7.2D3*R2 (J) /2. 1973
. 1 +7.296D3*K3(J) /2.197D3
110 CONTINOE
c
CALL FUECTH(W,8CLD,F,IN)
c

DO 120 J=1,1I8
K4 (J) =H*P (J)
120 CCNTINUE

DO 130 J=1,IN
W (J)=WOLD (J) +4.39D2*K1(J) /2.16D2-8.0D00*K2(J) +3 .68D3*K3 (J) /5. 13D2
1 -8.45D2%K 4 (J) s4.104D3
130 CONTINOE
o

CALL POUONCTN(W,®OLD,F,IN)
DO 140 J=1,1IN
KS (J) =8*F (J)
14C CONTINDE
DO 150 J=1,1¥
¥(J)=WOLD (J)-8.D00*K1(J) /2.7D 14 2.D00*K2 (J)-3.54 4D 3*K3 (J) /2.565D3
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1 +1.859D3*K4 (J) /4.104D3-1.1D1*KS {J) /4.0D1
CONTINUE

CALL FUNCTN(W,WCLD,F,IN)

DO 160 J=1,1IN
K6 (J) =R*F (J)
CCHTINUEB

DETERMINE TBE NEW CONCENTRATICN OF ALL OF THE IODINE HYDRCLYSIS
SPECIES ANT CBECK THE ERRBCR

DO 1C0 J=1,1I8
@B (J) =WOLD (J) +1.6D1*K1(J) /1.35D2+6.656 D3*R3 (J) /1. 2625D4+
1 2.856 104 *KY (J) /5.64 3D4=9.0DCO*KS (J) /5.0D1+2.0C00%K6 (11 /5.5D1
R(J)=ABS (K1(J)/3.6D2-1.28D2%K3(J) /4.27503-2.197D3*R4 (J) /7.524D4
+K5 (J) /5. 0D1+2.0D00*K6 (J) »5.5D 1) /H
TOL (J) =ABS (®B (J) *TOLER)
DELTA (J) =0.84# (TOL (J) /R (J)) **0.25
CCHETINUE

DO 5C0 J=1,IN ’
IF (B(J) ..GT. TOL (J))GOTO 900
CONTINUE

DO 510 J=1,1I8
WOLL (J)=WE (J)
CONTINUE

DETERMINE THE EQUILIBRIUM CONCENTRATIONS FOR EQUATTICNS 24, 25 AND
26

BB=-1.0D00- (FOLD (2) +ROLD (1)) *RK4

C=ROLD (2) *ROLD (1) *RK4=HOLD (7)

D=-BE/ (2. 0D00*RKY4)
E=((PB*%2.0D00-4. 0D00*5K4 #C) #%0. 5D00) / (2.0D00*RKY)
V=D-F

IFP(V .LT. 1.0D-18) CALL ITTER(WOLD,EK4,C,V)

WOLD {7) =ROLD (7) +¥
WOLD (1) =HOLD {1)=V
WOLD (2) =WOLD (2) -V

IF(IN .EQ. 4)GGTO 600
RR=WCLD (6) +ACLD (5) +BKS
S=-RES*ROLD (3) +WOL1D(6) *ROLL (5)
M=(-5R+ (RB*RB-4.0D00*S)**0.5) /2.0C00
ROLD (5) =HOLD {5) +M

GOTO 605

M=(RKS*ROLD(3) -ROLD (6) *NOLD(5) )/ (WCLD (5) +EKS)

WOLD (6) =WOLD (6) +M
WOLD (3)=WOLD (3)-M

IF(IF .EQ. 4)GCTO 615

D =WOLD (8) #*WOLD {5) -BK6
VV=WCLD (8) +HCLD (5)

X=(-VV+ (YV*9V=4.0D00*0) **0.5) /2.0D00
WOLD (5) =HCLD (5) +X

WOLD (8) =HOLE (8) +X

I=I+1
TOLD=TCOLD +H
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WRITE(5C,22) I, TOLD,WOLD (1) ,HOLD(2) ,WGLD (3) ,WOLD(4) ,WOLD(5),
1

WOLD (6) ,ROLD (7) ,H
DEL=CELTA {1)
IF(IB .EQ. 1)GCTO 905
DO 520 J=2,IB
IF (DEL .LT. DELTA (J))GOTO 520
DEL=DELTA (J)
CONTINUE
GOTO 905
DETERNINE NEW STEP SIZE
DEL=CELTA (J)
IF(DEL .GT. Q)GOTO 910
ANEW=Q*H
GOTO 1000
IP(DEL .LT. 4.0)GOTO 920
HNEW=4.0D00*EH
GOTO 1000
HNEW=DEL*H
CHECK NEW STEP SIZE WITH MAX AND MIN STEP SIZE

IF (BENEW .LT. HMAX)GOTC 930
BNER=HNAX

IF (HNEW .LT. BMIN)GGIC 1111
LEFT=B-TOLC-BENEW

IF(LEPT .GT. 0.0) GOTO 5000
HNEW=B-TOLD

H=HNEW
IP(TCLD .GE. B)GOTO 999
GOTO 1

WRITE(40,21) BHER
WRITE (23,25)I,IN
STOP

END
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CHEEXEEERBERARXXRXBXXRBERERABXBRBRR B XXX BERRAE R AR AE KRR R AR RS R FRX AR A KRR KK
SUBROUTINE FUNCTN

THIS SUEROUTINE CORTAINS THE DIFFERENTIAL EQUATIONS (KINETIC RATE
EQUATIONS) TO EBE INTEGRATED. THIS SOUBROOTINE IS CAILED F5CM THE
RUNGE-KUTTA-FELHBUSG IBTEGEATICN EQUTINE IN TBE KINETIC, DFOP,
SPRAY AND WAIL-SPEAY MCDELS.

A AR R R R R RS R R E R R L R R R R RS RS R RS R RS R SRR R R R R R S L L L L

SUBRCUTINE FONCIN (W,WCLD,F,IN)

0N aOo0nnanonhoann

INPLICIT DOUEBLE PRECISION (A-H,K-2)
INPLICIT INTEGER (I-J)

DIMENSIGN W (8),WOLD(8),F(7)
IP(IN .EQ. 5)GCTC 5

W (5) =HOLD {5)
5 W (6) =WOLD (6)

BK1=3.0C00
RKR1=4.4D12
RK20=2.5D02
RK21=1.2D02
RKR2=3.0D08
RKP3=9.35D-8

R1=RE1*5 (1)

BRI=RKR 1% § (2) *W (3) *W {5)

R20=FKK20%W (3)**2.0D00
B21=EK21%% (3) *W (6)

RR2=FEKR2*W (4) *N (2) #*2.0D00*W (5)**2.0C00
RP3=FEKP3* (5) *W (2)

P (1) >-B14BR1+5.0D=-1#EE3

P (2) =R1-BR 142.0D00* (R20+R21) /3.0C00-2.0D00*RRZ=-RP3
P (3) =R1-BR1-§20-B21+3.0D00*RR2

F (4)=(R20+B21) #3.0DCC~RR2

IF (IN .EQ. 5)GOTO 10

F (5) =0.0D00
GOoTQ 11

10 P (5) =B1-RR1+K20+4R21-3.0D00*RR2-4.0C00*RP3

11 P (6) =0.0D00
P (7) =0.0D00

BRETUFRN

ERD
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CEXX XL XX XXX BX XXX L XX XXX XXX XX XXX RXXX R XX XX XX RXE RS X XXX XXX RE R IR AR K SRR RR K

0NO0OnNn0O0On0n00On00Nn

(o]

Q=0 (g} aoun 0

SOUBROUTINE ITTER

THIS SUBROUTINE FINDS THE ROOT TO THE QUADRATIC EQUILIBRIUM
EQUATION FOR THE PORMATION REACTION CP TRI-IGDIDE, I3- (ECUATICN
24). A SECANT METHOD IS THE ROUTINE USED TO FIND THE RCGI. THIS
METHOD IS CALLEL WHENEVER THE CUALCBATIC. FOBMOULA RESULIS IN LESS
THAN APPROXIMATELY TBEEE SIGNIFICART FIGURES. THIS SCBROUIINE

IS CALLED BY THE FROGRAMS KINETIC, DROP, SPRAY AND WAILIL-SPEAY.

2222 R R R R 2L R R R R R AR RS R RS RS RS RS E RS RS R R R R R R EEE SRR L L

SUBROUTINE ITTER (WCLD,BK4,C,V)

INMPLICIT DOUELE PRECISION (A-H,L-2)
INPLICIT INTEGER (I-K)

DIMENSICN WOLD(7),¥%({(7)

P0=1.0D-16
P1=1.0D-18

Q0=C-RK4*PO*E0-PO*RKU4* (HOLL (1) +WCLD (2)) =P0
Q1=C-RK4*P1*F1-P1*RK4* (ROLL (1) +WOLD (2)) -F1

NER=E1-Q1*(P1-E0) / (C1-C0)
CBECK=AES (NEW-P1) /P1

IF (CHECK .LT. 1.0D-4) GOTC 10
PO=P1

Q0=Q1

P1=NEW

GOTO 5

V=NE&

RETUEN

END
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Kinetic Model sample input:
A=0.0

B 15.0

HMIN = 1.0 x 10~10

HMAX = 1.0 x 102

IN = 4

TOLER = 1.0 x 10~*

TEMPL = 298 K
WOLD(1) = 1.0 x 1073
WOLD(2) = 0.0
WOLD(3) = 0.0
WOLD(4) = 0.0
WOLD(5) = 1.0 x 1079
WOLD(6) = 0.0
WOLD(7) = 0.0
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22231340C¢00
«22875¢08C+00
22264922L400
«22082224L400
«22538¢50+00
«23179¢0L+00
. 23364 44L+00
.2355377C+00
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171393001
+01108£6D¢21
+%36523170¢ 01
933600 1D« ")
9147 437D+01
93397150+ 01
«36383270¢01
+3889424D¢21
10142990+ 02
«1039801D¢02
«1265710C+92
«1191767D¢ 02
«1111034D¢02
11646950402
+1171586D¢ 02
.1190784D+32
+1226329C+02
« 1254 184D+ C2
.1282435D+02
«13117920+02
- 1340 191D+ 02
«136977uD¢02
- 140924 1D+02
«1831146D¢ 02
.1862920D¢02
«1495393D¢02
+15290%00¢ 902

<27€5)25D=-0)
+275)632D-C3
.27354556D-03
.27207950-23
.27369670-13
+2651462D-03
.2676982D-02
.2€62¢1490-03
«260815€9-(3
«26342939-33
«2620109D-13
.26361990-C3
.25923170-03
.25785270-03
+2%649110-93
+2%511630-C3
.25375730-03
.25247370-03
.25105390-03
.20970730-03
+24€36670-93
.2470225D0-03
.208566420-03
.24430750-C3
.28293790-03
.24156120-03
.24134830-03

4350570003
-€354RE1D-03
<66 38EC2C-03
.668235CD-03
«67254%20-03
.57602€1C-0)
-6810556C-03
.68525570-03
.6859237D-03
.6935570C-C3
.697466210-03
.70173¢4C-03
-70579090-03
.70581930~-03
.71382570-03
+7178125c-03
.72178%10-03
« 72574 32C-C3
.7296911c-03
+7336:220-03
«73757£1D0-03
+741518y0-03
- 55166 0-03
.78950220-03
«7535402c-03
+7575§570-03
.75814320-03

.20¢03700-2)
+2£256670-03
+2751706D-03
«275€4672-03
.272596 60 =03
.2€S41€90-013
«26€303M-03
.262254 20-03
. 2€026560-03
«2%733520-03
.25406020-03
.25163800-03
+2U€866 20-03
«24619210-02
«2434€320-03
.26082710-03
.23€23110-03
.235672680-03
233149 30-03
+23€65790-03
+22819560-03
+22576030-03
«22331910-03
+22091000-03
«21€500 10-03
.21610870-03
.21576870-03

«991 5c 4(D-08
«10C78€7D-03
.10239 140-03
.103971¢D-03
.10552¢(c-03
-10705%€D-03
.108562%0-03
.1100873(D-03
-1115104C-03
-112953¢€0-03
.11432790-03
.115783¢€c-03
-11717240-03
.118545(D-03
.1199024C-03
.121265€0-03
.12257%€0-03
.12389410-03
.12520120-03
.12645¢¢0-03
.127790CD-03
.129073¢0-03
.1303679D-03
.131652(p-03
.13294350-03
«138235¢0-03
«13081€5D-03

.10€0000D-CB
.1€€0000C-CE
.1003000C-08
.10000000-08
.10€c000c-C8
.1000009C-08
.1000CC0D-08
.1cooo0coc-c8
.1900000C-C8
.1000000D-08
+1000000D-C6
+.1000009C-08
.10000GCD-08
.10€0c00C-CB
+1000009C-C8
.1000C000D0-08
.1000000D-C8
.1000000C-08
.1000000D-08
+10€00000-GC8
»1000000C-08
.100000CD-08
-.10€00000-08
+1000000C-08
.10000000-08
+.10000000-08
.1000000C-08

«¢570869D-05
.€459013D-05
-E820924D-05
-£344475D-05
.£2€9726D-05
.6156589D-05
.€124985D-05
.€054847D-05
.25861090-05
+£9187090-05
.SES2584C-05
.£787675D0-05
+£7239220-05
.5661268D0-05
+2559654D-05
+£5390230-05
-£4793160-05
.£820474D-05
+5362034D-05
<53051320-05
-£248499D0-05
+5192486D-05
.£1363390-05
.£0809300-05
+£0255010-05
-4970408D-05
-4962680D0-05

+13334170-03
+13351110-03
+13366€5D0-93
+1338164D0-33
+13394890-03
+13407250-03
«13818560-03
.13423850-03
«13438150-03
«13446508-G3
.13453920-03
+13460450-03
.13466110-03
.13470910-03
+13474900-03
-13478070-03
+13¢,0860-03
«13432070-03
+13482920-03
+13483020-03
.13481910-03
+13480290-03
-13477730-03
+13474560-03
«13470480-03
+13465710-03
+13467080-03

«2378751C+00
22394752L400
-28152(5D+00
2036142000
24540 €0C+00
«2473057L+00
+20493129C¢00
225139¢€4C+00
225356430+00
«25568223C+00
«25€1854C+00
26066 €40+00
«26326€E9L+00
+26€01(7c+00
.26€90€3C+00
+27198110+00
+2752524L+400
«27€75(3C+00
+2825050C+00
+28€57CC+00
+29(98€7C+00
+2958307L+00
«3006655C+00
-30508€5D+00
«3177815C+00
«+3287333C+00
.96068E8D-01



APPENDIX C

DROP MODEL, SAMPLE INPUT AND OUTPUT
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DROP MOLEL
M. P. ALBERT

THE CROP MODEL SIMULATES THE AESCBRETCN OF ONE DROP SUSPENDED IN A
GAS CONTAINIBSG MOLECULAR ICDIBE. THE DRCP MODEL IS A CUASI-
STEADY~-STATEF MCDEL THAT COBSIDERS THE MASS TRANSPER IKTO THE
DROP AND THE ICDINE HYCROLYSIS BEACTCNS SBICHB OCCUR IN

THE BULK LIQUID OF THE DROP. A TWC-RESISTANCE MODEL

IS USED TO DESCRIBE THE MASS TEANSFER. A RUNGE-KUTTIA-FEIHEUEBG
S (4) METHOD IS USED TC NUMERICALLY INTEGRATE THE ICLIXE
HYDRCLYSIS BEACTIONS. SUBBOUTINES POUONCTXN AND ITTER AEE CALLED
PROM THIS MAIN PROGRAM. THIS ERCGEAM IS DESIGNED IC EUN GOK A
PDP-10 COMPUTER BUT SHOULD BE EASILY CONVERTED TC BUN CN ANY
FORTEAN COMEPUTES.

XXX XX XX XXX XX XXX XXX XXX XEXX XXX XXXXXXXXXXEXIR XXX XX XXX XXX XXX XXX XX R R ER XK X

INMPLICIT DOUELE PRECISION (A-H,K-2)
INPLICIT INTEGER (I-J)

DINENSION W (8) ,WOLL (8) ,R1(7),K2(7),K3(7),B(7),%B(7),
1 DELTA (7) ,RES(7) ,F (7) ,K4(7) ,KS (7) ,K6 (7) ,TCL(7)

READ (58,%)A,B,HMIN,HNAX,IN
READ (20,*) TEMPG, TEMPL,DIAN
READ (43,*)CI2G,CHL

READ (49,*)TCLER

FORMAT (AT A TEMPERTURE OF THE GAS ',P6.2,' DEGRESS KELVIN'/

'TEE VISCOSITY OF TEE LIQUID (CP)=',E15.7/

'TEE VISCOSITY OF TEE GAS (CP) =',E15.7/

*THE PARTITICN CCEEFICIENT IS =',E15.7/

'THE DENSITY OF THE LIQUID (GMS/CC) =',E15.7/

'TEE DENSITY OF THE GAS (GMS/CC) =',E15.7)
FPORMAT (*THE DIFFUSION COEFFICIENT FOE THE GAS (SQ CR/SEC)=',E15.7
1 /'THE DIFPUSICN COEFPFICIENT FOR THE LICUID (SQ CE/SEC)=',E15.7/
2 'THE GAS-SIDE MASS THEANSFER COEFFICIENT (CM/SEC)='E15.7/
3 'THE LIQUILC-SIDE MASS TRANSFER CCEFFICIENT (CM/SEC)=',E1S.7v

NEWN 2

4'THE OVERALL LICUID-SIDE MASS TRANSFER CCEFFICIENT (CM/SEC)=',E15.

574/, °'THE VCLOME FOR CNE DROP (LITERS)=',E15.7/

6 'THE SURFACE AREA FOB ONE DROP (SQ CM)=!,E15.7/

7 'TRE EXPOSURE TIME FCE THBE DROP IS (SEC)=',E15.7/

8 'THE BREYNCLDS NUNBEE FPCR THE DROF =',E15.7/

9  'TEE TEBRMINAL VELOCITY OF THE DRCP (CM/SEC) =',E15.7)

PORMAT (*THE CONCENTRATION OF THE GAS IS (MCLES/LITEE) :',E15.7,/
1, 'THE IRITIAL CONCENTRATION OF THE DRCP IS (MCLES/LITER) :')

FORMAT (' I2 = ',E15.7/
2 I- = ',E15.7/
3 HOI = ',E15.7,
4 103- = ',E15.7/
50 B¢ = ',E15.7/
6 I1C~- = ',E15.7/
il 13- = 1,E15.7/)

FPORMAT (*THE FINAL CONCENTRATION CF THE DROP IS (MCLES,LITEEF) :')
FORMAT (*THE BUMEES OF XCLES OF IOCINE (I2) REMOVED IS =',E15.7,/

1 'THE RUEBER OF GRAMS OF ICLINE REMOVES IS =',E15.7,/)
FORMAT (' TINME MOLES BND FALL HGHT STEP SIZE
1,/)

PCRHAT (' N TINME I2 I= BCI

1 I03- B+ I0- I3~ FALL HGHT®
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2,/)

FORMAT (*STEP SIZE EELCW STEP #IN',D15.7)
FCRNMAT (I5,5D13.7)

FORMAT (4D15.7)

FORMAT (I6)

WRITE (50, 19)
WBITE(51,17)

SFA=3.1416C00* (DIAN) **2
VOLD=(3.1416C00*DIAN**3.D00)/ (6.D00*1.0D3)

TEHMPGU=TEMEG**4
TENPG3=TEMPG**3
TEMPG2=TENPG**Z

TENPLU=TENPL**4
TEMPL3=TEMPL**:
TEMPL2=TEMPL**:

VSL1=1.8662866L-8*TEFMPLU~2.633369SC~-S*TEBPL3+1.397CEQTL-2*TENPL2
VSL2=-3.30748C6DCC*TENPL+2.9558666LC2
VISLIQ=VSL1+VS1l2

PC1=9.981476D-7*TEMPL4-1.5730121D-3*TEMPL3+49.278567€C-1*TENPL2
PC2=-2.42E8388LZz*TENPL+2.3E24847D4
PC=PC1+PC2

DHL1=6.0251147L-9*TENEL3-9.1329604D-6*TEEPL2
DNL2=3.57357:D-3*TENPL+S.8358882D-1
DENLIQ=DNL 1+LCNL2

VSA1=-2.8713293D-15*TEMPGU+1.6909463D-11*TENPG3-4.C15468D-E*TENPG2

VSA2=6.567CSU29C-5*TENEG+1.5523691D-3
VISGAS=VSA1+VSA2

TMP=5.178C-3*TENPG

OMEGA1=TNP**3* (-6.19C47619D-2) +4.657142857D- 1*TME**Z
OMEGA2=TMP* (-1.30423€CS5D0C) #+2.315428571D00

OMEGA=OMEGA1+CFKEGAZ

MLWT=1/2.9D1+41/2.53809L2
DIPGAS=1.858C~3*TEMEG**1.5*NLUT**0.5/(1.0DCO*4.4355C0C**2*CNEGA)

DIFLIQ=3.91D-8*TENPL/VISLIC

DNG1=8.2892055C-16*TEMEG4-U4.2656962D-12*TEMPG3+8.0228283D-S*TEMPG2

DNG2=-6.8325529C-6*TENEG+2.6129391C-3
DENGAS=LNG1#DNG2

GSM1=0.83D00*( (DENLIC-DENGAS) /DENGAS)**0.25*9.81D2%%0.25
GSM2=(VISGAS/ (1.0D2*DENGAS)) **=0. 17#DIPGAS**0.67*DIAN#*~C .25
KGI2=GSM1*GSH2

ND1=4.D00*DENGAS* (DENLIQ-DENGAS) #9.81D2#CIAN ##3

ND2=3.0D00#* (VISGAS/1.0D2) **2

ND=BL1/ND2

WW=210G 10 (XD)

NRE1=(-1.81391C00+1.34671D00*WW=0. 12427D00*NW**2+6.3U4YD-3*Hn**3)
NBE= 1. 0C1**XNRE1

TRMVEL=NRE*(VISGAS/1.0D2)/ (DIAN*DEXNGAS)
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EXPTE=HEIGHT/TEFMVEL
KLI2C=(4.O0DOO*LIFPLIC*TEMVEL/ (3.1415DCC*DIAN) )**0.5
KLOV=KGI2#KL12C/ (PC*KLI20+KGI2)

WRITE (22,10) TEMPG,VISLIC,VISGAS,EC,DENLIQ,DENGAS

WRITE (22,11) DIFGAS,CIFLIC,KGIZ2,RLIZO0,KLQOV,VOLD,SFA,E,NRE,TRMVEL

READ IN INITIAL CCHEDITICHS

DO 20 J=1,7
READ (58,%*) WOLD {J)
CONTINUE

TOLD=A
Q=1.0D-1
H=5.0D=-2

CALCOLATE ECUILIBEIUE CCNSTANTS R4, KS AND K6

RK6=-4.098C00-3245.2D00/TENPL+2.2363D5/ (TEMPL#*2)~3.9E4D7/ (TEMEL**
13) +(13.957D00-1262.3DC0/TEMPL+8.5641DS/ (TEXPL##2)) *L1CG (CERLIC)

BRK6=10%* (RK6)

RKS5=10%#%(2800.48D00+0.7335D00*TENPL~8067C.0D00/TENEL
+1115.1000*DLOG 10 (TENEL))

RE4=TEXP (3727.86D00/TEFPL~11.6326DC0+0. C 19 2212D0 0*TEHEL)
WOLD (8) =RK6/8CLD (5)
WRITE (22,12)CI26
WRITE (22,13)ROLD(1),WCLD(2),SOLD (3) ,W0LD(4) ,WOLD(5) ,CLE (6) ,
1 §CLD(7)
CALCULATE THE MASS TRANSFER
CI2L=WCLD (1)
T=TQID
WOLD (1) =CI2L
MOLTE=H*KLCV* (EC*CI2G-ROLD (1) ) *SFA,1.0D3
NNOL=WOLD (1) $VCLD
WOLD (1) =(NECL+PCLTE)/VCLD
BEGIN THE RUNGE-KUTTA-FELABOURG ROUTINE
CALCCLAIE K'S
DO 3G J=1,IN
W (J)=RCLD (J)
CCNTINDE
CALL POUNCTH (¥,WOLD,F,IN)
DO 4C J=1,IN
K1(J) =B*F (J)
CONTINUE
DO SC J=1,IN
W (J)=WCLD (J) +K1(J) /4.CDOC
CONTINUE
CALL FUNCTN (W,%CLD,F,I5)

DO 6G J=1,1R8

101



16C

aonon

100
5¢C

510
C

K2 (J) =B*F (J)
CCNTIRUE

DO 8C J=1,IN
W(J)=WOLD{J) +3.0DCO0*K1(J) /3.2D1+5.CDCO*KR2 (J) /3.2D1
CCNTINOE

CALL FUNCTN (W,WOLD,F,IX)

DO 9C J=1,1IN
K3 (J) =B*F (J)
CONTINOE

DO 110 J=1,1IN

W(J)=WCLD{J)+1.932D3*K1(J) /2.197D3-7.2D3*K2 {J) /2. 1S7L3
1 +7.296D3*K3(J),s2.197D3
COBTIRUR

CALL FUNCTN(W,WCLD,F,IN)

DO 120 J=1,1X
K4 (J)=8*F (J)
CONTINUE

DO 130 J=1,1N

W (J)=WOLD (J) +4.39D2%K1(J) /2. 16D2-8.0D00*K2{J) +3.68CI*K3 (J) /5. 1302
1 -8.45DZ*K4 (J) ,4.104D3
CONTINUE

CALL PUXCTN(W,&CLD,F,IN)

DO 140 J=1,IN
KS(J)=B*F (J)
CONTINUE

DO 150 J=1,IN
W(J)=WCLD(J)=-8.D00*K1(J) /2.7D1+2.D00*K2 (J)-3.54U4DI*K:(J)/2.565D3

1 +1.859D3*K4 (J) /4. 104D3-1.1D1*K5 (J) ,4.0D1

COBTINUDE

CALL FUBCTN (W,WOLD,F,IB)

DO 160 J=1,IK
K6 (J) =B*F (J)
CONTINUE

DETERMINE THE NEW CONCENTRATION OF ALL ICDINE HYDROLYSIS SEECIES
AND CBECK ERROE

DO 1€0 J=1,IE
B (J) =WOLD (J) +1.6D 1*K1(J) /1.35D2+6.656 DI*K3 (J) /1. 2625Du+
1 2.8561C4*K4 (J) /5.643D4=9.0DCO*RS5 (J) /5.0D1+2.0C0C*K6 (J) /5.5D1
B(J)=ABS (K1 (J)/3.6L2-1.28D2*K3 (J) »4.275C3~2.197D3*K4 (J) /7 .524D4
+KS5 (J)/5.0D1+2.0DCO*K6 (J) 5.5D 1) /H
TOL (J) =AES (WE {J) *TCLER)
DELTA (J) =0.58D00* (TOL (J) /B (J) ) **0.25
CONTINUE

Do 5C0 J=1,1K
IF(R(J) .GT. TOL(J))GGCTIO SO0
CONTINUE

DO 510 J=1,I%

WOLL (J)=WE (J)
CCNTINUE
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DETEEMINE THE EQUILIBEIUM CONCENTEATION FOR EQUATICKS 24, 25 AND
26

BB=-1.0D00~- (§OLD (2) +WCLD (1)) *BK4

C=WOLD (2) *RCLD (1) *ER4=WCLD (7)

D=-EE/ (2.0DO0*EKA4)
E=((EB**2.0D00~4.0D00*RK4*C)**C. 5000)/(2 0DO0*RKU)
V=D~F

IF(V .LT. 1.0D-18) CALL ITTER(WOLD,EK4,C,V)

WOLD (7) =HOLD (7) +V
WOLD (1) =ROLD (1) -V
WOLD (2) =WOLD (2) -V

IP(IF .EQ. @)GCTIO 600

RR=WCLD (6) +WOLEL (5) +BKS
S=-BKS*WOLD (3) +WOLD (6) *WOLD (5)

M= (-EB+ (RR*RRB-4.0DCO*<) *#0.5) /2.0DCO
WOLD (5) =WOLD (5) +M

GOTO 605

M=(RRS*WOLD (3) -WOLL (6) WOLL(S) )/ (RCLL (5) +BKS)

WOLD (6) =ROLD (6) +i
WOLD (3) =WOLD(3)-H

IP(IF¥ .EQ. 4)GCIO 615

U=WOLD (8) *WOLD (S5) =ER6
VV=WCLD (8) +WCLD (5)
X=(-VV+(VV*VV=4.0D00*0)*#*0.5) /2.0D00
WOLD (5) =WOLD (5) +X

WOLD (8) =WOLD (8) +X

I=I+1
TOLD=TOLD+H
FHT=TOLL*TRMVEL
SUMMCL=SUMMCL+ROLTS
CI2L=WB (1)
WRITE(S1,23)TCLD,SUMNCL,PRT,H
WRITE(50,22) I,TOLD,RCLD(1),NOLD(2),WOLD (3) ,HCLD(4) ,RCID(5),
1 WOLD(6) ,®CLD (7) ,PHT
DFL=CELTA (1)
IP(IN .EQ. 1)GCTGC 905
DO 520 J=2,IN
IF (DEL .LT. DELTA(J))GOTO 520
DEL=DELTA (J)
CONTINUE
GOTO 905
DETERMINE NEW STEE SIZE
DEL=CELTA (J)
IF(DEL .GT. Q)GOTO 910

HNEW=Q*H
GOTO 1000
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IF(DEL .LT. 4.0)GOTO 920
BNEW=4.0D00*B
GCTO 1000

BNEW=DEL*H
CHECK NEW STEP SIZE WITH MAX AND MIN STEF SIZE

IP (HREW .LT. HMAX)GOTIC 930
BNEWN=HNAX

IF (BNEW .LT. BNIN)GGTC 1111
LEFT=B~TOLD-BNEW

IP(LEFT .GT. 0.0)GATC 5000
HNEW=B-I0LD

H=HNEW
IP(TCLD .GE. B)GOTC 999
GOTO 1

WRITE(40,21) BNEW
STOP

WBITE(23,25)1
GBNS=253.8C09DCC*SUNNCL

WRITE (22, 15) SUNBOL,GBAS
WBITE(22,14)

WRITE (22, 13) RCLD (1) ,#CLD(2),WOLD (3), WOLD (4) ,WOLD (5) ,®CLD (6),

WOLD (7)
STOP
END
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SUBRCUTINE EURCTN

THIS SUEROUTINE CONTAINS THE DIFFERENTIAL EQUATIONS (EINETIC RATE
EQUATIONS) TO EE INTEGRATED. TIHIS SUBROUTINE IS CAILED FHRCM THE
BUNGE-KUTT A-FELHBBU®G INTEGEATICN ECUTINE IN THE KINETIC, DEQOP,
SPRAY AND SALL-SEBAY BCDELS.

t“‘t“‘t‘#t“t###ttt##‘tt#0‘#““‘#‘*“*‘*‘t##‘#t#*t####tt#tt##tt*t#*

SUBRCUTINE FUNCIN (§,WOLD,F,IN)

INPLICIT DOUBLE EEECISION (2-H,K-2)
INPLICIT INTEGER (I-J)

DINENSICN % (8) ,80LL (8) ,F(7)
IF(IN .EQ. S5)GCTIC S

W (5) =WOLD (5)
W (6) =WOLD (6)

RK1=3.0L00
RKR1=4.4D12
RK20=2.5D02
RK21=1.2D02
RKR2=3.0D08
RKP3=9.35D-8

BR1=RK1%8 (1)

BR1=EKR 1*W (2) *¥ (3) *W (5)
R20=FEK20*W (3) **2,0DC0
R21=EK21*W (3) *¥ (6)
RB2=EKR2*W (4) *W (2) **2. 0D00*W (5) **2.0C00
RP3=EKP 3% (5) *§ (2)

F (1) ==R1+4RR145.0D= 1*RE 3

P (2) =R1-BR 142.CDOC* (R20+R21) /3.0D00-2.0D00*RR2~KE3
P (3) =R1-BR1-E20-R21+3.0D0C*RR2

F (4)=(R204R21) /3.0C00~-FR2

IF (IN .EQ. 5)GOTO 10

F (5) =0.0D00
GOTO 11

P (5)=R1-RR145204R21-3.0D00*RR2-4.0C00*RP3

F (6) =0.0D00
F {7) =0.0D00

RETUEN

END
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SUBRCUTINE ITITER

THIS SUBROUTINE FINDS THE BOOT TC THE QUADRATIC EQUILIBRIUNM
EQUATION FOR TEE FORMATION REACTICN CF TBI-ICDIDE, I3- (ECUATICN
24) . A SECANT METHOD IS THE ROUTINE USEC IGC FIND THE BCCT. TEIS
METHCD IS CAILEL WHENREVER THE CUACSATIC FORMULA RESULTS IN LESS
THAN APPROXIEATELY THEEE SIGEIFICANT FIGURES. THIS SUBRCUTINE

IS CALLED BY THE PRBCGEAMS KINETIC, DBCP, SPRAY AND WALL-SPEAY.

L2222 2 22 R 22 2 2 22 A2 222 R 22222 R R R R 22 R 2 R R 22 R 22 22 22 R 2R R R 2 2 R R 22 2

SOUBROUTINE ITTER(WCLD,BK4,C,V)

INMPLICIT DCUELE FEECISICN (A-H,L-2)
INPLICIT INTEGER (I-K)

DINESSION WOLD (7),%(7)

P0=1.0D-16
P1=1.0D-18

Q0=C-RK4*PO*EQ-PO*RK4* (WOLEL (1) +WOLEC (2)) -PO
Q1=C-RK4*P1*E1-P1#RK4* (WOLL (1) +HOLL (2)) ~P1

NEW=E1-Q1%* (P1-EQ) / (C1-CO)
CHECK=AES (RER-E1) /P1

IP (CHECK .LT. 1.0D-4) GOTO 10
PO=P1

Q0=Q1

P1=NEW

GOTO 5

V=NEW

BRETUEN

END
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Drop Model sample input:

A=0.0

B = 15.0

HMIN = 1.0 x 10710
HMAX = 1.0 x 102
IN = 4

TOLER = 1.0 x 10~*
TEMPL = 298

TEMPG = 298

DIAM = 0.1

SAD = 0.1

CI2G = 1.0 x 10~3

WOLD(1) = 0.0
WOLD(2) = 0.0
WOLD(3) = 0.0
WOLD(4) = 0.0
WOLD(5) = 1.0 x 1073
WOLD(6) = 0.0
WOLD(7) = 0.0

PRESS = 1.0
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661

AT A TENPERTURE OF THE GAS 296.15 DEGRESS KELVIN

THE
THE
THE
THE
THE
THE
THE
THE
THE
THE
THE
THR
THE
THE
THE
THE
THE

VISCOS ITY OF THE LIQUID (CP)= 0.89408192+00
VISCOSITY OF THE GAS (CP) = 0.1839068E-01
PARTITION COEPPICIENT IS = 0.8638152E¢02
DEMSITY OF THE LIQOID (GAS/CC) = 0.9968763E+00
DEMSITY OF THE GAS (GAS/CC) = 0. 1182888E-02
DIPPUSION COEPPICIENT POR THE GAS (SQ CHM/SEC)= 0.8088467E-01
DIPPUSION CORPPICIENT FOR THE LIQUID (SQ CH/SEC)= 0.13036701-08
GAS~SIDR MASS TRANSFER COEPPICIENT (CH/SEC)= 0.1128620E+02
LIQUID-SIDE HASS TRANSPEE COEPPICIENT (CH/SEC)= 0. 255887 1E+00
OVERALL LIQUID-SIDE MASS TRANSPER COEPPICIENT (CH/SEC)= 0.8651918E-01
VOLUNE POR ONE DROP (LITERS)= 0.5236000E-06
SURPACE AREA POR ONE DROP (SQ CH)= 0.3141600E-01
EIPOSURE TINE POR THE DROP IS (SEC)= 0.1500000E¢02
RETNOLDS WURBER FOR THE DROP = 0.2535929E+03
TERAINAL VELOCITY OF THE DROP (CH/SEC) = 0.3944024 E+03
CONCEMTRATION OF THE GAS IS (MOLES/LITER) : 0. 1000000E-08
INITIAL CONCENTRATION OF THE DROP IS (HOLES/LITER) :
12 = 0.0000000E+00
I- = 0.0000000E+00
a0l = 0.0000000E+00
103- = 0.0000000E+00
¢ =  0.1000000E-08
10~ = 0.0000000E+00
I3- = 0.0000000E+00
WUNBER OF MOLES OF IODINE (I2) RENOVED IS = 0. 12695158-00
NORBER OF GRANS OF IODINE REROVES IS = 0.3222184E-06

PIBAL CONCEMTBATION OF THE DROP IS (BOLES/LITER) :

12 = 0.8556520E-03

I- = 0.1831969E-02

HOI = 0.8027159E-03

103- = 0.36850566B-03

He = 0. 1000000E-08

10- = 0.92737918-05

=

13- 0.9033036E-03
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66 .8102861D+01
67 .8258018D+01
68 .8405083D+01
69 .8556069D+01
70 .8706970D0+01
71 .8857786D+01
72 .9008518D+01
73 .9159164D+01
78 .9309725D+01
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78 .9911109D+01
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TINE
0.1339196D-01
0.2654436D- 01
0.4448333p-01
0.6880054D-01
0. 10096150+ 00
0. 18209130+00
0. 19257090+ 00
0.2517266D+00
0.3180686D+ 00
0.3901131D+00
0.846706520+00
0.5488670D+00
0.63591320¢+ 00
0.72662700+00
0.8178477D+ 00
0.91103850+ 00
0.1006670D+01
0.11053130+01
0.1207838D+01
0. 13135220+ 01
0.18239380+01
0.15390490+01
0.16591320+01
0. 178843670+ 01
0. 19148040+ 01
0.2050 151D+ 01
0.21893090+01
0.2331926D+01
0. 24773790+ 01
0.26250900¢+ 01
0.27745070+ 01
0.2925168D+01
0.30767000+01
0. 3228 824D+ 01
0.33813350+01
0. 35330910+01
0.3686991D+01
0. 38399680+ 01
0.39929760+ 01
0.841845984D¢01
0.842989710+ 01
0.88519220+01
0.4608829D+01
0.4757683D+ 01
0.8910481D+ 01
0.5063219D+01
0.52158930+ 01
0.5368503D¢ 01
0.55210845D+ 01
0.5673518D+01
0.58259220+ 01
0.5978254D+ 01
0.61305130+ 01
0.62826990+01
0.643468100+01
0.6586846D+ 01
0.6738805D+01
0.6890686D+ 01
0.7042489D¢ 01
0.7194213D+ 01
0.71345858D+ 01
0.79974 22D0+01

ROLES PRAD
0.31828760- 10
0.6023395p-1¢C
0.97052330-10
0.14293180- 09
0.19752490-09
0.25917970- 09
0.32536R3D-09
0.39344930-09
0.86129890-09
0.52743060-09
0.5907649r-09
0.65039120-09
0.70549000-09
0.7542131D0-09
0.79500560-09
0.82942790- 09
0.8583854D-09
0.8827181D0-09
0.90313440-09
0.9202508D- 09
0.9386065D-09
0.98466754D-09
0.95687450-09
0.9655702p-09
0.97308120-09
0.97967230-09
0.9855425D-09
0.9908978n-09
0.9958867D-09
0.10006210-08
0.10051800-08
0.1009618p-08
0.1013973p- 08
0.1018268D-08
0.1022518p-08
0.10267320-08
0.10309150-08
0.1035068D- 08
0.1039194p-08
0.10432930-08
0.1087364D-08
0.1051406D-08
0.10554200-08
0.1059404D-08
0.10633590-08
0.1067283D-08
0.10711770-08
0.10750400-08
0.10788720-08
0.10826730-04
0.10A6443D-08
0.10901820-08
0.1093890D-08
0.10975670-08
0.11012130-08
0.1104830D- 08
0.1108416D-08
0.11119720- 08
0. 11154990-08
0.1118996Dp-08
0.11228650-08
0.11259050-08

PALL HGHT
0.5281821D+01
0.1046916D0+02
0.17584330+02
0.27135100402
0.3981946D¢02
0.5604113D0+02
0.75950820+¢02
0.9928 1580+02
0.12548700+03
0.15386150+03
0.1842116D0+03
0.2164 788D+03
0.25080570+03
0.2865€34D+03
0.32256100+03
0.35931570+03
0.39703310+03
0.43593810+03
0.847622030+03
0.51805610+03
0.5616046D¢03
0.60700%4D4+03
0.65083654D+03
0.7037585D0+03
0.7552032p0+03
0.8085844D¢03
0.8634685D0+03
0.91971730+03
0.977084 10403
0.10353410+08
0.10942720+08
0.1153693D+008
0.1213458D+08
0.1273456D+04
0.1333607D+04
0.13938548D¢008
0. 18458158D+08
0. 15104930+008
0.15748390+08
0.1635186D+08
0. 1695524D+008
0.1755649D+08
0.18161550+08
0.1876842D+008
0. 1936705D+04
0.1996945D+08
0.20571610+04
0.21173500+08
0. 2177513D+08
0.2237649D+008
0.22977570+04
0.2357837D+04
0.2417889D+08
0.28779110+04
0.2537904n+04
0.2597€680¢04
0.2657800n+04
0.27177030+04
0.2777574D+04
0.2837815D0+04
0.2897224D+008
0.2957001n¢04

STEP SIZE
0.1339196D-01
0.13152390-01
0.17938970-01
0.24317210-01
0.3216098D-01
0.41129740-01
0.508479650D- 01
0.59155730-01
0.66381970-01
0. 7204845D-01
0.7695215D- 01
0.81801730-01
0. 87046 26 n- 01
0.907 1384 0-01
0.91220610-01
0.93190820-01
0. 956 31700~ 01
0.9864299 D-01
0.10213470+00
0.106 07 38D+ 00
0.1108164 D¢ 00
0.1151104 D¢ 00
0.1200831D+00
0.12523520¢ 00
0.13083710+ 00
0.13534700¢ 00
0. 139 1578 D+ 00
0.1826176 D¢+ 00
0. 18545270+ 00
0.1877108D¢ 00
0.14961780¢ 00
0.15066 06 D¢+ 00
0.15153220¢ 00
0.15212370+00
0. 15251150+ 00
0.1527556 D+ 00
0.15290030D¢ 00
0.15297710+00
0.15300800+00
0.15300780+¢ 00
0.1529867D+ 00
0. 1529514 D+ 00
0.1529064D+00
0.1528546 D¢ 00
0.15279790¢ 00
0.1527376 D¢+ 00
0.15267450+00
0.1526093 p¢ 00
0. 152584220+ 00
0.15284735D+00
0.1524034D¢ 00
0.152 33210+ 00
0.15225950¢ 00
0. 152 1859 D+ 00
0.1521112D+00
0.1520355D+ 00
0.1519589D¢+ 00
0.1518814 D¢ 00
0.1518032D+ 00
0.1517281D¢ 00
0.1516444 D¢ 00
0.1515639n¢ 00
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B0-ALNIINTL -0
80-068006Z1°0
80 -asisinZi o0
80-0SZT6BEZL "0
B0-06LE9EZL 0
80-0969€€ZL°0
80-09S01€ZL°0
80-066€8ZT1°0
80~aSTLSZTL "0
80-0%E0€EZZL°0
80-A6ZE0ZTL 0
80-AL6SLLZL 0
80-alseniZL 0
80-0980Z121°0
80-A€0€60ZL°0
80-000590Z1°0
80-06L9€0ZL 0
80-dLEB00ZL 0
80-ASL6L6LL "0
80-a160S61L1°0
80-AL61Z61L°0
80-08926811°0
80-a£Z€981IL°0
80-4LSEEBLL 0
60-069€081LL°0
80-A6SELLLL 0
80-0LZENLIL"O
80-azLziLiL-o
80-d€6189L1°0
80-0160S91L1°0
A0-A996191LL "0
60-a9188SL1°0
80 -ulh9sSSIL -0
80 -@ZTHNZSIL 0
80-dLizentL o
80-0996Sh1L°0
80-d009Znhil -0
80-ULBEGELL"O
90-U48SLYELL 0
80-010LZELL°O
AN-A/ ERZ11°N

T0+a00000S1 °0
T0+01S5L9601 °0
zo+astozenl °0
T0+aLLTILIBL "0
T0+0LTS2SHL 0
To+a0LLLENL O
T0+AN00ETHI "0
T0+00EZ80N1 °0
TO+ALNBEGEL "0
T0+09598LEL °0
T0+GLSBEIEL "0
T0+00S06%¢EL °0
TO+QRETHEEL 0
T0+060061EL "0
T0+ALLSHOEL "0
T0+ASEL6BTL 0
70+aS80HLT1 "0
T0+0L200921 °0
T0+U09LSHTL 0
T0+0SOZOEZL "0
T0+aL006S1Z1 °0
204046050021 °0
20+a8095811 °0
70+08690L1L1L "0
T0+a08LSSLL "0
T0+0€SB80NLL °0
T0+08165ZLL°0
T0+ahL60LLL "0
20401209601 °0
T0+00901 804 "0
20400609901 °0
Tos+azitisol °o
T0+anZ19€0L "0
To+adZiiZol °0
T0+anZ1900t "0
10+06011166°0
10+026609L6°0
10+06850196°0
10400020986 °0
10+0SZL60€6°0
10+08916S16°0
104081508006 °0
10+0908£1588°0,
10+00L690L8°0
10406909558 °0
10+UEBOSONB 0
10+061006528°0
10+01982018°0
10405291 S6L°0
10+090€008L "0
10saCNRANG/ °N
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APPENDIX D

SPRAY MODEL, SAMPLE INPUT AND OUTPUT



(o 22 22 Rt EIZ 2R 2R R 2R R R 2222222222 22 22 222 R 2222 2222 RES SRR R R 2R 2 2 2

G
c SPRAY MODEL
c M. P. ALBERT
c
c THE SPRAY HOLCEL SINULATES THE REMOVAL OF MOLECULAR ICCINE, I2,
c FROM A GAS PEASE BY A SPBAY SYSTEM. THIS MODEL IS CUASI-STEADI-
c STATE NODEL THAT DETERAINES THE ABSORPTICN OF GASECUS ICDINE
c INTO THE SPRAY CROELETS AND THEN FEACTS THE IODINE SPECIES
c ACCOEDING TO THE IODINE HYDROLYSIS BEACTIONS. A THC-EESISTANCE
c MODEL IS USEC TO DETERMINE THE MASS TRANSFER AND A GUBGE-KCTIA-
c PELHEBURG 5(4) BUMERICAL INTEGRATICN EOUTINE IS USED TC INTEGBATE
c THE IODINE HYDEOLYSIS EKEACTIONS. THIS NAIN PROGEAM CALLS THE
C SUBRCUTINES ITTER ABRD FUNCTN. THIS PEOGEAM IS DESIGNED 10 RUR
c ON A PDP-10 COMPUTER EOUT SHOULD BE EASILY CONVERTED IC RON ON
c ANY FORTRAN MACHINE.
c
(o 22222 R 222 22 22 S22 222 2222 222 2 222 2 22 R R R 22 RS RS RS R SRS ER SR 2 2L 2
c

INPLICIT DOUELE PRECISION (A-H,K-2)

INPLICIT INTEGER (I-J)
c

DIMENSICN W (8),WOLD(8),K1(7),K2(7) ,K3(7),B(7),%B(T),

1 DELTA (7) ,RES (7) , P {7) ,K4(7) ,KS (7) ,K6 (7) ,TCL(T) ,

2 CCB(7),CC(7) ,CONPOL (8)
c

READ (58,%)A,HBNIN,HNAX,IN

READ (49,*)TOLER

READ (31,*)TEMPG,TEMPL,PRESS,DIAN,SAC,CI2SE,CISP

READ (31,#%)CHCISP,CCISE

READ (43,%*)CI2G,CHSE,FLBAT,DURTHN

BEAD (31,*)CIO3SP,CI3SP

READ (30,*)CCIAN,HEIGHT
c
9 PORNAT (* CCNCENTBATICN OF THE DRCES',/)

10 FOBRMAT (*AT A TEMPEBRTUEE OF THE GAS ',F6.2,' DEGRESS RELVIN'/

'THE VISCOSITY OF TEE LICUID (CP)=',E1S5.7/

'TEE VISCOSITY GP THE GAS (CE) =',E15.7/

'THE PARTITICN CCEFFICIENT IS =',E15.7/

*THE DENSITY OF THE LIQUID (GMS/CC) =',E15.7/

'THE DENSITY OF THE GAS (GMS/CC) =',E15.7)

1M PORMAT (*THE LIFFUSION COEPFICIENT FOBR THE GAS (S¢ CE/SEC)=',E15.7
1 /'IBE DIFPUSICN COEFPICIENT FOB THE LICUID (SQ CM/SEC)=',E15.7/
2 'THE GAS-SIDE MASS TBANSFER COEFFICIENT (CM/SEC)='E15.7/
3 °'TEE LIQUIC-SIDE MASS TRANSFER CCEFFICIENT (CM/SEC)=',E1S.7/
4 THE OVERALL LICUID-SIDE MASS TBANSFER CCEFFICIENT (CB/SEC)=',E1S5.
57,/ °‘THE VCLUME FCR GBE DROP (LITERS)=',E15.7/

‘THE SURFACE AREA FCE ONE DBROP (SC CM)=',E15.7/

'THE EXPOSUBE TIEE FCE THE DBOF IS (SEC)=',E15.7/

8 'TEE REYNOLLS NUMEER FOR THE DRCF =',E15.7/

9 'THE TERMINAL VELOCITY OF THE DRCP (CM/SEC) =',E15.7)

NEWNa

S o

12 FCRMAT (I5)
13 FORMAT {* 12 = ',E15.7/
2} I- = ',E15.7/
3 BCI = ',B15.7/
4 IC3- = ',E15.7/
5¢ H+ = ',B15.7/
6 IC- = ',EB15.7/
A I3- = ',E15.7))

14 FOBMAT (*THE FINAL CONCENTRATION OF TBE LIQUID IS (ECLES/LITEE) :')

15 FPORMAT ('THE BUEBEE OF ROLES OF IODINE (I2) REMOVED IS =',E15.7,/
'THE BUXBER CF GRAMS OF IODINE REMOVES IS =',E15.7,/)

16 PORMAT (*THE FINAL CONCENTRATION CP ICDINE (I¢) IN THE GAS IS ',
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17

18
19

21
22

23
32

313

34

1E15.7,' (MOLES/LITER)',/)

FCBMAT (' TIME MOLES RMD CCN GAS SU¥ MLS BN
1D,/)

FORMAT (* COKCENTIRATION CF THE SERAYED SOLUTION IN THE SUNME ',/)
PORMAT (' ] TIME I2 I- HOIXI

1 I02- B+ IC- I3-1,/)

PORMAT (*STEP SIZ2E BELCW STEP MIN',D15.7)

PORMAT (IS,8D13.7)

FORMAT (4D15.7) )
FORMAT (*THE NOMBER OF CROPS IN THE CCNTAINMENT IS',E15.7/

1 'THE DROP FLUX (NUMBER OF DROES/SC CM NMIN) =',E15.7/

2 'THE CONTAINMENT VOLUME (LITERS) =',E15.7/

3 'THF NUMBER OF CUTEE LOOES =',I6/)
FORMAT (/* THE NUNBER OF GRAMS OF ICDINE REMOVED IN THE EXPERIMENT
1Is ',E15.7,/,'BRESULTING IN AN ERROE CF ',E15.7,' EEFCENT.',)
PCREAT (//*THE INITIAL CONCENTRATION IN THE GAS OF',E15.7,

1* (MCLES/LITER)',/,

2'THE DURATION CF THE SERAY (MIN) *',E15.7,/,

_3'THE VOLUME OF LIQUID SPRAYED (LITERS) *,E15.7,/,

4*AND A SPRAY FLCW RATE OF ',E15.7,' (LITERS/RIN)',/, .

STHE INITIAL CCECENTBATION OF THE LICUID (MOLES/LITER) :')

WRITE (50,9)
WRITE(S0,19)
WRITE (52, 18)
WRITE (52,19)
WRITE(51,17)

SPA=3. 1416D00#*sSaD*#*2
VOLD=(3.1416C00*DIAN*#*3.D00) / (6.D00*1.0D3)
CI2G1=CI26G

TEMPGA=TENMPG**{4
TEMPG3=TEMPG*»Z
TEMPG2=TEMPG**2

TEMPLU=TEMPL**4
TENPL3=TENPL**:
TEMPL2=TEMPL*#*Z

VSL1=1.8662866D-8*TENPLU-2.6333695D-5*TEXPL3+1.397C€E07D-2+TENPL2
VSL2=-3.30748C6DOC*TENPL+2.9558666D2
VISLIQ=VSL1+4VSL2

PC1=9.981476D0-7*TENPL4-1.5730121D-3I*TEMPL3+9.278567€D~-1*TEMPL2
PC2=-2.4288388C2*TENFL+2.3824847D4

PC=PC1+PC2

D8L1=6.0251147E-9#TENMPL3-9.1329604C-€E*TENPL2
DNL2=3.573€72D-3*TENPL+5.8358882D-1

DENLIQ=DNL 1+CNL2

VSA1=-2.8713293D- 15*TEMPGUY+1.6909463D-1 1*TEMPGI-4. C15468D-E*TENPG2
VSA2=6.567S429D-S*TENPG+1.5523691D-3
VISGAS=VSA1+4VS22

TMP=5.178D-3*TENPG
OMEGA1=TMP**3#* (-6. 19047619D-2) +4.657142857D- 1#TME**2
OMEGA2=TMP* {-1.304238095D00) +2.315428571C0C
OMEGA=0OMEGA1+0MECGA2

MLWT=1/2.9D1+1/2.53809D2

DIFGAS=1.858C~-3*TENEG**1.5S#HLNT**0.5/ (PRESS*4.4355DC0**2*0HEGA)
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(2] 0o o o 0

(o]

a o

0o o o 0

(2X2 X3}

DIFLIQ=3.9 1D-8*TEMEPL/VISLIC

DHG1=8.28920552-16*TEHPGQ-“.2656§62D-12‘TEBPGJ#8.02282830—9*TEHDG2

DNG2=-6.8325529C-6*TENEG#2.6129391C-3
DENGAS=DNG1+DNG2

GSM1=0.83D00* ( (DENLIG-DENGAS) /DENGAS)**0.25%9.81D2%%0.25
GSM2=(VISGAS/ (1.0D2#DENGAS)) **=0. 17*CIFGAS** (0. 67*DIAN**~0.25
KGI2=GSM1#GSH2

ND1=4.D00*DESGAS* (CENLIQ-DENGAS) #9.8 1D2*CIaN*#3

ND2=3.0D00* (VISGAS/ 1. 0L2) *#*2

RND=NC1/ND2

WW=DLOG 10 (ND)

NRE1=(=1.81391C00+1.34671D00*WW-0. 12427DOC*WW**2+46.3UU4UD-3*uRk**))
NRE=1.0D1**NEE1

TRMVEL=NRE*(VISGAS/1.0D2)/ (DIAM*DERGAS)
EXPTM=HEIGHT*1.0D2/TREVEL
KLI20=(4.0D00*CIFPLIC*TEMVEL/ (3.1415D00*DIAN) ) **0.5
INCRMT=EXPTH/DLIN+1.0D00

KLOV=KGI2*KLI2C/ (EC*RLI20+KGI2)
CCSA=(CCIAN/2.0D00)**2.0*3.14149265D00
DPHMIN=FLBRAT/VCID

PLXDE=DPMIN/(CCSA*1.0D4)

ADAR2=6.0D1/ (EXPTN*FLXDP)
ILOOF=DURTM*6.0D1/EXETN+1.0C00
VOLCCN=ADABA*EEIGHT/1.0D1

VOLSE=FLRAI*DUETHM

NOUMDES=DPMIN*EXETM/6.0D1

CVOL=CCSA*HEIGHT*1.0D3

WBITE(23,12) ILCCE

WRITE (22,10) TEMNEG,VISLIC,VISGAS,EC,CENLIC,DENGAS
WRITE (22,11) DIPGAS,LIFLIC,KGI2,KLI<O0,KLOV,VOLD,SFA, EXPIM,NRE,
1HRITE (22,32)Hggg;ngLXDP,CVOL,ILCCP

WRITE (22,34)CI2G,DUBTM,VCLSP,FLEAT

DETEEMINE THE ECUILIERIUM CONSTANTS FOR K4, RS AND K6

RRK6=-4 .098D000-3245.2D00/TEEPL+2.23€3DS/ (TENPL**2)-3.9€4D7/(TEMPL*x*

13)+(13.957C0€-1262.3DCC/TEMPL+8.5641D5/ (TEMPL*#2)) *CLCG(CENLIQ)
BRK6=10** (RK6)

RKS=10*#*(2800.48D00+0.7335D00*TEMEL-8067C. CDOO/TEMPL
+=1115.1D00*DLOG10 (TENEL))

RRU=CEXP (3727.86D00/TEMPL-11.6326DC0+0. 0192212D00*TENEL)

TOUTEL=EXPTH/2.0D1
SEA=SFA*NUNDES

209



ao0n

[g]

NON--n0OnNn

anan

VYOLD=NUMDPS*VOLD
TOLD=A
Q=1,.CD-1

WBITE (22,13)CI2sP,CISE,CHOISP,CICISP,CHSP,COISP,CI3SE
WBITE(50,22) I,TIRE,NCLD (1) ,WOLD(2) ,WOLD (3) ,NOLD(4) ,ROLD(E) ,WOLD(6)
+WCLD (7)

DO 1100 II=1,ILCCE
INK=INK+1.0D00

H=1.(D-2

TOLD=A

B=EXETNM
CI2G=((CI2G*CVCL)-SUNECL) /CVOL
CI2L=CI2S?

INITIALIZE 1BE SPRAY CECPS

WOLD (2) =CISP
WOLD (5) =CHSP
WOLD (4) =CI03SP
WOLD {7) =CI3SP

WOLD (3) =CHCISP
WOLD (6) =COISE

WOLD (8) =BK6 /¥OLD (5)

SUMNCL=0.0D00
BEGIN THE RUNGE-KOTTA-FELHEURG INTEGEATICN ROUTINE
T=TOLD
DETEEMINE THE MASS TEANSFER TO THE SPEAY DROPLETS
WOLD (1) =CI2L
NMOL=HOLD (1) *VCLD
MOLTE=KLOV*#H*SFA* (CI2G*PC-WOLD (1)) /1.0D 3
WOLD (1) =(NMCL+BOLTE)/VOLD
CALCULATE K'S
DO 3C J=1,1I¥
W (J)=WOLD (J)
CONTINOE
CALL PUNCTH(¥,W%CLD,P,IN)
DO 4C J=1,1N
K1(J)=H*F (J)
CCHTINUE
DO SC J=1,1IH
W(J)=WOLD (J) +K1(J) /4.0D00
CONTINUE
CALL PUECTSE (§¥,5O0LD,F,IR)
DO 60 J=1,IN
K2(3)=H*F (J)
CONTINUE
DO 80 J=1,1IN
W (J)=WOLD (J) +2.0D00*K1(J) /3.2D1+9.CD00*K2 (J) /3. 2D1
CCHTINUE

CALL FORCTN (W ,WOLD,F,IN)

210



11C
C
C

120
c

130

a0 nn=

100
5¢¢C
C

51C

0nonaon

DO 90 J=1,1IN
K3 (J) =H*F {J)
CONTINUE

DO 110 J=1,IW

W (J)=WOLD (J) +1.932D3%K1(J) /2.197D3-7.2D3*K2 (J) /2. 157L3
1 +7.296C3%K3(J) /2.197D3
CONTINUE

CALL PUNCTN(W,HOLD,F,IN)

DO 120 J=1,IN
K4 (J) =H*F (J)
CONTINUE

DO 130 J=1,IN

W(J)=WOLD (J) +4.39D2%*K1(J) /2.16D2-8.0D00*K2 (J) +3.68L3 *K3 (J) /5. 13D2
1 -8.45D2*K4 (J) /4. 104D3
CONTINUE

CALL PUNCTHN(W,RCLD,F,IN)

DO 140 J=1,18
K5 (J) =B*P (J)
CCNTINUE

DO 150 J=1,1N

W (J)=WOLD (J)-8.D00*K1(J) /2.7D1+2.D00*K2 (J)-3.54UD3*K3(J) /2.565D3
1 +1.859D3*K4 (J) /4.104D3-1.1D1#K5.(J) /4.0D1
CONTINUE

CALL PUNCTN(W,%OLD,F,I1B)

DO 160 J=1,IN
K6 (J) =B*P (J)
CONTINUE

DETERMINE THE CONCERTFATION OF ALL IODINE BYDROLYSIS SPECIES
AND CHBECK ERRCE

DO 1C0 J=1,IX
WB (J) =ROLD (J) #1.6D1*K1(J) /1. 35D2+€. E56D3*K3 (J) /1. 2E25Du+
1 2.856 ICU*K4 (J) /5.643D4-9.CDOC*KS(J) /5.0D1+2.0C0C*K6 (J) /S.5D1
R(J)=ABES (K1(J) /3.6D2-1.28D2*K3 (J) /4 .275C3-2.197D3*K4 (J) /7.524T4
+K5 (J) /5.0D1+42.0DCO*Ké6 (J) /5.5D1) /H
TOL (J)=ABS (WE (J) *TICLEE)
DELTA (J) =C. 84#* (TOL (J) /R (J)) **0.25
CONTINUE

DO 5C0 J=1,1IN
IF(R(J) .GT. TOL(J))GCTO 900
CORTINUE

DO 510 J=1,1%
WOLL (J)=WE (J)
CONTINUE

DETERMINE TBE EQUILIERIUM CONCENTRATION FOR EQUATICANS 24, 25 AND
26

BB=-1.0D00~ (ROLD (2) +HCLD (1) ) *BK4
C=WOLD (Z) *WOLD (1) *EK4=HOLD (7)

D=-BE/ (2.0TOC*RK4)
E=((EB**2.0D00-8.0D00*RKA *#C) $*#0.5D00) /(2.0C00*RK 4)
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V=D-E

c
IF(V .LT. 1.0D-18 .ANL. V .NE. 0.0C00) CALL ITTER(WCLL,RR4,C,V)
c
WOLD (7) =WOLD (7) +V
WOLD (1) =WOLD (1) -V
WOLD (2) =WCLD (2) -V
c
IF(I8 .EQ. 4)GCTO 600
(d

RR=WCLD (6) +WGLE (5) +5KS
S=-RKS*HOLD (3) +WNOLE (6) *WCLD (5)
M=(-ER+ (RR*RR-4.0D00#*S)**0.5) 2.0D00
WOLD (S) =HOLD (5) +#

GOTO 605

C
60C M= (BRE5*WOLD(3) -WOLD(6) *WOLL (5) )/ (WGLL (S5) +BKS)

C
60¢ WOLD {6) =WOLLC (6) +M
WOLD (3) =WOLD (3)-H

IF(IB .EQ. 4)GCTO 615

O=WOLD (8) *%0OLD (S)-5K6
VV=WCLD (8) +WCIL (S)
X=(=V9+(VV*VV-4.0D00*0)**0.5) /2.0D00
WOLD (S) =WOLD (5) +X

WOLD (8) =WOLD (8) +X

[ Xg]

15 TOLD=TOLD+E
SUBNMCL=SUMECI+8CLTE
FET=TRMVEL#*TIKE
CI2L=RE (1)
PHT=TOLLC*TRNVEL
DEL=LELTA (1)

IF(IX .BEQ. 1)GCTO 905

DO 520 J=2,1In
IP(DEL .LT. DELTA (J))GOTO 520
DEL=DELTA (J)

CORTIRUE

[ N]
(2]

GOTO 905
DETEENINE NEW STEE SIZE

DEL=DELTA (J)

VOoVwONN ouwv
o o
o

tn

IF(DEL .GT. ¢)GOTO 910
HNEW=Q*H
GOTO 1000

910 IP(DEL .LT. 4.0)GOTO 920
HNEN=4.CDO00*EH

GCTO 1000
320 HNEW=DEL*H
g CHECK NEW STEP SIZE WITH MAX AND MIN STEP SIZE
$000 IF (HEEW .LT. BNAX)GCTGC 930

HNEW=HMAX

C
93¢ IF (BENEW .LT. EEIN)GCTC 1111
LEFT=B-IOLL-HNEW
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C
506C

C
9s9

W NvNOOOONOOONn

(o]

IP(LEFT .GT. 0.0)GCTC 5000
HNE®#=B-T0LD

H=HNER

IF(TCLD .GE. B)GOTC 999
GOTIO0 1

SUR=SUNM+SUAANCL
TINB=TIBE+TOLD/6.0C1
PHT=TIME*TRAVEL
H=1.0D-2

TOLD=A

WRITE(50,22) II,TIXE,NCLL {1),ROLD (2),WOLD (3), WOLD (4) ,¥CLD (5) ,

1 WOLD (6) ,8CLD (7)

WRITE(S1,23) TINE,SOUNNOL,CI2G,SOM

DETERMINE THE CONCENTRATION IN THE SUMP

BEGIN RUNGE-KUTTA-FELHEFORG INTEGRATICN ROUTINE
CALCULATE K°'S

DO 31 J=1,IN
CC (J) =CONPOL (J)
CONTINUE

CALL PUNCTN(CC,CONPOL,F,IN)

DO 41 J=1,IN
K1(J) =B*F (J)
CCNTINUE

DO 51 J=1,1N
CC (J) =CONPOL (J) +K1{J) /4.CD0O
CONTINUE

CALL PUNCTHN(CC,CCNECL,F,IN)

DO 61 J=1,1¥
K2 (J) =8*F (J)
CONTINUE

DO 81 J=1,1IN
CC{J) =CONPOL (J) +3.0DCC*K1 (J) /3.2D1+9.0DCO0*K2 (J) /3.2D1
CCNTINUE

CALL FUNCTN(CC,CONPOL,F,IN)

DO 91 J=1,1N
K3 (J) =8%*F (J)
CONTINUE

DO 111 J=1,18

CC (J)=CONPOL (J) +1.932D3*K1(J) /2.157D3-7.2D3*K2(J) /2. 19703
1 +7.296D3*K3(J)/2.197D3
CONTIRUE

CALL PUNCTN(CC,CONECL,F,IN)
DO 121 J=1,IN

K4 (J) =8*P (J)
CCNTINUE
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n
c

161

ononon

101
c
501

511

0ononn

601

DO 131 J=1,IN

CC (J) =CONPOL {J) +4 .39C2*K1 (J) /2.16D2-8. 0D00*K2 (J) +
1 3.68D3*K3(J) /5. 13D2-E.45D2*K4 (J) /4. 104D3
CONTINUE

CALL PUBCTN(CC,CONECL,F,IN)

DO 141 J=1,1IR
KS (J) =B*P (J)
CONTIRUE

DO 151 J=1,1IN

CC (J) =CONPOL (J)-8.0DCO0*K1(J) /2.7D142.0D00*K2 (J) -
1 3.544D3*K3 (J) /2.5€5D3+1.859D3*K4 (J) /4.104D3-1. 101*KS (J)/4.0D1
CONTINUE

CALL FONCTIN (CC,CCHNECL,F,IN)

DO 161 J=1,1I%
K6 (J) =H*P (J)
CONTINUE

DETERNINE TBE CONCENTRATION OF ALL OF TBE IODINE HYLRCLYSIS
SPECIES ANL CBECK EREOB

DO 1C1 J=1,1N
CCB (J) =CONPCL (J) +1.6D1*K1 (J) /1. 35D2+6.656D3*K3(J) /1.2325D4+
1 2.856104*K4 (J) /5.643D4=9.0DCC*KS (J) /5. 0D1+2.0C00*K6 (J) /5.5D1
B(J)=ABS (K1(J)/3.6D2-1.28D2#K3(J) /4.275C3=2.197D3%K4 (J) /7.524Ch
+K5 (J)/5.0D142.0D00*K6(J) /5<5D 1) /8
TOL (J) =AES (CCE (J) *TCLER)
DELTA (J) =0.84% (TOL (J) /B (J)) *#*0. 25
CONTINOE

DO 5C1 J=1,1I¥
IP (B(J) .GT. TCL(J))GCTO 901
CONTINUE

Do 511 J=1,15
CONEOL (J) =CCE (J)
CCNTINUE

DETERMINE TBE EQUILIPRIUM CONCENTRATION FOB EQUATIONS 24, 25 AND
26

BB=-1.0D00- (COBPOL (2) +CONPOL (1)) *BK4

C=CONPOL (2) *CONPOL (1) *BK4-CONPOL (7)

D=-BE/ (2.0D00*RK4)

E=( (EB**2.0D00-4.0D00*RK4*C) **0.5LC0) /(2.0D00*RKUY)
V=D-E

IF(V .LT. 1.0D-18 .AND. V .NE. 0.0CO0)CALL ITTER (CONBCL,RR4,C,V)
CONPCL (7) =COBPCL (7) +V

CONPOL (1) =CONPCL (1) -V

CONPGL (2) =COBECL (2) -V

IP(IN .EQ. 4)GCTO 601

BB=CCHPOL (6) +CCNPCL (5) +BKS

S==BKS*CONEOL (3) +CCNECL (6) *CONPOL ()

M=(-ER+ (RR*RE-4.0D00*S) *#0.5) /2. 0C00

CONPCL (5) =CONPCL (5) +

GOTO 606

M=(BKS*CONEOL (3) ~CONECL(6) *CONEOL (%) )/ (CONPOL (5) +RKS)

214



C
6C6

906

911

N00O00N0wvVAN
[N}
-

0C1

9N
C
50C1
C

9¢8
800

C
11C0
C

CONPCL (6) =COBPCL (6) +M
CONPCL (3) =CONPCL (3) -

IF(IN .EQ. 4)GCTO 616
0=COBPCL (8) *COKEOL (5) -FK6
VV=CCNPCL (8) +CCHECL (5)
X=(=VV+ (VV*VV=4.0D00*0) **0.5) /2.0D00
CONPCL (5) =CONPCL (5) +X
CONPCL (8) =COBECL (8) +X
TOLD=TOLD+H
DEL=CELTA (1)
IF(IN .EQ. 1)GCTO 906
DO 521 J=2,I%

IP(CEL .LT. DELTA (J))GOTO 521

CEL=DELTA (J)
CONTINUE
GOTO 906
DETERMINE RE® STEE SIZE
DEL=DELTA (J)
IF(DEL .GT. C)GCTO 911
HNEW=Q*H
GOTO 1001
IP (DEL .LT. 4.0)GOTO 921
HNEW=4.0DOC*E
GCTO 1001
HNEW=DEL*H
CHECK NEW STEP SIZE WITH MAX AND MIN STEP SIZE

IF (HNEW .LT. HBMAX)GOIC 931
HREW=HEAX

IF (BNEW .LT. BEIN)GCIC 1112
LEFT=B-TOLD-HNEW

IP(LEPT .GT. 0.0)GGCTC 5001
HNEW=B-TOLD

H=HNEW

IP(ICLD .GE. E)éCTC 998
GOTO 2

DO 8C0 I1Q=1,7

COBPCL (IQ)=(WOID(IC)*VCLD+CONEOL (IC) *POLVOL) / (POLVOL+VOLD)
POLVCL=POLVCL+VCLL

WRITE(52,22) II ,TIME,CCEFOL(1) ,CONECL (2) ,CONPOL(3),CCNEOQL (4),
1

CCHPOL (5) ,CCNEOL (6) ,CONEOL (7)
CCNTINUE
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II=I1-1
SOMGEM=2.53809L2*SUM
EBROE=1.0DZ* (RMCEXP-SUMGRM) /RMDEXP

c
WRITE (22, 16) CIZG
WRITE (22, 15) SOE,SONGBRN
WRITE(22,14)
WRITE (22, 13)CC¥EOL (1) ,CONPCL (2) , CONPOL( 3) ,CONPOL {4) ,CCHPOL (5) ,
1 CONEOL (6) ,CONECL (7)
c
GCTO 3000
c

1111 WRITE(40,21) BNER
1112 WRITE (40,21) BNEW
30C0 s1TOP

END
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SUBRCUTINE FUNCTN

THIS SUBROUTINE CONTAINS THE DIFFPERENTIAL EQUATIONS (RINETIC RAIE
EQUATIONS) TO EE INTEGRATED. THIS SUBRCUTINE IS CALLED FRCM THE
RUNGE-RUTT A-FELABUEG IXTEGBRATION ECUTINE IR TBE KINETIC, DROP,
SPRAY AND WALL-SPRAY MCDELS.

222 2 - 22 REL LSRR R R R R R 22 R R R R R b Rt 2 o R R R T L

SUBRCUTINE FUNCIN (W,WOLD,F,IN)

INPLICIT DCUELE PBECISICHN (A-H,K-2)
IMPLICIT IBTEGER(I-J)

DIMEESICN W(8) ,50LD (8),F(7)
IP(IN¥ .EQ. 5)GCTO 5

¥ (5) =WOLD (5)
W (6) =HOLD (6)

RK1=3.0D00
RKR1=4.4D12
BK20=2.5D02
RK21=1.2D02
RKR2=3.0D08
RKP3=9.35D-¢€

R1=RK1*H (1)

RR1=EKR1*W (2) *W (3) *W (5)
R20=FK20*W () **2.0DCO
R21=F5K2 1*W (3) *% (6)

RB2=EKR2* W (4) *W (2) **2.0D00*W (5) **2.0C00
RP3=RBKP3*W (5) *W (2)

P (1) >=B14BR145.0D-1*RP3

P (2) =B1-RR 142.(D00* (R20+R21) /3.0D00~2.0D00*RR2~RE3
F(3) =R1-BR1-B2C~B21+3.CDOC*RR2

P (4) =(R20+4B21) /3.0L00~ER2

IF {IN .EQ. 5)GOTO 10

P (S) =0.0D00
GOTOo 11

F (5) =R1-BR1+4520+R21-3.0D00*RR2-4.0C00*RP3

F (6) =0.0D00
P (7) =0.0D00

BRETUEN

END
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SUBRCUTINE ITTER

THIS SUBROUTINE PINDS THE ROOT TO THE QUADEATIC EQUILIBRIUM
EQUATION FOR TEE FORMATICN REACTICK CF TEI-ICDIDE, I3- (ECUATICN
24) . A SECANT METECD IS THE ROUTINE OSEL TO FIND TEE BOCT. TEIS
METHOD IS CALLEL WHENEVER THE CUACEATIC FOBMOULA BESUOLTIS IN LESS
THAN APPROXIMATELY THFEEE SIGNIFICANT FIGURES. THIS SUGBRCUTINE

IS CALLED BY TEE EROGRANS KINETIC, DROP, SPRAY AND WALL-SPHAY.

A2 22 22 R 2 2 R R 2R R 222 R R R R R R R A R R R 2R R R R 2 R R R R R R R 2R L)

SUBRCUTINE ITTER (WCLD,RBK4,C,V)

IMPLICIT DCUELE FRECISICN (A-H,L-2)
IBPLICIT INTEGER (I-K)

DIMENSION WOLD (7),%(7)

P0=1.0D-16
P1=1.0D-18

Q0=C-RK4*PO*E0-PO*RKU4* (ROLE (1) +§OLL (2)) -P0O
Q1=C-BK4*P1*E1-P1#RK4* (WOLL (1) +WCLL (2)) -P1

NEW=E1-C1* (P1-EQ) / (C1-CO0)
CRECK=AES (NEW-P1)/P1

IP (CHECK .LTI. 1.0D-4) GOTO 10
PO=P1

Q0=Q1

P1=NEW

GOTC 5

V=NES

RETUEN

END
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Spray Model sample input

A =20.0

B DURTM = 10

HMIN = 1.0 x 10~10

HMAX = 1.0 x 102

IN = 4

TOLER = 1.0 x 10~2

TEMPL = 298

TEMPG

298
DIAM = 0.l
SAD = 0.1

CI2G = 1.0 x 107°

CI2SP = 0.0
CISP = 0.0
CHOISP = 0.0
COISP = 0.0

CHSP = 1.0 x 10

CIO3SP = 0.0
CI3sP = 0.0
PRESS = 1.0
CDIAM = 3.3

HEIGHT = 15.4

FLRAT = 37
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T2¢

AT A TZHPERTURE OF THE GAS 298.00 DRGBESS KBLVIN
THS VISCOSITYI OF TH2 LIQUID (CP)= 0.8972334E¢00
TH3 VISCOSITY OF THZ GAS (CP) = 0.1838378B-01
THI PARTITION COBFFICIEBNT IS = 1.8683416%¢02
THY DRNSITY OF THB LIQNID (GAS/CC) = 0.9569160E+00
TH? DENSTTY OF THB GAS (GMS/CC) = 0.1182909B-02
TH3 DIPPUSION COBFPICIBNT FOBR THE GAS (SQ CA/SBRC)= 0.8040768E-01
TH3 DIFFUS ION COEPPICIBNT FOR THE LIQUID (SQ CB/SERC)= 0.12986378-08
TH3 GAS~SIDE AASS TRANSFRR COBPPICIENT (CH/SEC)= 0.11279488B+02
"H3 LIQU-D-3IDB MASS TRANSFER COZPPICIENT (CB/SEC)= 0.2553658B¢+00
THY OVERALL LIQUID-SIDE NASS TRANSPER COBPPICIEBNT (CH/SBC)= 0.8610024B-01
THE VOLUNE FOR ONEB DROP (LITERS)= 0.5236000B-06
TH2 SUBPACR AREA FOR ONE DBOP (SQ CA)= 0.3181600E-01
TH? EXPOSORZ TINME FOE THE DEOP IS (SBC)= 0.3904862B+01
THE RRYNOLDS MUMG%B POR TH® DROP = 0.25377332+03
THB TERMINAL V3LOCITY OF TRE DROP (CH/SBC) = 0.3983801B+03
THE NMUMBRR OF DROPS IN THE CONTAINAENT IS 0.8723222E+07
THR DROP PLUX (NONBEEK OF DROPS/SQ CH HIN) = 0.8287353B¢03
TH3 CONTAINMENT VOLOUSB (LITERS) = 0.1355158B¢06
THE NUNBER OF OUTRR LOOPS = 158
THR IRITIAL CCNCENTRATION IN THE GAS OF 0.10000008~08 (BOLBS/LITBR)
THI DURBATION OF THE SPRAY (8IN) 0.10000002¢02
TH® VOLUSR OF LIQUID SPBAYED (LITBAS) 0.3800000B+03
JND A SPEAY PLOW RATE OF 0.3800000%¢02 (LITERS/ALWN)
THZ INITIAL CONCRMTRATION OF THS LIQUTD (MOLRS/LITER) 3
12 = 0. 00000008+00

I- = 0.00070002+00
HOI = 0.00000608+00
I03- = 0.0000000E+00
He = 0.1000000r-08
I0- = 0.0090000B+00
I2- = 0.00000008+00

THB FINAL CONCEKTRATION OP ICDINR (I2) IN THB GAS IS 0.55970298-05 (HOLRS/LITES)
TH3 NUNBER OF WMOLES OF IODINT (I2) RENOVED IS = 0.5996871E+00

TH2 NOMBBR OF GRAMS OP INDINE REHOVEBS IS = 0.152206CB+03

TH2 FINAL CONCENTBATICN OF THEB LIQUID IS (HOLBS/LITER) :

12 = 0.2288953B-03

I- = 0.19398083B-02

HOI = 0.82018632-04

103~ = 0. 8364906B-03

He =  0.10000008-08

10~ = 0.1877840B-05
=

13- 0.3264659E2-03
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YA

CONCBNTRATION rF "™HE DKOPS
TIAE 12 I- HI 103~ e 10- 13-

.90003170D0+00 .00000000+¢70 .n00000000+00 .0000020D+00 .00000000+00 .00000000+00 .00000000+00 .00000000+00
«6508103D-01 .85402%9D-03 .8872889D-03 .6453278D-03 .15739120-03 .1000000D0-08 .1877495D-08 .5597734D-03
.1201621D+C0 .85118300-03 .8856122D-03 .6841550D~03 .156713€6D-03 .10000000-08 .1474811D-08 .55685890-03
.1952431D+00 .80A3514D-03 .8839358D-03 .64298220-03 .1560388D-03 .10000000-08 .1872126D-08 .5539577D-03
- 2603241D+00 .84552800-03 .8822679D-03 .68418090D-03 .1553669D0-03 .1000000D-08 .1369480D-08 .5510698D0-03
+3250052D¢00 .88271350-03 .8805968D-03 .68406359D-03 .15869770-03 .10000000-08 .1466754D-08 .58819510-03
<3904 86 20400 .8399074P-03 .8789266D-03 .6398€300-03 .158003130-03 .10000000-08 .14684068D-08 .50853335D-03
«85556720¢00 .8271096D-03 .87725790-03 .63829080-03 .1533677D0-03 .1000020D-08 .1461385D-08 .58288500-03
.5206883D¢00 .8383185D-03 .8755914D-C3 .6371196D-03 .15270660-03 .10000000-08 . 18458703D-08 .5396491D-03
+5857293D+00 .8315347D-03 .87392710-03 .63595000-03 .1520886D-03 .1000000D0-08 .1856025D-08 .53682620-03
.6508103p+00 .82875770-03 .8722656D-03 .63478250-03 .15139320-03 .10000000-08 . 14533520-084 .53401620-03
«71£8918D¢00 .82156G67D-C3 .8723757D0-03 .63362570-03 .150.74030-03 .10000000-08 .1850704D-08 .5294584D-03
. 7809724D+00 .81881010-03 .8707364D-03 .6328915D-03 .1500897D-03 .1000000D-08 .1448107D-084 .5266826D-03
+8060334D+00 .81604770-03 .8€91023D-03 .6313576D-03 .14984 18D-03 .1000000D-08 .1985511D-08 .52391950-03
«9111348D+00 .8132939D-03 .8678671D-03 .63022400-03 .188796€D-03 .10000000-08 .18429150-08 .5211691D-03
+97621550+00 .81054890-03 .8658325D-03 .62909020-03 .148158410-03 .10000000-08 .18403200-08 .51843130-03
.10812970+01 .8078126D-03 .86841984D-03 .62795630-03 .18475142D-03 .10000000-06 .18437723D-08 .51570600-03
11063780 +01 .8(508520-03 .8625648D-03 .62682200-03 .14687700-03 .10000000-08 .1835127D0-08 .51299330-03
11718590401 .80236680-03 .86093 16D-03 .6256874D-03 .146 2824D-03 .10000000-08 .18432529D-08 .51029310-03
+1236580D401 . 79965720-03 .8592988D-03 .62845526D-03 .18456104D-03 .10000000-08 . 1829931D-08 .50760530-03
«1301621D+¢01 .7969563D-03 .8576€64D-03 .6234174D-03 .1449811D-03 .10000000-08 .18427332D-08 .5089298D-03
21 .1366702D+01 .79826410-03 .8560347D0-03 .62228220-03 .1883584D-03 . 1000000D-08 . 1828732D+08 .5022667D-03
22 .1831783D+01 . 79156805D-03 .8504036D-03 .6211869D-03 .18373020-03 .10000000-08 . 1922133D-08 .8996159D-03
23 .1896864D+01 .7889051D-C3 .8527734D-03 .62001180-03 .1831087D-03 .10000000-08 .18419534D-08 .89697730-03
24 .1561945D+01 .7862378D-03 .8511484D-03 .61887720-03 .14284897D-03 .1000000D-08 .1816937D-08 .4983508D-03
25 .1627026D+01 .78357830-03 .8495167D-03 .61778320-03 .18418733D-03 .1000000D-08 . 1414340004 .4917364D-03
26 .1692107D+01 .7809263D0-03 .3478907D-03 .61661020-03 . 2594D0-03 .10000000-08 .1811786D-08 .84891341D-03
27 .1757188D+01 .77828180-03 .8862666D-03 .61547850-03 .10068810-03 .10000000-08 .1809155D0-08 .8865838D-03
20 .1822269D¢(1 .77568320-03 .B8446850D-03 .61838485D-03 .1800393D-03 .1000000D0-08 . 1806568D-08 .84839654D-03
29 .1887350D0+01 .7730114D-03 .8830263D0-03 .61322070-03 .13984329D-03 .1 0000000-08 .1803986D-08 .8813989D-03
30 .19524310+01 .770339530-93 .AG18108D-03 .61209550-03 .1388291D-03 .1000000D-08 .1801410D-08 .8788881D-03
I 20175120401 .76372120-03 .94140900-03 .61098420-03 .1382274D-03 ,1000000D-08 .1398865D-08 .8747010D-03
32 .2082593p+01 .76110800-03 ,8398097D-03 .6098836D-03 .13762800-03 .10000000-08 .1396345D0-08 .8721775D-03
33 .2137670D¢01 .75850200-03 .836821190-03 .6087836D-03 .13703110-03 .10000000-08 .1393827D-08 .8696655D-03
34 .2212755D0¢01 .75590390-03 .8366152D-03 .6076891p-03 .13684366D-03 .10000000-08 .1391310D-48 .8671652D-03
35 .2277836D+01 .75331370-03 .83501950-03 .60658460-03 .1358446D-03 .10000000-08 .1388793D-08 .8686764D-03
36 .23329170+01 .75073160-03 .8334247D-03 .6058858D-03 .1352551D-03 .10000000-08 .1386277D-08 .86219920-03
37 .2407998D+C1 . 7481576D0-03 .8318306D-03 .60843868D-03 .13366790-03 .10000000-08 .13837600-08 .8597334D-03
38 .2873079D0+01 .74559170-C3 .8302373D-03 .60328800-03 .1300832D-03 .10000000-08 .1381245D-08 .8572791D-03
39 .2538160D¢01 .76303390-03 .8286447D-03 .60218920-03 .13350090-03 .10000000-08 .1378729D-08 .84548363D-03
30 .2603281D¢01 . 7804A41D-03 .82705300-03 .60109060-03 .13292100-03 .10000000-08 .1376214D-08 .4528047D-03
81 .2668322D+01 .7379421D-03 .8258622D-03 .59999230-03 .13234350-03 .10000000-08 .1373699D-04 .8899845D-03
82 ,27334030+01 .73540790-03 .8238724D-03 .5988944D-03 .13176830-03 .10000000-08 .1371185D-08 .844757560-03
43 .27984840h¢C1 .72280130-03 .H222838D0-03 .59779700-03 .1311956D-03 .10000000-08 . 1368673D-08 .8451778D-03
W .2863565D¢01 .7303621D-03 .8206966D-03 .59670C8D-03 .13062520-03 .1000000D0-08 .1366162D-08 .48279120-03
45 .2926646D+N} .72785000-03 .8191111D-03 .595608 70-03 .1300571D0-03 .10000000-08 .1363653D-08 .8804157D-03
46 .29927270+01 .7253408p-03 .81752730-03 .59451020-03 .1293914D-03 .1000000D-08 . 1361148D-08 .4380512D0-03
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«10000000-08
.10000000-08
.10000000-08
.10000000-08
.10000000-08
.10000000-08
.10000000-08
- 10000000-08
.10000000-08
.10000000-08
.10000000-08
-1 0000000-08
+1€000000-08
. 10000000-08
- 10000000-08
+10000000-08
.10000000-08
.10000000-08
.10000000-08
-10000000-08
-10000000-08
.10000000-08
.1000000D-08
.10000000-08
.10000000-08
1000000008
.10000000-08
.1000000D0-08
+10000000-08
.10000000-08
.10000000-08
.1000000D0-08
.10000000-08
.10000000-08
+10000000-08
.10000000-08
.10000000-08
.10000000-08
.10000000-08
.10000000-08
-10000000-08
.10000000-08
.10000000-08
.10000000-08
.10000000-08
.10000000-08
.10000000-08
.10000000-08
.10000000-08
.10000000-08
-1€000000-08
.10000000-08
.1000000D-u8

1rANAAANLN Q

I0-
«18774950-08
«1288632D-08
-11035860-04
-.10013580-04
-92628610-05
+08638614D-05
- 8138656D-05
- 77232700-05
+73688120-05
+7061392D0-05
«67918700-05
.65495310-05
.6333066D-05
+61379800-05
+5960624D-05
«5798374D-05
+-5689326D-05
+55115170-05
+5383575D0-05
+526820870~-05
+51529970-05
+5088489D-05
-4950065D-05
.88572940-05
-8769786D-05
-8686784 D-05
-86079030-05
-45320360-05
-88618416D-05
+83931290-05
-43278700-05
.82648010-05
+8208543D-05
-84186756D0-05
-84091206 0-05
«8037796D0-05
+39863880-05
+3936889D-05
-380890620-05
.3882921D-05
+37983280-05
«37551210-05
+37133820-05
+36729530-05
«36337970-05
.3595808D-05
«35589110-05
« 3523052005
.34080184D-05
-38582600-05
+3421236D0-05
+33890770-05
+33574050-05
+33265590-05
+32965020-05
«32671950-05
+3238606D-05
-3210694D-05
+3183u460-05

29 C£QVE NN&

13-
+5597734D-03
+57948030-03
5897461003
+59544350-03
+59853830-03
6000233003
.6008459D0-03
.60014320-03
«59931960-03
+59811600-03
«5964665D-03
+59458740-03
+59257070-03
+59084510-03
+58823790-03
+58596750-03
+50836456D-03
+508120680-03
.578089990-03
+57649260-03
578066 4D-03
+57163140-03
«56919150-03
+56674730-03
+56429960-03
+5618548D-03
+55981470-03
+55698020-03
.« 55455030-03
+55212980-03
«58966580-03
+54719100-03
-5887298D-03
+58220430-03
+53985520-03
53748 160-03
+535084320-03
+53265990-03
«53029170-03
+52793830-03
+52559960-03
+52327680-03
«5209€68D-03
+«51867100-03
+51638860-03
«51812020-03
+51186600-03
+50962570-03
+50739920-03
+50518630-03
+50298680-03
«50077290-03
- 49085584D-03
.89635930-03
-89417530-03
.8920061D-93
.48985130-23
-248771090-03
.88558820-03

CERETE R R TY )



[4%4

+3969943D+01
+8025028D+01
«81001C5D+01
81651860 +01
+4230267D+01
«4295388D+01
+8360329D+01
248255100401
-8890591D+01
«85556720+01
.86207530+01
-8685838D¢01
87509150401
-881£996D+01
.8681077D0+01
+8986156D+01
50112390401
«30763200+01
«5181802D+01
+5206083D+01
«5271564D+01
+5336645D+01
+«540172€D+01
+5866807D¢01
.5531888D+01
+559€ 9% 9D+01
+56620500+01
5727 131D +01
«57922120+01
+%8572930+01
«5922374D+01
59874550 +01
«6052536D+01
«6117617D+01
+6182€968D+01
«6207779D¢01
.6312860D+01
«6377941D+01
.68083022D+01
+6508103D0+01
.6573184D+01
66382650401
«6703306D¢01
+6768427D+01
.6832508D+01
.6898589D+01

? «6963670D+01

+7028751D+01
.7093932p+01
«71568914D¢01
« 7223 995D+01
«7289076D+01
« 7358 157D ¢ 01
. 7819238D+01
« 7484 319D+
- 7549400D¢ 01
.7614881D+01
76795620401
7788683001
.7809724p+01
«7878805D+01
. 79398A€D+01
8006 967D¢0G1
8070780 +0"
.8135129c¢01
<R200210NeN1

+35819590-03
. 35598790-03
+3537¢890-03
«35156170-03
+3098471D-03
«33736820-C3
«38531190-33
+34328920-03
«34129520-13
«33932920-03
«33739010-03
+33547730-03
+33358990-93
«33169230-03
«32962229-03
«32798710-03
«32617630-03
+3283897-03
«322624860-03
«32086280-03
«31916240-03
+31786300-03
. 31576800-03
+31812500-03
+31288530-03
«31086850-03
«30926220-03
+«30767760-03
«30611090-03
«30056110-03
+39302800-03
.32151110-03
«30001030-03
«296852500-03
+29705090-03
+29559970-03
+29815919-03
«29273260-03
+2912904D-03
. 268987730-03
- 28684 7850-03
.28709360-03
+28572280-03
+20836860-03
+.28301960-03
+28168790-03
+2802685D-03
+2790612D-03
«2777€€20-03
. 2768 825D-03
«2752106D-C3
+27395000-03
. 27279050-03
«27146190-03
«270234800-03
«26991650-93
+26790930-03
.2€661230-03
. 26532510-03
.26824770-03
.26397990-03
«261921€0-03
.26077240-C3
« 2596 324D-93
.2585014p-03
.25373797n-02

.18358800-02
+1838776D-02
.18019850-02
.184851100-02
.18481520-02
18511 15p-02
+1858C000-02
.18568100-02
+18595080-02
«18622140-02
18648 120-02
.18673830-02
+.18698080-02
.18722260-02
.18785830-02

.1876874p-02"

.18791020-02
.18812710-02
.166833810-02
.166858 34D-02
.18878 320-02
.186893750-02
.18912670-02
.18931070-02
-18948970-02
+18966 38D-02
+1898332p-02
.18999800-02
.19015820-02
+19031800-02
+19086550-02
«19061260-02
+19075590-02
«19089500- 02
.19103010-02
19116 140-02
.19128880-02
-19181250-02
.19153380-02
«19165130-02
«19176520-02
«19187550-02
«19198220-02
+19208 5uD- 02
.19218520-02
.19228170-02
«19237500- 02
«19286510-02
+19255200-02
«19263590-02
«19271680-02
.19279880-02
-19286990-02
- 19294 22p-02
.19301170-02
+1930785D-02
«19318 270-02
.19320420-02
.19326210-02
.19331950-02
«19337350-02
.19382500-02
«19347410-02
.19352(80-02
-1935€52D-02
.183KAT7uN-02

136784 70-03
.13563360-03
+13854670-03
«13308310-03
+13206 190-03
- 13182230-03
+13082340-03
-12988860-03
.12888510-03
«12758020-03
+12662140-03
+12571590-03
.12882720-03
+12395480-03
«123089 10-03
«.12223960-03
+12180550-03
+ 120586 30-03
-11978160-03
+11899090-03
-11821370-03
+«11784960-03
-11669810-03
+11595900-03
-115231-03
-11851600-03
-11381150-03
«11311790-03
«11243890-03
+11176220-03
+11109950-03
-11088650-03
+10960300-03
+109168680-03
.10854350-03
+10792700-03
.10731900-03
.10671980-03
.106127680-03
+10553830-03
-10895700-03
.10838360-03
.10361800-03
.10325990-03
+10270910-03
.10216540-03
.10162870-03
.10109880-03
.10057560-03
.10005880-03
-9954831D-04
-99084030-08
.98545790-08
-980538 50-08
+97566890-04

.96180620-04
.9567594D-08
.9521645D-08
«94762030-08
-94312580-08
.93668020-08
.935820230-08
+92993120-04
.978R264 2n-NA

.83539¢ 10-03
.835864850-03
.83631800-03
.8367484D-03
.43715620-03
.83755020-03
.43792700-03
.43828700-03
.43863090-03
.843895920-03
.43927240-03
.83957080-03
439855 1D-03
.4801256D-03
.48030190-03
.84406286D-03
480858 10-03
.84107090-03
.48127530-03
48146760-03
.4816486D-03
.44181820-03
.88197690-03
.88212490-03
.88226270-03
.8823904D-03
.48250050-03
48261700-03
.4827164D-03
.48260670-03
.4428884D-03
.88296150-03
443026 30-03
.48308300-03
.88313180-03
.88317300-03
84320 660-03
.484323290-03
.88325200-03
.88326380-03
4832686 20-03
.44326590-03
.884325€€D-03
.88328070-03
.88321620-03
84318550-03
.8831586D-03
.48311370-03
.44306700-03
3018 50-03
.4829564D-03
.88289290-03
.8428280D-03
.44275000- 03
.88267080-03
825866D-03
45249750-03
.884212037D-03
.44230520-03
.84220220-02
8420986D-03
.4819827D-03
.48 186€5D-03
.34178€1D-03
.8416216D-03
.44a14930N-0N

.10000000-08
.10000000-08
+10000000-08
+10000000-08
+.10000000-08
.10000000-08
»10000000-08
-.10000000-08
+10000000-08
.10000000-08
«10000000-08
.10000000-08
.10000000-08
+-10000000-08
+10000000-08
-10000000-0 ¢
+.10000000-08
.10000000-08
.10000000-08
+10000000-08
.10000000-08
+10000000-08
-10000000-08
+10000000-08
+10000000-08
.10000000-08
+10000000-08
+10000000-08
1000000008
.10000000-08
-10000000-08
+.10000000-08
+10000000-08
+.10000000-08
+10000000-08
+10000000-08
+10000000-08
.10000000-08
+10000000-08
+10000000-08
+10000000-08
.10000000-08
+10000000-08
+10000000-08
.10000000-08
+10000000-08
+10000000-08
.10000000-08
.10000000-08
-.10000000-08
+10000000-08
.10000000-08
+10000000-08
»10000000-08
.10000000-08
1000000 D08
+10000000-08
.10000000-08
.10000000-08
.10000000-0 €
.10000000-08
.10000000-08
.10000000-08
.10000000-08
.1000000D-08
-10000NON-0 A

«31308090-05
+21053690-05
+-3080088D-05
«30561330-05
-30322950-05
.30089500-05
.29860810-05
«29636710-05
-29817020-05
«29201610-05
+2899031D0-05
.28783000-05
«285795400-05
.28379800-05
.28181600-05
.27987090-05
«27796120-05
.2760858D-05
+27824340-05
«27283300-05
+2706536D-05
+2689081D-05
+26718370-05
+265849130-05
«26382620-05
«26210760-05
+26057870-05
.25898670-05
«257842290-05
+25588270-05
+25836580-05
+25287040-05
«25139710-05
+28994500-05
«20851340-05
-28710190-05
.28570990-05
- 2883369D-05
2829826 D-05
+208163300-05
«28030200-05
.23698930-05
«23769820-05
«2368163D-05
«23515520-05
+23391050-05
+23268180-05
«23146860-05
.23027050-05
+ 22908 730-05
«22791860-05
+22676410-05
-2256233p-05
+2288961D-05
«22336210-05
+2222611D0-05
«22119270-05
.22011660-05
.2190527p-05
.21800070-05
.2169603D-05
+21593130-05
.21491348D-05
+21390650-05
.2129104D-05
-21192870n-08

.48137160-03
+87928520-03
-47721190-03
.87515130-03
.87310330-03
.847106780-03
.86908450-03
.86703330-03
.46503390-03
. 8630863D-03
.86107030-03
.85910570-03
-845715240-03
-85519280-03
.85323830-03
.85128760-03
.8493538D-03
.88743080-03
-84551970-03
.48362000-03
.88173150-03
.843985410-03
.4379876D-03
.83613180-03
.83828660-03
.83205180-03
.83062730-03
.42881290-03
.8270086D-03
.82521830-03
.82382970-03
.821658470-03
.81988930-03
.841813380-03
.8416368680-03
.8146494D-03
«81292120-03
.81120200-03
.80948030-03
.80776010-03
. 80608 95D-03
-804 30830-03
.80265630-03
+80097350-03
+39929960-03
+39763490-03
+39597900-03
+39833170-03
+39269310-03
.39106300~03
.38988130-03
.38782800-03
«38622300-03
.368062610-03
. 38303730-03
.38185650-03
«37988370-03
.37831870-03
.3767615D-03
«37521200-03
«3736702p-03
«37213590-03
«37060910-03
.3690897D-03
.3675778D-03
-IRANT RIN=0I
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127
128
129
10
m
112
13
134
135
136
137
130
139
149
m
142
183
13
145
186
147
1488
139
150
]
152
19
158

«08265291D+01
.83303720¢01
.8395453D+01
.8560538D+¢01
.8525615D¢01
.859C696D¢+01
+.8655777D+01
.8720858D +01
.8705939D+¢01
. 86851020001
.8916101D+01
.8981182D +01
«9086263D+¢01
+911138aDp+01
+9176425D+01
+9281507D +01
.9306588D+01
«9271669D¢01
-9836750D +01
+9501831D+01
«956€912D¢01
96319930401
«9697074D+01
97621550 ¢01
+96827236D +01
+9892317D+01
99573980 +01
. 1002248D+02

+256265€D-03
«255160€Dp-93
+25404400-03
«25294620-03
+25185690-03
250776 20-03
- 28970?80-03
. 2886396D-03
.2875825D-03
- 24653530~ 03
.208589390-03
+28886220-03
«28383710-03
+28261980-03
-2018091D-03
«2600069D-03
+23941000-03
+23882100-03
«2374389%-03
. 23€8636n-03
+2354951D-03
.23853310-03
«23357770-03
«23262870-03
« 231686 10-03
« 230749 70-03
«2298194D-03
.228089530-03

+19364730-02
«19368500-02
+19372130-02
-19375540-02
«19378730-02
-19381710-02
-19384470-02
.19387020-02
.1938936D-02
+19391500-02
«1939384D-02
«19395180-02
«19396730-02
+19398090-02
+19399270-02

-19800260-02 -

«19601070-02
.19401700-02
.19802150-02
-19802840-02
-19802550-02
-19402500-02
«19802290-02
-19801910-02
+1980137D-02
.19800680-02
-19399830-02
.19398830-02

+92136€ 1D-08
.91715030-00
+91297780-048
.90880920-08
.908685 00-04
.900603 80-049
.896564 8D-08
«8925€71D-08
.88861000-08
.8886925D-08
.0808130D-08
«8769736D-04
-87317070-08
.069408 50-08
+8656744D-04
-86197970-08
.85831970-008
850693 90-08
+85110150-08
-8875821D0-08
-B88801500-08
-8805197D-08
.837055 70-08
+83362240-084
+83021930-08
-082684590-08
.82350100-08
.0201864D-00

-48136050-03
-40122810-03
-48108390-03
-88093970-03
.88079170-03
.84063990-03
.8408845D-03
.88032540-03
88016280-03
-0 3999670-03
-83982720-03
-83965450-03
-83987840-03
-8392993p-03
.83911700-03
.83893160-03
.83874330-03
-83855200-03
.83835790-03
.43816100-03
-83796130-03
-83775890-03
-83755360-03
803730 €20-03
-43713600-63
-83692330-03
«83670010-03
-83649060-03

-10000000-08
.10000000-08
-.10000000-08
-1000000D-08
-10000000-28
.10000000-08
.10000000-08
.10000000-08
-.10000000-08
-10000000-08
+.10000000-08
.10000000-08
+10000000-08
- 1000000008
-10000000-08
- 10000000-08
.10000000-08
-.10000000-08
+10000000-08
+10000000-08
«10000000-08
+10000000-08
-.10000000-08
-10000000-08
-10000000-08
+1000000D0-08
+10000000-06
-10000000-08

+2109498D-05
+20598410-05
.2090286D-05
.2080748D-05
«20713010-05
-20619570-05
-20527100-05
-20843557D0-05

.+2038497D-05

.20255280-05
+20166480-05
.2007856 D-05
+19991490-05
«19905260-05
«19819860-05
«19735270-05
+19651870-05
«19568450-05
-19886210-05
- 19804710-05
+19323960-05
«19203930-05
+1916462D0-05
«19086020-05
+19008100-05
- 1893087005
«18858300-05
-.18778400-05

+3645756D-03
«36308540-03
+36159490-03
«36010620-03
«35862490-03
+35715110-03
+3556846D-03
«35822530-03
3527732003
«351320820-03
«3496903p-03
-30845930-03
+38703530-03
+308561810-03
«34820770-03
«38280400-03
+38140710-03
+38001670-03
«33863290-03
«33725560-03
+335884080-03
«33452000-03
+33316240-03
«33181070-03
+33086520-03
«32912600-03
«32779290-03
+32686590-03



APPENDIX E

WALL-SPRAY MODEL, SAMPLE INPUT AND OUTPUT
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WALL-SPRAY KCDEL
M. F. ALBERT

THE RALL-SERAY NODEL SIMULATES THE REMOVAL OF GASEQOUS MOLECULAE
IODINE, I2, EY RATER SPRAYS ANT ALSO BY THE WATER C§F IHE WALLS
OF THE CONTAINBENT VESSEL. THIS MCDFL IS ESSENTIALLY THE SPRAY
MODEL WITH THE ADDITION OF A SIMULATION OF THE ABSORPTION CFP A
GAS BY A FALLING LIQUID FILM. A THO-RESISTANCE MODEL IS OSED 70
DESCRIBE THE MASS TRANSFER. A RUNGE-KUTTA-FELHBOURG 5(4) MUMERICAL
IRTEGRATION ROUTINE IS USED TO INTEGRATE THE IODINE HIDRCLISIS
REACTIONS. SUEROUTINE CALLED FROM THIS MAIN PROGRAX ARE IITER,
PONCIN, WALL ABD BCOL. THIS PROGEAM IS CESIGNED TO RUN¥ ON A
PDP-10 COMPUTEE EUI SHOULD BE EASILY CONVERTED TO RUX ON ANY
FORTEAN COMPUTER.

222 L 22 2R R RE2 2 222222 22 22 222 2 22 22 2 R R 2 22 AR R R R RS 22 2

INPLICIT DOOELE PRECISION (A-H,K-2)
IBPLICIT INTEGER (I-J)

DIMENSICHN W {8),%0LD(8),K1(7),K2(7) ,K3(7),R(7),%B(7),
1 DELTA (7) ,¥ES(7),F (7) ,K4 (7) ,KS (7) ,K6 (7) ,TOL(7) ,
2 CCB(7) ,cC(7) ,CONPOL{8) ,CONRAL (8,300)

READ (58,*)A,BBIN,H8AX,IN

READ (49,*)TICLER

READ (31,*)TEMPG,TEMPL,PRESS,DIAN,SAD,CI2SP,CISP
READ (31,*)CBOISE,CCISE

READ (43,*)CI2G,CHSE,FLRAT,DURTH

R EAD (31,*)CIO03SP,CI3sP

READ (30,*)CCIAN,HEIGBT,WFPRAC,WHT

FORMAT (* CCNCENTRATICN OF THE DROES',/)
FORMAT ('AT A TEMPERTURE OF THE GAS ',P6.2,' DEGRESS KELVIN'/

*TBE VISCOSITY OF TEE LIQUID (CP)=',E15.7/

"THE VISCCSITY GCF THE GAS (CP) =',E15.7/

*THE PARTITICN CCEPFICIENT IS =',E15.7/

*THE DENSITY OF THE LIQUID (GMS/CC) =',E15.7/

'TEE LERSITY OF THE GAS (GMS/,CC) =',E15.7)
PORMAT (*THE CIFFUSION COEPPICIENT FOR THE GAS (SQ CE/SEC)=',E15.7
1 /'THE DIFPUSICN COEFPICIENT FOR THE LICUID (SQ CM/SEC)=*,E15.7/
2 'THE GAS-SIDE MASS TEANSFER COEFFICIENT (CM/SEC)='E15.7/
3 VTEE LIQUID-SIDE MASS TRANSFFR CCEFFICIENT (CM/SEC)=',E15.7/
4*THE OVERALL LICUID-SIDE MASS TRANSPER CCEFPICIENT (CB/SEC)=',E15.
S7,/, 'THE VCLOME FOR CNE DROP (LITEBS)=',E15.7/
6 'THE SUBFACE ARFA FCE GNE DRCP (SC CM)=',E15.7/
7 'THE EXPOSOBE TINE FOR THE DROP IS (SEC)=',E15.7/
8 'TEE REYNOLDS NUMEEE POR THE DROE =',E15.7/
9 'THE TERNINAL VELCCITY OF THE DRCP (CM/SEC) =',E15.7)
P ORMAT (15)

NVEWN

PORMAT(' I2 = ',E15.7/
2! I- = ',B15.7/
I HOI = ',B15.7/
yr 103- = ',B15.7/
51 B+ = ',B15.7/
6? I1C- = ',E15.7/
7 13- = ',B15.7/)

PORMAT ('THE FINAL CONCENTRATION OF TBE LIQUID IS (PCLES/LITEE) :')
PORMAT (*THE SUBBEE CF ECLES OP IODINE (I2) REMOVED IS =',E15.7,/
1 'THE KUEBER OF GRANS OF ICDINE REMOVES IS =',E15.7,/)
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16
17

18
19

21

22
28

33
34

Ca

FPORMAT (*THE FINAL CONCENTRATION CF ICDINE (I2) IN TEE GAS IS ',
1E15.7,' (MOLES,/LITER)',/)

FORNAT (* TINE MOLES RMD CCN G2S SUX MLS BM
D,/)

FORMAT (' CONCENTEATIGN GF THE SPRAYED SOLUTION IN TBE SUMP ', /)
FORMAT (* B TINE 12 I- BOT

1 I103- B+ I0- 13-1,/)

PORMAT (*STEP SIZE BELCW STEP MIN',D15.7)

FORMAT (I5,8D13.7) -

PORMAT (4D15.7)

PORMAT (*THE NOUMBER CF DROPS IN THE CCNTAINMENT IS',E1S.7/

1 'THE DROP FLOUX (NOMBER OF DROPS/SC CM MIN) =',E15.7/

2 'THE CONTAINMENT VOLOME (LITERS) =',E15.7/

3 'THE NUMBER CF CUTEE LCOPS =',I6/)

PORMAT (/' THE NUMBER CPF GRAMS OP IGCDINE KEMOVED IN THE EXPERIMENT
1Is ',B15.7,/,'BESOLTING IN AN EBRROR CF *,E15.7,' PEECENT.'/)
PORMAT (//°THE INITIAL CONCENTRATIOE IN THE GAS OF',E15.7,

1* (ACLES/LITER)'./,

2'THE DOBATICE CF THE SEBRAY (MIN) ',E15.7,/,

3*THE VOLOME CP LIQUID SPRAYED (L1TERS) ',E15.7,/,

4* AND A SPRAY FLOW BATE OF ',E15.7,' (ILITERS/MIN)',/,

S*THE INITIAL CONCENTRATIOR OF THE LICUID (MOLES/LITER) :')

WRITE(50,9)
WRITE(50,19)
WRITE (52, 18)
WRITE (52, 19)
WRITE(51,17)

SPA=3. 14 16D00*SAD**2
VOLD=(3.14 16COC*DIAN*#3,D00) / (6.D00%1.0D 3)
CI2GI=C126

TEMPGU=TEMEG**U4
TEMPGI=TEMPG**:
TEMPG2=TEMPG**Z

TEMPLYU=TENMPL**4
TENPLI=TEMPL**:
TENPL2=TEMPL**:

VSL1=1.8662866C-8*TEMPLY4~-2.6333695D-5*TEMPL3I+1.397C€07D-2*TEMPL2
VSL2=-3.3074€C6D00*TENPL+2.9558666D2
VISLIQ=VSL 14VSL2

PC1=9.981476D-7%TENPL4-1.5730121D-3*TEMPL3I+9.278567EC-1*TEKPL2
PC2=-2.42€8388C2*TENPL+2.3824847D4
PC=PC1+PC2

DHL126.0251147C-9*%TEMPL3-9.1329604D-6*TENPL2
DNL2=3.57357zD-3*TEMPL+5.£358882D-1
DENLIQ=DNL1+LNLZ

VSA1=-2.8713293D-15*TENPGU4+1.6909463ID-11*TEMPG3I-4.C15468D-E*TEMPG2
VSA2=6.5679429C~-5*TEMPG+1.9523691D-3

VISGAS=VSA1+VsSaAz

TBP=5.178D-3*TEMPG

OMEGA1=TNP*#*3%* (-6, 19C47619D-2) +4.657142857D- 1*THP**2
ONMEGA2=TMP* (-1.30423€CS5D0C) +2.315428571C00

OMEGA=OXEGA1+GEEGAZ

MLWT=1/2.9D1+1/2.53809D2

DIFGAS=1.858LC-3*TEMEG**1.5*MLWT**0.5/ (PRESS*U4.4355DCC**2*0OMEGA)
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DIFLIQ=3.9 1D-8*TENFL/VISLIC

DNG 1=8.2892055C-16*TENEG4-U.2656962D-12*TENPG3+8.0228283D-9*TENPG2

DNG2=-6.8325529C-6*TENEG+2.6129391L-3
DENGAS=LNG1+CNG2

GSM1=0.83D00* ((CENLIC-DENGAS) /CENGAS)**0.25*%9.81D2#*(0.25
GSM2=(VISGAS/ {1.0D2*DENGAS) ) **~0. 17*DIFGAS** (0. 67*DIAN**-(0.25
KGI2=GSH1*GSH2

ND1=4.D00*DENGAS* (DENLIC-DENGAS) *9.8102*LCIAM**3

ND2=3.0D00* (VISGAS/1.0L2) **2

ND=KL1/ND2

¥8#=DLOG10 (ND)

NRE1=(~1.81391C00+1.34€71D00*WR=0. 12827D00*W@**2+6. 24 UD~- 3* AN **3)
NRE=1.0C1**NRE1

TBMVEL=NRE* (VISGAS/1.0L2)/ (DIAN*DENGAS)
EXPTN=HEIGHT*1.0D2/TEEVEL
KLI2C=(4.0DOO*CIFPLIC*TENVEL/ (3.1415D00*DIAM) ) **0.5
KLOV=KGI2*KLI2C/ (PC*KLI20+KGI2)

CCSA=(CDIAN/2.0D00) **2.0*3.1414926<SDCO
DPMIN=FLRAT/VOLD |

PLXDE=DPMIN/ (CCSA*1.0D4)

ADARA=6.0D1/{EXETH*FLXLP)
ILOOF=DURTHN*6.0C1/EXPTE+1.0D00
VOLCCN=ADAEA*HBEIGHT/1.0D1

VOLSE=FLRAT*CUFTN

NUMDES=DPNIN*EIETN/6.0C1

CVOL=CCSA*BEIGHT*1.0C3
WLTH=(HEIGBT-WHT) *1. 0D2/TBEVEL
WMFBR=(WFRAC*FLBEAT*DERLIQ*1.6667D1/ (CDIAM#*3.141593))
WPILE=(3.0D00*VISLIC*WNPR*1.0C-4/ (CENLIC**2*9.81D2))**0.33
WVEL=WHPR/ (CENLIQ*WFIIN*1.0D2)
WYOL=FLBAT*WEEAC*EXFTZ/6.0D1

I8=0
IMAX=WHTI*1.0L2/ (EXPTH*WVEL) +1.0D00

KLW¥= (6.0D00*CIPLIC*WMFE/(1.0D2*3. 141593 #DENLIQ*WFILE*EXPTN*WVEL))
KLW=RLW**0.5

WABEA=WVOL/WFILN
WBRITE(23,12) ILCCE

WRITE (22,10) TEMEG,VISLIC,VISGAS,EC,DENLIQ,DENGAS
WRITE (22,11) DIFGAS,DIFLIQ,KGI2,K1IzZC,KLOV,VOLD,SFA,EXPIN,NRE,
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WRITE (22,32)NONDES,FLIDP,CVOL,ILCCE
WEITE (22,34)CI2G,DUETM,VGLSP,FLEAT

DETEFMINE THE ECUILIPRIUN CONSTAETS FOR EQUATIONS 4, 5 AND 6
{EQUATICNS 24, 25 AND 26)

BRK6==4.098D00-3245. 20CO/TENPL+2.2363L5S/ (TEMPL*%2)-3.9E4D7/ (TEHEL**
13)+(13.957D00-1262. 3D00/TEFPL+8. 56 41L5/ (TEMPL**2)) *CLCG (DENLIQ)
BK6=10%* (RK6)

RKS=10%+(2800.48D00+0.7335D00*TENEL-8067C. 0DOO/TENPL
+~1115.1D00#DLGG10 (ZENEL))

RK4=DEXP(3727.86D00/TEEPL-11.6326C00+0. C192212D00*TEMEL)

TOUTPL=EXPTN/2.0D1
SFA1=SEA®BUMLPS

VOLD 1=NUNDES*VCLD

TCLD=A

Q=1.CD=1

IP (WOLD(5) .GT. 0.CDGC)GOTO 38
WOLD (8) =0.0D00

GOTO 37

WOLD (8) =RK6/NO0LD (5)

WRITE (22,13)CI2SE,CISF,CHCISP,CIO3SE,CHSP,COISP,

1 CI3SE

WRITE(50,22)1,TINE,CI25P,CISP,CHCISP,CI03SP,CRSP,COISE
1 +CI3SP

DO 1100 II=1,ILOOP
INK=INK+1.0DCO
B=1.0D-2

TOLD=2A

B=BXETH

INITIALIZE TEE CECF CCNCENTEATION

CI2L=CI2SP
WOLD (2) =CISP
WOLD (5) =CHSP
WOLD (4) =CIC3SE
WOLD (7) =CI3SE

* WOLD (3) =CHCISP

WOLD (6) =COISE

SUMBCL=0.0C00
WALACL=0.0D0C
IPLAG=1
SFA=SPA1
VOLD=VOLD1

BEGIN THBE RUNGE-KUITA-FELHBORG BOUTINE'TO CETERMINE TEE
ABSOEPTION EY TBE SPRAY DRCPLETS

T=TOLD

DETERNINE TBE MASS THANSFER TQ THE SPRAY DBOPLETS
WOLD (1) =CI 2L

NMOL=ROLD (1) #VCLD

MOLT F=KLOV#*B*SFA* (CI2G*PC-HOLD (1)) ,1.0D3

WOLD (1) =(NNCL+NOLTE) /VOLD

CALCULATE K'S
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DO 3C J=1,IN
R (J)=WCLD {J)
CONTINUE

CALL FUNCTN(%,8OLD,F,IN)

DO 4C J=1,1IN
K1(J)=8*F (J)
CONTINDE

DO 5C J=1,1IN
¥ (J)=RGCLD (J) +K1(J) /4.CDOO
CONTINUE

CALL FUBCTN(W,HCLD,F,IN)

DO 6C J=1, 1IN
K2 (J) =B*F (J)
CONTINUE

DO 8C J=1,IH
W(J)=WOLD (J) +3.0DCC*K1(J) /3.2D1+S.CD00*K2 (J) /3. 2D 1
CCNTINOE

CALL FUNCTN (R,WCLD,F,IB)

DO 9C J=1,1N
K3 (J) =B*F (J)
CCETINUE

DO 110 J=1,IX

W (J)=WCLD (J) +1.932D3*K1(J) /2.197D3-7.2D3*K2 (J) /2. 197L3
1 +7.296D3*K3(J)/2.197D3
CONTINUE

CALL FUNCTN(W,&CLD,F,I})

DO 120 J=1,1IX
K4 (J) =B*PF (J)
CONTINUE

DO 130 J=1,1IX

W (J)=WCLD (J) +4.39D2*K1(J) /2. 16D2-8.0D00*K2(J) +3.68L3*K3 (J) /S5.13D2
1 -8.45D2*K4 (J) »4.1C4D3
CONTIRUE

CALL PUKCTS (%,WCLD,F,IEK)
DO 140 J=1,I¥
KS (J) =B*F (J)
CCNTINOE
DO 150 J=1,IN
W(J)=WCLD (J)-8.D00*K1 (J) #/2.7D1+2.D00*K2 (J)-3.544D3#K3 (J) /2.565D3
1 +1.859D3%K4 (J) /4.104D3=1.1D1#KS (J) /4.0D 1
CONTINUE
CALL FUBCTN(W,WOLD,F,IN)
DO 160 J=1,I8

K6 (J) =H*PF (J)
CONTINUE

DETERMINE THE NEW CCHCENTHBATION IN TEE SPRAY CROPLETIS FOR ALL OF
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6CC
605

614

620

THE IODINE HYCECLYSIS SPECIES ANL CHECK ERRBOR

DG 1G0 J=1,Ik
WB (J) =WOLL (J) +1. 6D1%K1(J) /1.35D2+€. 656 D3*K3 (J) /1. 2E25D4+
1 2.856 1DU*KU (J) /S.64304=9.0DCC*KS (J) /S5.0D1+2.0C00#K6 (J) /5.5D1
R(J)=ABS (K1(J)/3.6D2~1.28D2*K3(J) /4.275D3-2.197D3*K4 1J) y7.524C4
1 +R5(J) /5.0D1+2.0D00*K6 (J) »5.5D1) /B
TOL (J) =AES (WE (J) *TCLER)
DELTA (J) =0. 84% (TOL (J) /R (J) ) **0. 25
CONTINUE

DO 5C0 J=1,IN
IF (B(J) .GT. TOL(J))GCTO 900
CCNTINOE

DO 510 J=1,Ik
WOLL (J)=HE (J)
CCNTINUE

DETERMINE THE EQUILIBBIUM COBCENTRATICNS OF EQUATICNS. 24, 25 AND
26

BB==-1.0D00~- (ROLD (2) +§CLD (1)) *RK4
C=WOLD (2) *WOLD (1) *RK4=HOLD (7)

=-BE/(2.0D00*EKUY)
E=((EB**2.0D00-4.0CO0*EKY *C) #*0.5D00)/(2.0D00*RK4)
V=D-E

IP(V .LT. 1.0D-18 .ANL. V .NE. 0.0000} CALL ITTER(WCLC,RK4,C,V)

WOLD (7) =WQLD (7) +V
WOLD (1) =WOLD (1)-V
WOLD (2) =WOLD (2) -V

IF(IN .EQ. 4)GCTO 600

BRR=WCLD (6) +WCLL (5) +EKS
S=-RKS*WOLD (2) +WCLE (6) *WOLL (5)
M=(~ER+ (RR*BRR-4.0D00*S)**0.5) /2. 0D00
WOLD {S) =HOLD (5) +M

GOTO 605
M= (BRES*WOLD (2) -WOLD (6) *WCLL(5) )/ (NOLL (S) +BKS)

WOLD (6) =WOLD (6) +M
WOLD (3) =WOLD (3)-M

IP(IN .EQ. 4)GCTO 614

O=WOLD (8) *WCLD (S) -EK6
VV=HCLD (8) +RC1IL (5)

X=(-VV+ (VV*VV-4.0D00*0)**0.5) /2.0D00
WOLD (S5) =WOLD () +X

WOLD (8) =WOLD (8) +X

IFP(IFLAG .EQ. 2 .OR. TOLD .LT. WLTN) GOTO 615
IFLAG=2

DO 620 J=1,7
CONWAL (J, 1) =WCLD (J)
COBTIRUE

SFA=SFA1* (1=-8FEAC)
VOLD=VOLD 1* (1.0LO0-WFEAC)
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61 TOLD=TOLD+H
SOMMCL=SUM®CL+XECLTE
PHT=TRMVELATINE
CI2L=¥B (1)
PAT=TOLD*TBEVEL
DEL=CELTA (1)

IP(IN .EQ. 1)GCTC 905

DO 520 J=2,1H
IF (DEL .LT. DELTA({J))GOTO 520
DEL=DELTA (J)
S2C CONTINUE

c .
GOTO 905

c

c DETEEMINE NEW STEE SIZE

c

900 DEL=DELTA (J)

c

905 IF(DEL .GT. C)GOTO 910
HRER=Q*H
GOTO 1000

c

910 IF(DEL .LT. 4.0)GOTO 920
HNEW=4.0D00*E
GGTO 1000

c

920 HNER=DEL*H

c

c CHECK NEW STEP SIZE WITH MAX AND SIN STEP SIZE

c

100 IFP (HNEW .LT. HNAX)GCIC 930

HNEWR=HMAX

93¢ IP (BNEW .LT. BEIN)GOTC 1111
LEPT=B-TOLC-BBEW

IF(LEPT .GT. 0.0)GCIC 5000
HNEW=B-10LD

o
o
(=]

H=HNEW
IF(ICLD .GE. B)GOTC 999

GQTO 1

BEGIN DETEREBINATION OF THE REMOVAL BY THE WALLS

(-]
(V-]

TIME=TINE+TOLD/6.0D1

NwOHOOO (2] (e X" X3}

FHI=IIME*TENVEL

WRITE(5,43)II,ILOCE,IN,INAX
FORNAT (4I6)
IF (I® .GE. INAX)GOTC 79
IN=IN+1

&£00
w

DETERMINE THE MASS TRANSFER TO THE WATER ON THE RALLS

(V-]

DO 84 IC=IN,1,-1
WRITE(S,44) IQ,1IN
FORMAT (216)
WsoE=0.0D00
CALL WALL (CCNWAL,A,B,HNIN,HMAX,IN,DIFLIQ,WNFR,NSUM,DENLIQ,KLN,

EOQNONOO

&
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1WAREA,WVOL,TCLEE,WPILE,WVEL,FLRAT, WFFAC,IQ,RKY4,RRS,RRE,CI2G,EC,
2EXPTE)

WALMCL=WALNCL+WSUHN

Do 85 J=1,7
CONWAL (J,IQ+1)=CCNWAL {(J,IQ)
CONTINUE

CONTIRUE

DETERMINE THE CONCENTRATION IN THE SOMP
CALL POCL (COBPCL,A,B,ENIN, BMAX,IN, TOLER)
IP(IN .GT. INAX)GOTO 83

DO 81 J=1,7 ;
CONPOL (J) = (CONFOL (J) *POLVOL+WOLD (J) *VOLD) /(POLVOL+VOLD)
CONTINUDE

POLVCL=POLVCI+VCLD
GOTO 87

Do 82 J=1,7

CONEOL (J) = (CONPOL (J) *POLVCL+CCNWAL (J,IMAX+1) *WVOL+ROLD (J) #*VCLE) /{
1% VOL +VOLD +ECLVCL)
CONTINOE

POLVCL=POLVCL+VCLD+WVCL
CI2G=(CI2G*CVOL- (SUSMOL+WALHNOL)) /CVOL

SUM=SUMBOL+SUM+WALNCL

WRITE(S0,22) II,TINE,WGLD(1),WOLD (2),WOLD (3), WOLD (4),WCLD (5),
1 WCLD (6) ,RCLD (7)

WRITE(S2,22) I1,TINE,CONPOL (1) ,CONECL (2) ,CONPCL(3),CCNECL (4),
1 CONPOL (5) , CONPOL (6) ,CONPOL (7)

WRITE(S51,23) TIRE,SUNNCL,CI2G,SOM

CONTINUE
DETEEMINE THE TRANSPEE BY THE WATEE STIILL CRAINING CFF THE WALLS

DO 95 IQ=1,Ix

CALL WALL (CCRWAL,A,B,HMIN,HMAX,IN,DIFLIC, WNFR,WNSUN,DENLIC,KLW,
1WARE2, RVOL,TCLER,WPILE,WVEL,PLBAT, WFRAC,IQ,RKY4,RKS,EK6,CI2G,EC,
2EXPTH)

WALSCL=WALNOL+WSUN
SUM=SUM+WSOH
CI2G=(CI2G*CVOL-4¥SUM*GASFAC)/CVOL

CALL POCL (CONPOL,A,B,BNIN,HMAX,IN,TOLER)

DO 92 J=1,7

CONPOL (J)=({CONPOL (J) *FOLVCL+CCNWAL (J,IQ) *WVOL) / (RVCL+POLVOL)
CONTINUE

POLVCL=POLVOL+RVOL
CONTINUE

IF(IE .LE. 1 )GCTC 2000

Ipg=IE-1
GOTO 91
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WRITE (50,22) II,TIME,WCLD(1),¥OLD (2),WOLD (3), WOLD (4) ,WCLD (5) ,
1 KCLE (6) ,WCLID (7)

WRITE(52,22) I1I,TINE,COKPOL (1) ,CONECL (2) ,CONPGL (3),CCNEOQL (4),
1 CONPOL (5) , CONPCL (6) ,CCKPCL(7)

C

2000 SUMGEM=2.53809L2*sS0N

. ERROB=1.0D2* (RELEXP-SUMGRM) /RMDEXP
II=II-1
SUMGEN=2.53809L2*s0N
ERROE=1.0D2* (RMDEXE-SUNGRN) /JRMDEXP

c
WRITE (22, 16) CI2G
WRBITE (22,15)S0¥,SUNGEN
WRITE (22, 14)
WRITE(22,13) CONPOL (1) ,CONPOL (2) ,CONPOL(3) ,CONEQGL (4) ,CCNPCL (5),
1 CONPOL (6) ,CONPOL (7)
GOTO 3000
c
1111 WRITE(40,21) BRES
c
3000 STCP
END
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c
c SOBROOUTINE WALL
c
G THIS SUEROUTINE IS CALLED FROM THE BOUTINE WALL-SPRAY. THIS
c SUBROUTINE CETERMINES THE REMOVAL OF MOLECULAR ICDIKE BY TEE
c WATER PLOWING CCWN THE WALLS OF A CONTAINMENT VESSEL. THE
[ ALGOBITHM OSED FOR THE MASS TRANSEER IS FOR A PALLING LICUID
c FILM AND A RUNGE-KUTTA-FELBBORG 5(4) ROUTINE IS USEL 10
G NUMERICALLY INTEGRATE THE IODINE HIDBOLYSIS REACTICYS.
c
[ 2 R22 2 2L 2R R 2222222 2R R R R 2R R 2 2 R R 22 RS R R R SRR R R R R 2 L
c
SUBRCUTINE WALL(CONWAL,A,E,HNIN, HNAX,IN,DIFLIQ,4WMFR,WSUM,DENLIC,
1KLW,WAREA, WVCL,TOLER,WFILM,RVEL, PLBAT, W FRAC,IQ,B R4, FKS,RK6,CI2G,PC
2,EXP1M)
c
INPLICIT DOUELE PRECISIOR (A=-H,K-32)
IMPLICIT INTEGER (I-J)
c .
‘DINENSION W (8) ,CONWAL(8,300),K1(7),K2(7),K3(7),R(7).,RE(T),
1 DELTA (7) ,WES (7) , E (7) K4 {7) ,K5 (7) ,K6 (7) ,TCL(7) ,SALCCN (2)
c
21 PORMAT (*STEP SIZE EELCH STEP MIN',D15.7)
é
CI2W=CONWAL (1,IC)
TCLD=A
Q=1.0D-1
H=1.0D=-2
c
CONWAL (8,1Q)=RK6/CONWAL (5,IQ)
c
c USE SECANT RETHCD TO LCETERMINE THE LOG MEAN EULK CCHECENTBATICN
c IN THE LIQUIC
c
1 CONWAL(1,I¢)=CI2W

WNMCL=CCNWAL (1,IQ)*WVCL/1.0D3

PO=CCNWAL (1,IC)*1.02D00

P1=CCNWAL (1,1Q)*1.05DCC

QO=H*KL§/WPILM* (PO-CONWAL (1,IQ)) /DLOG ((CI2G*BC-CONWAL (1,IC))/(CI2G
1#PC-F0) ) +CCHRAL (1,IC) -EO ‘

55 Q1=H*KLW/WPILN* (P1-COBWAL(1,IQ)) /DLOG((CI2G*PC-CONWAL (1,IC))/(CI26

1*PC-E1) ) +CONWAL (1,1Q)-P1

CI2LN=(C1*PC-QC*P 1)/ (C1-Q0)

CHECK=AES (CIZL8-P1)/P1

IP (CHECK .LT. 1.0D-3)GCTO 59

PO=P1

Q0=Q1
 P1=CI2LM

GOTO 55

59 WMOLTIB=HKFPILM* (CI2L8-CCHWAL(1,IC))*NAREA*H/ (1.0D3*EXETHN)
WSUM=WNCLTE+WSON

CONWAL (1,IC)=CCNWAL (1,IQ) +WMOLTB*1.0D3/WVOL

BEGIK RUNGE-KUTITA-FELEEURG RBOUTINE

CALCULATIE K'S

DO 30 J=1,IX

W (J)=CONWAL (J,IQ)
30 CCNTINUE
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120
(5

130
C

140

<0

0=

CALL FUNCTH (W,CONWAL,F,IN)

DO 40 J=1,1IN
K1(J) =B*F (J)
CONTINUE

DO SC J=1,1¥
W(J)=CCHWAL (J,IQ) +K1(J) /4.0D0C
COBTINUE

CALL FUNCTH (,CCNWAL,F,IN)

DO 60 J=1,IN
K2 (J) =B*F (J)
CONTINUE

DO 80 J=1,138
W{J)=CCHWAL (3 ,1Q) +3.0DCO*K1(J)/3.2D1+9.0D00*K2(J) /3.2D1
CONTINUE

CALL PONCTN (W,COBWAL,E,IN)
DO 9C J=1,1¥

K3 (J) =H*F (J)
CCNTINUE

DO 110 J=1,1I%
W(J)=CCNWAL (J,IQ) +1.932D3*K1(J) /2.197D3-7.2D3*K2(J)/2.137L3

1 +7.296D3*K3(J)/2.197D3

CONTINUE
CALL PUXCTN(W,CONRAL,F,IN)

DO 120 J=1,1I¥
K4 (J) =8*F (J)
CONTINUE

DO 130 J=1,1%

H(J)SCOHU!L(J IQ) +4.39D2*K1(J)/2.16D2-8.D00*K2(J) +3.68D3*K3 (J) /5.
11 3D2-8. 45D2*K4 (J) /4. 1C4D3
CONTINOE

CALL PFOURCIN(W,CONWAL,F,IN)

DO 140 J=1,1¥
KS (J) =B*F (J)
CONTINUE

DO 150 J=1,1IN8

W(J)=CONWAL(J,IQ)-8.DCO*K1(J) /2.7D1+2.D00*K2(J) -3.544D3*K3(J) /2.
1565D3+1.859D3*K4 (J) »4.104D3-1. 1D 1*KS (J) »4.0D1
CONTIBUE

CALL PUBCTN(%,CONWAL,F,IN)
DO 160 J=1,1IN

K6 (J) =B*F (J)
CONTINUE

DETEEMINE THE NEW CONCENTRATION OF THE IODINE HYDROLYSIS SEECIES
IN TBE LIQUID CN THE WALLS AND CHECK ERBOR
DO 1C0 J=1,IK

WB (J) =CONWAL (J,IC) +1.6D1*K1(J)/1.35D2+6.656D3*K3(J)/1.2825D4+
1 2.856 1ICU*K4 (J) y/S.643DU~-9.0DCO*KS (J) /5.0D1+2.0C0C*K6 (J) /5.5D1
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R(J)=AES (K1(J)/3.6D2-1.28D2#K3 (J) s4275D3-2.197D3*K4 (J) /7.524D4
_ +KS (J) /5.0D1+2.0DCO*K6 (J) »5.5D1) /H
TOL (J) =ABS (&E (J) *TCLEE)
DELTA (J) =0. 84% (TOL {J) /B (J) ) **0.25
100 CCNTINUE

Do 5C0 J=1,1I5
IF(R(J) .GTI. TOL(J))GCTO 900
S0C CCNTINDE

DO 510 J=1,IX
CONEAL (J,IQ)=WE (J)
51¢C CONTINDE

DETEEMINE TBE EQUILIERIUM CONCENTRATION OF EQUATION 24, 25 AND
26 FPOR THE CYLINDRICAL PIECE OF THE WALL

(s NeNaXel

BB=-1.0C00~ (CONWAL (2,IQ) +CONWAL (1,1Q))*RKUY4
C=CONWAL (2,IC)*CONRAL (1,IQ)*RK4-CCNWAL(7,IQ)
D=-BE/ (2.0C0C*BKUY)
E=((EB**2.0D00-4.0C00*RKU4 *C) **0.5C00) /(2.0C00*RK 4)
V=D-E '

IP(V .GT. 1.0D-18 .AND. V .EQ. 0.0L00)GOT0 575
WALCCH (1) =COBWAL (1,IC)

WALCCN (2) =CONWAL (1,1Q)

CALL ITTER (RALCON,RKU4,C,V)

57¢ CONRAL (7,IQ) =CCNWAL (7,1Q) +V
CCNWAL (1,IC)=CCNWAL(7,IQ)-V
CONWAL(2,IC)=CCNWAL(2,IQ)~-V

C
IF(I® .EQ. 4)GCTIO 600

(o}
BRB=CCNWAL (6,IC)+CONWAL (5, IC)+RKS
S=-RK5#%CONWAL (3,IC) +CCNWAL (6, IC) *CONWAL (S,1IQ)
M=(-ER+ (RR*RR-4.0D00*S) **(C.5) /2.0DCO
CCNWAL (S,IC)=CCNWAL (S5,IC) +H
GOTO 605

C

600 M=(RKS5*CONWAL (3,IC)~-CCNWAL (6, I(C)*CONWAL (5,1IQ))/(CONRAL(S,IC)+RKS)

60¢S CONRAL (6,IC)=CCNRAL (6,IQ) +H
CONWAL (3, IC)=CCNWAL {3,IQ)-H

c
IP(IF .EQ. 4)GOTO 615

c
U=CONWAL(8,IC)*CCGEWAL(S5,IC)-BK6
VV=CCRUAL (8,IC) +COBWAL (5, IC)
X={(=VV+(VV*VV=-4.0D00*0)**0.5) /2. 0D00
CONWAL (5,IC) =CCNWAL (5,IQ) +X
CONWAL (8,IC)=CCHWAL (8,IC) +X

c ‘

615  I=I+1
TOLD=TOLD+§

c
CI2W=CONRAL (1,1IQ)
DEL=CELTA (1)

(
IF(IN .EQ. 1)GOTO 905

C

DO 520 J=2,I5
IP (LEL .LT. DELTR {J))GOTO 520
CEL=DELTA (J)
52C CONTINUE
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GOTO 905

C
c DETERMINE NEW STEE SIZE
C
900 DEL=CELIA (J)
C
90¢ IF(DEL .GT. C)GOTO 910
HNEW=Q*H
GCTO 1000
C
91¢C IF(DEL .LT. 4.0)GOTC S20
BNEW=4.0DCO*H
GOTO 1000
C
92C BNEW=DEL*H
C
C CBECX NEW STEP SIZE WITH HMAX AND NMIN STEP SIZ2E
C
1060 IF (BHNEW .LT. HEMAX)GCIC 930

HNES=HNAX

930 IF (BNEW .LT. HMIN)GGCTIC 1111
LEFI=B-TOLL-HNEW

IP(LEFT .GI. 0.0)GGTC 5000
HNEW=B-IO0LD

C
50CC H=HNEW

C
IP(TCLD .GE. B)GOTC 999
GQTO 1

(o

C

1111 WRITE(40,21)BNEW
99S RETUEN
END
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[of 22222 R2 222 ER 222222222 22222 22 2R 2 2 2 RS R R S22 RS2 R 222 222 R R R R SRR 2 2 2
SUBRCUTINE PCOL

THIS SUBROUTINE DETERNINES THE CONCENTRATION OF THE ICDINE
BYDRCLYSIS SPECIES IN THE SUMP PCOL. A BONGE-RUTIT2A-FELHEUSG

S {4) ROUTINE IS USEL TC INTEGRATE THE IOCINE HYDBOLYISIS
REACTIONS. THIS SOERCUTINE IS CALL FROM THE WALL-SERAY

ROUTINE.

22 R R 2R R R R R RS RS R 2 R R R I R R R R RS SRR R R RS S R LTS

SUBRCUTINE PCCL (COMPCL,A,E,HMIN, BNAX,IN,TOLER)

(2] oo nnn

IMPLICIT DCUELE PRECISION (A-H,K-2)
IMPLICIT INTEGER (I-J)

DIMEESION CONPBCL (8) ,CC(7) ,K1(7),K2(7) ,K3(7),KU(7),K7(7) ,K6(7),
1 TCL(7) ,DELTA(7) ,B(7) ,CCB(7) ,F (7)

21 FPORMAT (' STEP SIZE BELOW HEIN ',E15.7)
B=1.0D-2

Q=1.CD-1

PTOLL=12

BEGIN TBE BRUNGE-KUTTA-FELEEURG ROUTINE
CALCCLATE K'S

DO 31 J=1,18

CC {J) =CONPOL (J)
CONTINUE

-

CALL FUNCTN(CC,CONPOL,F,IN)

0O Ow NOONAONO

DO 41 J=1,1IN
K1 (J) =B*F (J)
41 CONTINUE

DO 51 J=1,1¥
CC (J) =CONPOL (J)+K1(J) /4.0D00
51 CONTINUE

CALL FUNCTHN (CC,CONECL,F,IN)

DO 61 J=1,1N
K2 (J) =B*P (J)
61 CONTINUOE

DO 81 J=1,1¥
CC (J) =CONPOL(J) +3.0DCC*K1(J) /3.2D1+5.0DCO*K2(J) /3.2D1
81 CCNTINODE

CALL FOUNCTN (CC,CONPOL,F,IN)
DO 91 J=1,1IN
K3 (J) =B*F (J)
91 CONTINUE
DO 111 J=1,1IN

CC (J) =CONPOL (J) +1.932D3*K1(J) /2.197D3-7.2D3*K2(J) /2. 197D3
1 +7.296D3*K3(J) /2.197D3
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M

161

onoan

101

501

aonaow

CONTINUE
CALL PUHCT!(CC,CCNEGL,E,INY

DO 121 J=1,1N
K4 (J) =B*F (J)
CONTINUE

DO 131 J=1,IN

CC (J) =CONPOL (J) +4.3SD2%K1 (J) /2. 16D2-8. 0D0 0*K2 (J) +
1 3.68D3*K3 (J) /5. 13D2-8.45D2%K4 (J) /4. 104D 3
CONTINUE

CALL FUNCTN(CC,CONECL,¥,IN)

LO 141 J=17,IN
KS (J) =B*F (J)
CONTINDE

DO 151 J=1,1¥

CC (J) =CONPOL (J)~-8.0DC0*K1(J) /2.7D1+42.0D00*K2 (J) -
1 3.544D3%K3 (J) /2.565D3 +1.859D3 *K4 (J) /4. 104D3=1. 1C1*K5 (J) /4. 0D1
CONTINUE

CALL PUNCTHN(CC,CONECL,E,IN)

DO 161 J=1,18
K6 (J) =B*P {J)
CONTINUE

DETERMINE THE EEW CONCENTRATION OF THE IODINE AYDROLYSIS SEECIES
IN TBE SUMP POCL AND CHECK ERROR

DO 1C1 J=1,IF
CCB (J) =CONPCL (J) +1.6C1#*K 1 (J) /1.35D2+6.656D3*K3(J) /1. 2825D4+
1 2.856 1L4*K4 (J) /5.643D4=9.CDOC*KS (J) /5.0D1+ 2. 0C00*K6 (J) /5.5D1
B(J)=2ABS (K1{J)/3.6D2-1.2802*K3 (J) /4.275L3=-2.197D3*K4 (J) /7.524D4
+KS5 (J) /5.0D1+42.0DCO*K6 (J) /5.5D 1) /H
TOL (J) =AES (CCE (J) *TCLER)
DELTA (J) =0. 84 (TOL (J) /R (J)) *%0.25
CCNTINUE

DO SC1 J=1,1N
IP (R(J) .GT. TOL(J))GCTO 901
CONTINUE

DO 511 J=1,I8
CONEOQL (J) =CCE (J)
CONTINUE

DETERMINE THE EQUILOUERIUM CONCENTRATICN OF EQUATIONS z4, 25 AND
26

BB=~1.0D00~ (CONPOL (2) +CONPOL (1)) *EK4

C=COHNPOL (2) *CONPOL (1) *RK4~CONPGL (7)
D==-BE/ (2. 0COC*EKY)
E=((EB**2.0D00-4.0C00*EK4*C) **0.5D00) /(2.0D00*RK 4)
V=D-E .

IFP(V .LT. 1.0D-18 .AND. V .NE. 0.0D00)CALL ITTER (CONPCL,RK4,C,V)
CONPCL (7) =CONPCL (7) +V
CONPCL ( 1) =COKPCL (1) -V
CONPCL (2) =COBPCL (2) -V

IP(IN .EQ. 4)GCTO 601
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BRR=CCHNPCL (6) +CCNEGL (5) +EKS
S=~RR5*CONECL (3) +CCNECL (6) *CONEOL (5)
M= (-5RB+ (RR*BR-U4.0D00*S) **0.5) /2. 0DGO
CONPCL (5) =CONPCL (S) +

GOTO 606

601 M=(BRRS*CONECL (3)-CCNECL (6) *CONEOL (5) )/ (CONPOL (5) +RKS)

6C6 CONPCL (6) =CONPCL (6) +H
CONPOL (3) =CONPGL (3)~-N

c
IF(IN .EQ. 4)GCTIO 616

c
U=CONPOL (8) *CCBECL (5) ~5K6
VV=CCNPOL (8) +CCEECL (S)
X=(=UV+ (VV*VV-4.0D00%U) **0.5) /2. 0D00
CONPCL (5) =CONPGCL (S) +X
CONPCL (8) =COKECL (8) +X

c

616 PTOLD=PTOLLC+H
DEL=CELTA (1)

IP(I5 -EQ. 1)GCTO 906

DO 521 J=2,1F
IF (CEL .LT. DELTA (J))GCTO 521
DEL=DELTA (J)
521 CONTINDE

o
GOTO 906
(o
c DETEEMINE NEW STBP SIZE
c
901 DEL=LELTA (J)
c
906 IP(DEL .GT. C)GOTO 911
ANEW=Q*H
GOTO 1001
(c

9N IP(DEL .LT. 4.0)GOTO 921
BEEW=4.0D00*H

GGCTO 1001
321 HNEW=DEL*H
g CHECK REW STEP SIZE WITH MAX AND MIN STEP SIZE
2001 IP (BNEW .LTI. HBHAX)GCTIC 931
g HNEW=HMAX

931 IP (BNEW .LT. BMIN)GCIC 1112
LEPT=B-EFETCLD-BNEW

c
IP(LEPT .GT. 0.0)GOTC 5001
HNEW=B-ETOLD

€

5061 H=HNEN

c
IP(E10LD .GE. E)GOTC 998
GOTO 2

e

G

1112 WRITE (40,21) BNER

958 RETUEN
END
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CHERXER XXX AXXEREXBXXEXXEXRXEXEEERAXEXX AR XX ARE R ERRRRERRXR IR IIERKIRRE A K
SUBROUTINE FUNCTN

THIS SUBROUTINE CONTAINS TBE DIFFERENTIAL EQUATIONS (KINETIC RATE
EQUATIONS) TO EE INTEGRATED. THIS SUBROUTINE IS CAILED FEC® THE
ROUNGE-KOTTA-FELHBUKG INTEGEATIOR EQUTINE IN THE KINETIC, DEOP,
SPRAY AND WAIL-SEEAY MCDEILS.

R R R R R SRR RS E 2R R R R R R R R R R R R RS R REE LSRR E L 2]

nnonnQAnn00n

SUBROUTINE FOUONCTN (W,WCLD,F,IN)

(2]

IBPLICIT DCUELE PRECISION (A-H,K-2)
INPLICIT INTEGER (I-J)

DIMENSION W (8) ,WCLD(8) ,F(7)
IFP(IF .BQ. 5)GCTC S

W (5) =WOLD (5)
® (6) =HOLD (6)

aum 0o 0o 0

RK1=3.0D00
RKR1=8.4D12
RK20=2.5D02
RK21=1.2D02
RKR2=3.0D08
RKP3=9,.35D-¢

R1=RK1*W (1)
RR1=BKR1*W (2) *R (3) *W (5)
R20=FK20%*W () *#2.0D00
R21=EK2 1*% (3) *R (6)
RR2=EKB2*W (8) *W (2) **2.0D00*R (5) **2.0L00
RP3=EKP 3*W (5) *W (2)

P {1)=-R1+RR1+5.0D-1*RP3

P (2) *R1-RR1+42.CD00* {R20+R21) /3.0DC0~-2.0D00*RR2-RE3
P (3) =R1-RR1-EZ2C-R21+3.0D00*RR2

P (4)=(R20+B21) y3.0C00-ER2

IP (IN .EQ. S5)GOTO 10

F (5) =0.0D00
GaTa 11

o

P(5)=BR1-RB1+E20+#R21-3.0D00*RR2-4.0C00*RP3

- -0
-

F (6)=0.0D00
P (7)=0.0D00

RETUFN

O o

END
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(o 2 2 222 E -2 E 22 R 222222 R 22 R R R 22 R R R R RIS S R R ST

(2] a0 nn0n

Q=0 (g] aowvn 0

SUBRCUTINE ITTER

THIS SOBROUTINE FINDS THE ROQT TC IHE QUADRATIC EQUILIBRIUM
EQUATION FOR TEE FOBMATION BEACTICN CF TRI-IODIDE, 13- (ECUATICN
24). A SECANT METHOD IS THE ROOTIINE USEC TC FIND THE EOCI. THIS
METHOD IS CALLEL WEENEVER THE COUALRATIC FOBMULA BESCLTS IN LZESS
THAN APPROXIMATELY THFEE SIGNIFICANT FIGURES. THIS SGBRCUIINE

IS CALLED BY TEE PRCGRAMS KINETIC, DBCP, SPRAY AND WALL-SPEAY.

R 22 2t R ELE LR R R 2R 22 R 22 R 2 22 2R 222 R R R R R R RS R 2 R RS R L L R L

SOUBROUTINE ITTER(WCLD,HEK4,C,V)

IMPLICIT DOUELE ERECISICN (A-H,L-2)
INPLICIT INTEGEB (I-K)

DIMEKRSICN ROLD(7),W(7)

P0=1.0D-16
P1=1.0D-18

Q0=C-RK4*PO*EQ-EQ*EKU4* (HOLL (1) +WOLL (2)) -EOQ
Q1=C~-RK4*P1%E1-P1#RK4* (ROLL (1) +WCLE (2)) -P1

NEW=E1-Q1* (P1-E0) / (C1-C0)
CHECK=AES (BEW-E1) /P1

IF (CHECK .LT. 1.0D-4) GOTC 10
PO=P1

Q0=q1

P1=NEW

GOTO 5

V=NES

RETOEN

EBRD
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Wall-Spray Model sample input:
A=000

B DURTM = 10

HMIN = 1.0 x 10~10

HMAX = 1.0 x 102

IN = 4

TOLER = 1.0 x 1073
TEMPL = 298

TEMPG = 298

DIAM = 0.1

SAD = 0.1

CI2G = 1.0 x 1077
CI2SP = 0.0

CISP = 0.0

CHOISP = 0.0
COISP = 0.0

CHSP = 1.0 x 10~9

CIO3SP = 0.0
CI3SP = 0.0
PRESS = 1.0
CDIAM = 3.13

HEIGHT = 15.4

FLRAT = 37.0
WFRAC = 0.05
WHT = 3.3
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6Z:TELL 40-200-60 :POIVIIA
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144444444444 4444
{244
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(444
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1444
(444
(444
1244
{444
{144
[£44
1444 (444
t4 44 1444
(444 e
(444444444
(444444444
[<44444444

13L

1L
ILILLLILITILLIL
JEIILIIITLIIXIT
ILILILILLELLELL

LLTEIINIT/ L 2OATOVAS/ L3S31d0D/ 1804:8113/
<€SS0> 00:4Z:LL #8-200-60 :peiIee1) (Zez°zsw9 Java-zZaoa:axsa :oTvd

wy

vy

wy

wy

vvvvvvvyy

AAAAALAAAAAAAL)

MAAAAALAAALALLL]

wy vy

wy wy

wy wy

wy wy

wy wy

wy wy

wy wy

wy vy

wve wy
wyvvevvvy
wvvvvevy

000000000
000000000
000000000
000 000
000 000
000 000
000 000
000 000
000 000
000 000
000 000
000 000
000 000
000 000
000 000
000 000
000 000
000 000
000000000
000000000

adaa
aaa
aaa
aaa
aaa
aaa
aaa
aaa
aaa
aaa
aaa
aaag
aaaq
aaa
aaa

ddd
ddi
ddd

YOI¥AS anand

aadaqeaqaaada
agaaaagaaaaad
4aaaaeaaaaaal
aaa
aaa
aag
aaa
aaa
ada
aaa
aaa
aaa
aaa
aaa
aaa
aaa
aaa
aaa
daaaqaaadadaaa
aaqaaaaaaaal
aaaeaaaaaaadl

daa
dad
dda
daa
daa
daa
ada
ada
ada
dddddaqaaaaaa
dddaqddqqaaa
dddddaqaqqaaa
daa
aaa
dad
daa
dda
aai
dddaaiardaaa
ddagaaaiar
ddd3ddda dadi
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GG¢e

AT A TEAPBRTURE OF THE GAS 296.00 DRGRESS KEBLVIN
THE
THE

TAE
THE
THE
THE

VISCOSITY OF THE LIQUID (CP)= 0.897
VISCOSITY OF THE GAS (CP) = 0.18363
PARTITION COBPPICIENT IS = 0.0860838168¢02
DENSITY OF THE LIQUID (GAS/CC) = O.
DENSITI OF THB GAS (GHS/CC) = 0.118

DIPPUS ION COBPPICI

NT FPOR THBR GAS (SQ CB/SIC)=

233488¢00
708-01

9969160K+00
294 98-02

DIPPUSION COEBPPICIENT POR THE LIQUID (SQ CH/SEC)=

GAS-SIDR nASS TR

PER COBE ’ICIENT (CH/SLIC)=

LIQUID-SIDR BASS TRANSFER COBPPICIBNT (CH/SEC)=
OVERALL LIQUID-SIDE NASS TRAWSPER COBPPICIRRT (CH/SEC)= 0.08610024B-01
VOLOAR POR ONB DROP (LITBRS)= 0.5236000R-06

SORPACE

EA FOR ONE DROP (SQ CH)=
IPOSORE TINE FOR THE DROP IS (SEC)=

TNOLDS WOMBER POR THE DROP = 0.25

TERNINAL VBLOCITY OF TAR DROP (CH/SBC) =

0.31816008-01

0.39088628¢01

377348403

0.80807648-01

0. 1296637108

0.112794868¢02
0. 25536508+ 00

0.39436018¢03

WOBBER OP DBOPS IN THE CONTAINAERNT IS 0.847232228¢07

DROP PLOX (NORBEE OF DROPS/SQ CH NIN) =
CONTAINEENT VOLONER (LITBRS) = 0. 13551562¢06
WUBBER OF OOTER LOOPS =

0.62873538¢03

IRITIAL CONCENTRATION IN THB GAS OF 0. 10000008-06 (HOLES/LI1RR)
DORATION OF THE SPRAI (NIR) 0. 10000008402
VOLUNR OF LIQUID SPRAYED (LITEAS)
A SPRAY PLOR RATE OF

INITIAL CONCENTRATION OF THE LIQOUID (BOLBS/LITER) 3

12
I-
f0x
103-
[ 13
I0-
13-

0.36000008¢02

0. 0000000E+¢00
0. 00000008200
0.00000008+00
0.00000008+00
0. 10000008-08
0.00000008+00
0.00000008+00

0.38000008¢03
(LITERS/BLN)

PINAL COMCENTRATION OF IODINE (I2) IN THB GAS IS

NO#BEE OF MOLES OF IODINE (I2) BBAOVED 1S =
I0DINE BEHOVES IS =

WUNBER OF GBANS OF

0. 163325007 (HOLBS/LITER)

0.11336278-01
0.20777568¢ 01

PINAL CONCERTRATION OF THE LIQUID IS (MCLBS/LITER) 3

12
I-
HOX
103~
ae
I0-
13-

0.58586418-06
0.834813042-08
0.918796878-05
0.68602638-05
0.10000008-08
0.8969608 10
0.76307698-07




96¢

1214444444444

LA 4484444444

1144444444444
1444
1444
1144
1444
1444
eer
1344444444844
14444444 424844
1243442444444
rer
(444
ere
Fre
rer
ere
ree
1444
1144

DDDDDDDDDDDD
LDDDDDDDDDDD
CDDDDDDDDDDD
DDD
bDD
DDD
bDD
DDD
DDD
DDD
DDD
DDD
DDD
DDD
DDD
bDD
DDD
DDD
cDDDDDDDDDDD
DDDDDDDDDDDD
DDDDDDDDDDDD

Pile: DSKB:PORS0.DAT[ 68452,232) Created: 09-Dec-88 17:27:00 <055>
/PILE: PORT /COPIES:1 /SPACING:V /LINIT:276

QUBUR Switch

eer

000000000
000000000
000000000
000 000
000 000
000 000
000 000
000 000
000 * 000
000 000
000 000
000 000
000 000
000 000
000 000
000 000
000 000
000 000
000000000
000000000
000000000
AAAAAAAAA
AAAAAAAAA
AAAAAAAAA
AAA
A AdAA
AAA AAA
AAA AdA
AdA AAA
AAA AAA
ARA AdA
AAA AAA
AAA AAd
AAAAAAAAAAAAAAL
ARAAAAAAAAAAAAL
AAAAAAAAAAAAAAL
AR
AkA
AAA
AAA
AAA
AAd

RRFRRRRBRRARR

TTITTITTTTITITIT
TTITTITITITITIY
TTITTITTITTITLY

5555555555555
5£5555555555555

555555555555555 000000000

5£5 000 000

S¢S 000 000

555 000 000

525555555 000 000000

525555555 000 000000

5£5555555 000 000000

555 000 000 000

555 000 000 000

555 000 000 000

555 000000 000

555 000000 000

555 000000 000

5¢5 555 000 000

55 555 000 000

525 555 000 000
555555555 000000000
555555555 000000000
555555555 000000000

Priated: 09-Dec-88 17:32:29



LGT

CONCENZRATION OF THE DEOPS
Tise 12 I- uor 103~ e 10~ 13-

+0000000D+00 .00000000+00 .0000000D+00 .00000000+00 .0000000D+00 . 10000000-08 .00000000+00 .D0000000¢0D
.65081030-01 .68198390-05 .5374871D-08 .51191920-084 .33110300-06 .10000000-08 . 11720530-05 .27078230-06
13016210400 .67359960-05 .53267890-08 -50746770-08 .328862€D-06 .10000000-08 .1161862D-05 .26506070-06
« 19528310400 .66530730-05 .5278990D-08 .50304000-08 .31872410-06 . 10000000-08 . 1151724D-05 . 2598885D0-06
« 26032010400 .65710620-05 .5231875D-08 .849863620-08 .3126857D-06 .10000000-08 . 1181642D0-05 .25398439D-06
32580520400 .684899570-05 .518828080-08 .89825680-084 .30674€4D-06 -10000000-08 - 1931614D-05 .228508520-06
«39048620400 .68097490-05 .51372980-08 .88990060-08 .3009049D-06 .10000000-08 . 1121641D-05 . 28432506006
85556720400 .63304320-05 .5090636D-08 .8855690D0-084 .29515990-06 .10000000-08 .1111724D0-05 .2380584D-06
«52068830+00 .62519980-05 .5088260D-08 .48126150-08 .2895104D-06 .10000000-08 . 1101862D-05 .2329670D-06
.58572930+00 .61744800-05 .4998169D0-08 .847697880-084 .28395490-06 .1 08 .109 D-0S .22797470-06
10 .65081030400 .60977510-05 .849523680-08 .847271950-084 .27849280-06 .10000000-08 . 1082305005 .2230799D-06
11 .71589180+00 .60219280-05 .49068450-08 .846848510-084 .273121€0-06 .10000000-08 . 1072610005 .21828090-06
12 78097280400 .59469510- 05 .4861612D-08 .86827520-04 .26784130-06 .10000000-08 . 10629710-05 .21357610-06
13 .88605348D+00 .58728250-05 .48166650-04 .846008980-08 .2626502D-06 .10000000-08 . 1053388D-05 .2089641D0-06
18 91113880400 .57995390-05 .8772005D-08 .845592890-084 .2575473D-06 .10000000-08 . 1083862D-05 .2088431D-06
15 .97621550+00 .57270860-05 7276310-08 .85179280-08 .2525314D-06 .10000000-08 . 10383920-05 .20001170-06
16 . 10812970+01 .56554560-05 035850-084 .48768130-08 .28476013D-06 .10000000-08 . 1024979005 . 1956683006
17 .11063780+01 .55846480-05 .8639745D-084 .48359460-08 .28275570-06 .10000000-08 . 1015622005 . 1918115006
18 . 11718590401 .55186500-05 .45962310-04 .83953260-08 .23799370-06 .10000000-08 . 10063220-05 .18723970-06
19 .1236500D+01 .58858550-05 .4553005D-08 .83549550-08 .23331390-06 .10000000-08 .9970792D-06 .1831515D-06
20 .13016210+01 .53770580-05 .85100650-08 .83 18831D-04 .2287154D-06 .10000000-08 .98789310-06 . 179 1454D-06
21 .13667020+401 .53094500-05 .A8678 13D-08 .82749600-08 .2281969D-06 . 10000000-08 .9787680D-06 .17522000-06
22 . 184317830401 .52826250-05 .848425047D-08 .8235336D-084 .2197574D-06 .1000000D0-08 .96969210-06 .17137390-06
23 .149686840+401 .51765750-05 .843829680-08 .81959630-08 .215395€D-06 .10000000-08 .9606774D-06 . 1676057006
28 . 15619850401 .5111294D-05 .84381175D-084 .41568390-08 .211110€0-06 .10000000-08 .95171990-06 . 1639141006
25 . 16270260401 .50867780-05 .82996690-084 .41179660-08 .20690 1€0-06 . 10000000-08 .9428197D-06 .1602976D-06
26 .16921070+01 .49830080-05 .42588449D-08 .8407938430-08 .2027669D0-06 .10000000-08 .9339770D-06 .1567549D-06
27 . 17571880401 .49199900-05 .82175150-04 .808409710-08 .1987057D-06 .10000000-08 .92519160-06 .15328847D-06
28 . 18222690401 .848577120-05 .841768670-08 .80028500-084 .1947170D-06 .10000000-08 .9164637D-06 . 18498858006
29 .18873500+01 .47961680-05 .8136504D-08 .39649800-084 .19079970-06 -10000000-08 -.9077933D-06 . 18655680-06
30 .19520310+01 .47353500-05 .8096427D-08 .39273620-08 .18695270-06 .10000000-08 .89918050-06 . 18432964D-06
31 .20175120401 .846752510-05 .840566380-08 .38899950-04 .18317500-06 .10000000-08 .8906252D-06 .1801035D0-06
32 .20825930+01 .86158650-05 .840171270-08 .38528790-084 .17986570-06 .10000000-08 .8821274D-06 . 13697670-06
33 .210876740+401 .85571850-05 .39779080-04 .38160150-084 .175823¢D-06 .10000000-08 .8736872D-06 .1339149D0-06
38 022127550401 .4899203D-05 .3938964D-08 .37798020-04 .17228770-06 .10000000-08 .8653046D-06 . 1309169006
35 .22776360+01 .48819180-05 .3900309D-08 .37430800-04 .16873720-06 .10000000-08 .85697950-06 . 12798 15D-06
36 .23829170+401 .43853100-05 .3861936D-08 .3706930D0-04 .16529090-06 .10000000-08 .884871200-06 . 1251075D-06
37 .20079980+01 .83293880-05 .3823886D-08 .36710710-04 .16190800-06 .10000000-08 .884050200-06 .1222939D-06
38 .24730790+01 .42741310-05 .3786038D0-08 .363586 30-08 158587 4D-06 .10000000-08 .83238950-06 . 11953930-06
39 .25381600401 .842195820-05 .3748512D-08 .36001070-08 .1553283D-06 .10000000-08 .82842545D-06 .1 168429006
40 .260324 1D+01 .841656120-05 .37112670-08 .356500 10-08 .1521298D-06 .10000000-08 .8162169D0-06 .1182034D-06
81 .26683220+01 .41123330-05 .3674303D-04 .35301060-04 .18899010-06 .10000000-08 .8082368D-06 . 1116 1980-06
82 .27334030+01 .40597000-05 .36376 18D-08 .38955410-084 .1459098D-06 .10000000-08 .8003180D-06 .10909110-06
43 .27984840401 .2007705D-05 .36012180-04 .38611870-084 .18288¢€00-06 .10000000-08 .79204840-06 .1066161D-06
88 . 28635650+01 .3956382D-0%. .35650870-084 .34270830-084 .13992010-06 .10000000-08 .788468402D-06 . 108 19 39D-06
845 .2928646D+01, .39056050-05 .3529240D0-08 .33932280-084 .13700970-06 .10000000-08 .27688910-06 .10 182340-06
86 .29937270+401 .30558870-25 .34936690-084 .33596230-08 .1381582D-06 .10000000-08 .7631950D-06 .99503680-07
87 .30588080+01 .18059020-05 .38458376D-08 .33262670-08 .131352€D-06 .10000000-08 .76155800-06 .97233730-07
88 .31238900+01 .37570830-05 .34233580-08 .32931590-08 .1286084¢D-06 .10000000-08 .75397800-06 .9501259D-07
49 .31869710+01 .37087830-05 .33886 16D-08 .3260300D-08 .125908€0-06 .10000000-08 .724645480-06 .9283931D-07
S50 .32540520401 .36610780-05 .3354148D-08 .32276880-084 .123264%0-06 .10000000-08 .73898830-06 .90712950-07
51 233191330401 .36139590-05 .33199540-08 .31953240-08 .12067GED-06 . 10000000-08 .23157850-06 .8863260D-07
52 .33684214D+01 .35678220-05 .328603490-08 .31632070-08 .118127€0-06 .10000000-08 .7282252D-06 .8659735D-07
53 .3849295n+01 .35218600-05 .32523850-08 .31313370-04 .1156322D-06 .10000000-08 .71692830-06 .83606320-07
54 .35183760+01 .38760660-05 .32190C8D-084 .30997120-08 .113185¢D-06 . 10000000-08 .7096878D-06 .8265862D-07
55 .35794570+01 .343123490-05 .31859010-08 .3068333D-04 .11078¢€80-06 .10000000-08 .7025034D-06 .80753400-07
56 36445380401 .33869590-05 .3153064D-084 .30371990-08 .1088433€D-06 . 10000000-08 .6953751D-06 .76888981D-07
57 .37096190+01 .338432350-05 .3120496D-04 .30063090-04 .10612710-06 . 10000000-08 .€883028D-06 .77067020-07
58 .37747000401 .33000550-05 .30881950-08 .29756620-084 .10386<80-06 .10000000-08 .68128620-06 .75284220-07
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60 .3908862D+01 .3215303D0-05 .3028393D-08 .2915098D-08 .99474 15D-07 .10000000-08 . €678198D-06 .71835370-07
61 .39699430+01 .3173721n-05 .2992890D-08 .2885179D-08 .97343110-07 .10000000-08 .€6056970-06 .70167760-07
62 .4035020D+01 .31326580-05 .2961651D-08 .285550 1D-08 .95250 14D-07 .10000000-08 -6537788D-06 .68537000-07
63 .841001050+01 .3092111n-05 .29306750-08 .208260630-08 .9320€6%37D-07 .1C000000-08 .6870309D-06 .6698234D-07
68 .8165186D+01 .3052073D-05 .28999610-08 .2796864D-08 .91199530-07 .10000000-08 .6803899D-06 .65383050-07
65 .4230267D+01 .30125390-05 .2869507D-08 .2767905D-08 .8923248¢D-07 .10000000-08 .6337196D-06 .6385800D-07
66 .84295388D+01 .2973502D-05 .2839)130-08 .2739184D-08 .87308€2D-07 .10000000-08 .62718370-06 .6236769D-07
67 .83608290+01 .29309570-05 .28093780-08 .2710699D-08 .8581534D-07 .10000000-08 .62062220-06 .60910210-07
25510D+401 .2896899D-05 .27797010-008 .26828452D-08 .8356392D-07 .10000000-08 -6181508D-06 5948528007
69 .08905910+01 .28593220-05 .27502800-08 .26508400-04 .817497CD-07 .10000000-08 .60774184D-06 .58092220-07
70 .8555672D+01 .28222200-05 .2721114D-08 .262666 30-08 .79972020-07 .10000000-08 .60138180-06 .56730380-07
71 .8620753D+01 .2785588D-05 .2692202Dp-08 .25991190-08 .7823024D-07 .10000000-08 .5950756D-06 .55399 10007
72 .46858380401 .2749821D-05 .2663588D-08 .25718090-08 .765237(D-07 .10000000-08 .5888229D-06 .50809775D-07
73 .847509150+01 .27137130-05 .26351370-08 .25047310-08 .78851280-07 .10000000-08 .58262330-06 .52825700-07
70 .4815996D+01 .26780600-05 .2606981D0-08 .2517864D-00 .732138 1D-07 .10000000-08 .57647670-06 .5 158238007
75 .48810770+01 .2683654D-05 .2579074D-08 .28912680-00 .71609330-07- . 10000000-08 .57038270-06 .5036706D-07
76 4986 158D+01 .2609293D-05 .2551816D-08 .2864881D0-084 .70037570-07 .10000000-08 .56838130-06 .89179270-07
77 .5011239D+01 .25753690-05 .25284008D-08 .2838722D-08 .6849800D-07 .10000000-08 5583522006 .848018400-07
78 .50763200+01 .25841878D-05 .2096839D-08 .284127910-08 .6699002D-07 .1000000D-08 .5524152D-06 .4688386D-07
79 .518418020+01 .2508816D-05 .28469918D-08 .2387086D-08 .65513060-07 .10000000-08 .58653000-06 .45775110-07
80 .52064830+01 .2876176D-05 .2883240D-08 .2361606D-08 .6806654D-07 .10000000-08 .5806964D-06 .8869 159D-07
81 .5271564D+01 .2883955D-05 .28 16804D-08 .2336351D-08 .6264990D0-07 . 10000000-08 .5389141D-06 .84363276D-07
82 .5336645D+00 .2812146D-05 .23906090-08 .23113200-08 .61262600-07 .10000000-08 .5291831D0-06 .842598100-07
83 .5001726D+01 .2380745D-05 .2368654D-08 .2286510D-08 .599040E0-07 .10000000-08 .52350290-06 .84158709D0-07
84 .5866807D+01 .2389747D-05 .2338936D0-08 .22619220-08 .585730810-07 .10000000-08 -5178734D-06 .80599220-07
85 .55318880+01 . 2319 1880-05 .23 134560084 .2237554D-08 .5727126D-07 .10000000-08 .51229820-06 .39633990-07
86 .5596969D+01 .22889020-0% .22882100-04 .22138050-08 .559959 10-07 .10000000-08 .50676530-06 386909 10-07
87 .5662050D+01 .22591250-0, .2263199D-08 .2189474D-00 .507472%5D-07- .10000000-08 .50128620-06 .37769500-07
88 .5727131D+01 .22296930-05 .22380210-08 .21657600-00 .535287190-07 .1 08 .49585680-06 .36869300-07
89 .57922120+01 .2200639D-05 .2213874D-08 .210822620-08 .52327970-07 .10000000-08 .8908768D-06 .35989880-07
90 .58572930+01 .21719610-05 .2189558D0-08 .21189780-08 .5115638D-07 .10000000-08 .8851859D-06 .35130670-07
91 .5922374D+01 .21836520-05 .21650700-08 .20959080-08 .50009490-07 .10000000-08 .847986400-06 .38291350-07
92 .59878550+01 .21157100-05 .2101609D0-08 .2073050D-08 .488868 €D-07 .10000000-08 .4786306D-06 .3387145D-07
93 .6052536D+01 .2088129D-05 .2117975D0-08 .20500030-08 .47788000-07 .10000000-08 .84694855D0-06 .32670530-07
98 .61176170+01 .20609050-05 .20985650-08 .2027966D-08 .867124%5D-07 .10000000-08 .8683086D-06 .31888180-07
95 .6182698D+01 .20300330-05 .20713780-08 .20057390-08 .856597€D-07 .10000000-08 .8592194D-06 .31120000-07
96 .62877790+01 .2007509D-05 .20084 13D-04 .1983718D-08 .88629530-07 .10000000-08 .85817780-06 .30377580-07
97 .6312860D0+01 .1981329D-05 .2025668D-08 .19619084D-08 .4362127D-07 .10000000-08 .8891835D0-06 .296488530-07
98 .637798 1D+01 .1955889D-05 .2003183D-08 .1980296D-08 .82638570-07 .10000000-08 .8482361D-06 .28936460-07
99 .60830220+01 .19299850-05 .1980835D0-08 .1918891D-08 .81669010-07 .10000000-08 .8393354D-06 .28241010-07
100 .6508103D+01 . 1904811D-05 .1958743D-08 .1897689D-08 .840728 170-07 .1000000D-08 .03848120-06 .27561790-07
100 .6573184D+01 .18799650-05 .1936866D-00 .18766880-08 .3979965D-07 .10000000-08 .84296731D-06 .2689846D-07
102 .6638265D¢01 .1855881D-05 .19152020-00 .1855888D-08 .3889504D-07 .10000000-08 .8249108D-06 .2625064D-07
103 .6703346D+01 .18312370-05 .18937500-08 .1835287D-08 .38009950-07 .10000000-08 .42019842D-06 .25618010-07
100 .6768427D+01 .18073480-05 .1872508D-00 .1810884D-08 .371480CD-07 .10000000-08 .8155228D-06 . 2500021007
105 .68335080+01 .1783770D-05 .18518476D-08 .1798677D-08 .36296790-07 .10000000-08 .84108964D-06 .28396920-07
106 .6898589D401 .17604990-05 .18306510-08 .1774666D-08 .3506797D-07 .10000000-08 .40631880-06 .23807810-07
107 . 69636700401 . 173753 10-05 .1810032D0-08 . 1758849D0-08 .308657 15D-07 .10000000-08 -80177750-06 .23232550-07
108 .7028751D¢01 .1718863D0-05 -1789618D0-08 .1735224D-08 .338639ED-07 .10000000-08 .3972884D-06 .2267085D-07
109 .7093832D+01 .16928910-05 .17694C70-08 .1715791D0-08 .33088110-07 .10000000-08 .3928352D-06 .22122390-07
110 .7158918D0+01 .16708100-05 . 1749397D0-08 .1696588D-08 .3232916D-07 .10000000-08 .3888295D0-06 .21586870-07
111 .7223995D+01 .16488618D-05 .1729588D-00 .16770940-08 .31586€5D-07 .10000000-08 .38806700-06 .21068000-07
112 . 7289076D+01 .1627111D-05 .17099780-08 .1658628D-08 .3086079D-07 .10000000-08 .37974760-06 .20553500-07
113 .7350157D0+01 .1605884D-05 . 16905650-08 .1639948D-08 .301506€D-07 . 10000000-08 -37587080-06 . 20055070-07
118 .7819238D+01 .15889350-05 .1671348D-08 .1621854D-084 .2985614D-07 .10000000-08 .37123630-06 .19568460-07
115 .7484319D+01 .1564260D-05 .1652326D-08 .1603143D-08 .287769 10-07 .10000000-08 .3670480D-06 .19093380-07
116 .75895000+01 .15838550-05 .1633497D-00 .1585014D-00 .28112€€D-07 .10000000-08 .3628934D-06 -1862957D0-07
117 .761348 10401 .1523717D-05 .16148590-08 .15670670-008 .278630€ED-07 .10000000-08 .3587803D-06 .18176790-07
118 .7679562D+01 . 1503883D-05 .1596811D-0A .1589299D-08 .2682787D-07 .10000000-08 .3587164D-06 .17738477D-07
119 .7788643D+01 . 1484229D-05 .15781520-08 .15317100-08 .2620672D-07 .10000000-08 .3506894D-06 . 17303260-07
120 .7809728D0+01 .13688720-05 .1560081D-08 .1514299D-08 .25599370-07 .10000000-08 .38670300-06 .16882040-07
121 .7874805D+01 . 18845768D-05 .15842155D0-084 .1497063D-08 .2500550D-07 .1000000D-08 .3827568D-06 .16870850-07
122 .7939866D+01 .1826915D-05 .1520493D-04 .1480002D-008 .2482085D-07 .10000000-08 .3380507D-06 .16069470-07
123 .8004967D¢01 .14083090-05 .1506974D-08 .14631150-08 .23857 13D-07 -10000000-08 .3349883D-06 .15677680-07
128 .8070088D+01 .1389946D-05 .1889637D-08 .1446400D-04 .23302CSD-07 .1000000D0-08 .33115720-06 .15295250-07
125 _A11S129n401 . 11T71RISN-NS _187728790-N4 . 1529ASSN-NE .277KQ8%N-NT . 10ANNANAN-NR A2T71AATIN-NA . 18921QAN-NT
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126
127
120
129
130
131
132
133
138
135
136
137
138
139
180
11}
182
183
(L1}
%5
186
"w
188
189
150
151
152
153
158

-82002100+01
082652910401
-81303720+01
«83958530+01
-8860534D+01
«8525615D+01
-8590696D +01
-8655777D+01
-.87208580+01
-87859390+01
-08510200+01
-8916101D+01
-08981182D+01
290862630401
«9111384D+01
+9176425D+01
-926815070+01
+9306588D+01
2937166 90+01
-98167500+01
950183 1D0+01
+9566912D+01
+96319930+01
-9697074D+01
+9762155D+01
-9827236D+01
+9892317D+01
-99573980+01
-10022480¢02

- 135394 10- 05
-13362910-05
- 131887 30-05
- 1301684D-05
- 12847200- 05
-12679790-05
-12518570-05
- 1235153p-05
-12190620-05
-12031830-0%
-11875120-0>
- 11720470-05
-1156786D-05
- 11817240-05
- 112686 10-05
-11121920-05
-10977170-05
- 108383 10-05
-10693340-05
-10558210-05
-1081691D0-05
-10281820-05
-10187700-05
-10015750-05
-90885524D-06
-9757011p- 06
-96301870-06
-95050280-06
-9381514D-06

- 18555000-08
- 14386 590-00
- 18220720-08
- 18056 200-08
1389341008
-13732330-08
+13572960-08
-13815260-08
-13259240-08
-13108€70-08
- 12952150-08
-12801050-08
-12651570-08
-12503690-08
- 12357800-08
-12212680-08
-12069520-08
- 1192790008
-11787820-08
-11689250-08
-11512190-08
-11376620-08
-11242%20-08
-11109890-08
-10978710-08
-1088897D-08
«10720660-0
-10593750-08
-108608280-08

- 18134800-08
-13972730-08
-13812330-008
- 13653580-008
- 134964 80-08
-13381000-08
-13187140-08
«13034890-08
. 1288082 30-08
-12735100-00
- 125876 20-0 8
- 12081650-08
-12297220-08
- 12158320-08
-12012930-08
-11873040-08
- 11734640-08
- 11597720-08
- 11862260-08
-113208250-08
111956 70-008
- 11068520-00
- 10934790-08
-1080685D-0 8
+10679500-00
-10553930-08
-10829720-08
-10306860-08
-10185340048

-222289%0-07 .10000000-08
-21710340-07 . 10000000-08
-2120337D-07 .10000000-08
-207077%0-07 .10000000-08
-202233€0-07 .1000000D-08
+-19749850-07 .10000000-08
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-93988050-05
-933005 10-05
-92619900-03

«72676820-05
725284 300-05
-72370890-05
-72216¢ 840-05
-72061570-05
-71905730- 05
-7178491£0-05
-715918€D-05
-718339¢€0-05
712758 10-05
-711162¢€0-05
-709565¢€Dp-05
-70796330-05
706356 1D-05
-70878430-05
-70312800-05
-7015077¢-05
6998813 2D-05
-69825590-05
-696625CD-05
-69099110-05
693354 80-05
-69171520-05
690073 70-05
-688430 1D-05
-6867847D-05
-68513770-05
-6834892D-05

-10000000-08
-10000000-08
-10000000-08
-10000000-08
- 10000000-08
- 10000000-08
-10000000-08
-10000000-08
- 10000000-08
-10000000-08
- 10000000-08
«10000000-08
- 1€000000-08
-10000000-08
-10000000-08
-10000000-08
-10000000-08
-10000000-08
-10000000-08
- 10000000-08
-10000000-08
-10000000-08
-10000000-08
- 1000000008
-10000000-08
-10000000-008
-10000000-08
-10000000-08

-25189720-08
-28706020-08
-2823275D-08
«23769660-00
«23316490-08
-22872980-08
-2243891D-08
-22018030-08
-21598120-08
-21190960-08
-20792350-08
-2080206D-08
-20019900-08
-19645670-08
- 19279200-08
- 18920280-08
- 1856874 0-08
- 16224820-08
-17887130-08
-17556710-08
- 17233020-08
-16915080-00
-16605150-08
- 1630068008
-16002330-08
-15709960-008
-15823030-08
-1518261D-00

-30389280-07
-89791310-07
-89200030-07
-88615300-07
-88037040-07
-87865150-07
-86899550-07
-8634016D-07
-85786880-07
-85239640-07
-84696835D-07
-84 16294007
-03633320-07
-83109810-07
-82591150-07
-82076840-07
-81571230-07
-0 1069820-07
-80572960-07
-800817270-07
-79595770-07
791189 10-07

«78639100-07 -

-78168290-07
«77702810-07
-77201380-07
-76785150-07
-76333660-07



APPENDIX F

LIST OF SYMBOLS



cc

CDIAM

CHL

CHOIL

CHOISP

CHSP

CIL

CISP

Cl103L

Cl103sp

Input starting time for all numerical models

nth root of a, cot(an) — (sh=1) =0

Input stopping time for KINETIC and DROP models

Boiling Water Reactor

Concentration of a species

Concentration of a species in the gas phase

Concentration of a species in the gas phase at the interface

Concentration of a species in the liquid phase

aggentration of a species in the liquid phase at the inter-

Cubic centimeter

Containment diameter in the SPRAY and WALL-SPRAY models,
meters

Containment of hydrogen ions, H+, in the liquid for the DROP
and KINETIC models, moles/liter

Concentration of hypoiodous acid, HOI, in the liquid for the
KINETIC and DROP models, moles/liter

Concentration of hypoiodous acid, HOI, in the spray solution
for the SPRAY and WALL-SPRAY models, moles/liter

Concentration of hydrogen ions it in the spray solution for
the SPRAY and WALL-SPRAY models, moles/liter

Concentration of Iodide, I , in the liquid for the KINETIC
and DROP models, moles/liter

Concentration of Iodide ion, I~, in the spray solution for
the SPRAY and WALL~SPRAY models, moles/liter.

Concentration of Iodide ion, IOE in the liquid for the
KINETIC and DROP models, moles/liter.

Concentration of Iodate ion, IO;, in the spray solution for
the SPRAY and WALL-SPRAY models, moles/liter.
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Cl2L

Clasp

cm

COIL

COISP

cot

cP

CPU
CSE

d

Dg

b
DENGAS
DENLIQ
DIAM
DURTM
E

exp

EXPTM

FLRAT

Concentration of molecular iodine, I2, in the liquid for the
KINETIC and DROP models, moles/liter.

Concentration of molecular Iodine, I2, in the spray solution
for the SPRAY and WALL-SPRAY models, moles/liter.

Centimeters

Concentration of Hypo-Iodate ion, OI”, in the liquid for the
KINETIC and DROP models, moles/liter.

Concentration of Hypo-Iodate ion, OI~, in the spray solution
for the SPRAY and WALL-SPRAY models, moles/liter.

Cotangent

CentiPoise

Central Processor Unit
Containment Systems Experiments
Drop diameter

Diffusion coefficient for the gas
Diffusion coefficient for the liquid
Density of air, gms/cc

Density of water, gms/cc

Drop diameter, cm

Duration of spray, min

Spray removal efficiency
exponential

Exposure time, seconds

Flow rate

Flow rate, liter/min
Acceleration of gravity

Drop fall height

Hydrogen ion
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HEIGHT
HMAX
HMIN
HOI

IN

-
I2
I3

103

kl,av
Ln

Log

Drop fall height, m

Maximum step size for the RKF numerical integration routine
Minimum step size for the RKF numerical integration routine
Hypoilodous Acid

Number of equations to integrate. 4 for buffered solution; 5
for unbuffered solution

Iodide

Molecular Iodine
Tri-Iodide
Iodate ion
Kelvin

Reaction rate constant for equation 1. (1 < 0: reverse
reaction, 1 > 0: forward reaction)

Equilibrium constant for equation i.

Gas side mass transfer coefficient

Overall gas side mass transfer coefficient
Liquid side mass transfer coefficient

Overall 1liquid side mass transfer coefficient
Average mass transfer cofficient for a falling liquid film
Natural logarithm

Base 10 logarithm

Molarity, moles/liter

Molecular weight of speciles a

Molecular weight of species b

Mass transfer rate

Mass transfer flux to the drop

Mass transfer flux to the liquid on walls
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ND "Best Number"”

Nre Reynolds number

o1~ Hypo-Iodate ion

OH™ Hydroxide ion

p Pressure

P Partition coefficient

PRESS Pressure, atm

PWR Pressurized water reactor

T Distance from the outer radius of the drop
R - Reaction rate

s Seconds

sec Seconds

Sc Schmidt number

t Time

t* Contact time for each element in a drop
te Exposure time of a drop

t1/2 Half life

T Temperature

TEMPG Temperature of the gas, K

TEMPL Temperature of the liquid, K

TOLER Relative error control for RKF routine
TRMVEL Terminal velocity of a drop, cm/sec

u Velocity < vector >

v Velocity

Vg Terminal settling velocity

v Containment volume
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VISGAS
VISLIQ
WFRAC
WHT
WOLD(1)
WOLD( 2)
WOLD(3)
WOLD( 4)
WOLD(5)
WOLD(6)
WOLD(7)
A

)

Viscosity of the gas phase, cP

Viscosity of the liquid phase, cP

Fraction of spray flow rate which flows down the wall

Wall height, meters

Concentration

Concentration

Concentration

Concentration

Concentration

Concentration

Concentration

of

of

of

of

of

of

of

I2 in RKF routine, moles/liter
I” in RKF routine, moles/liter
HOI in RKF routine, moles/liter
103 in RKF routine, moles/liter
HY in RKF routine, moles/liter
OI" in RKF routine, moles/liter

I3 in RKF routine, moles/liter

Removal rate constant

2
4 Dete/d

Thickness of water on the walls

Collision integral

Density

Viscosity

Nable operator

Laplacian operator
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