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THE ABSORPTION OF GASE0US IODINE BY WATER DROPLETS
o

M. F. Albert

e 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 in-
cludes the iodine hydrolysis reactions. The parameters of the
model are spray drop size, initial concentration of the gas and
liquid phases, temperature, pressure, buffered or unbuffered,

s pray . 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 10-5 moles / liter to 1 x 10-10 moles / liter and
a drop size of 1000 microns.

Results froin 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 f rom - -120.5% to 68.0% with the

o closest agreement 7.7%. The new spray model is also compared
to previously existing spray models. At high concentrations of
gaseous molecular iodine, the new spray model is considered to
be less accurate but at low concentrations, the new model pre-
dicts results that are closer to the experimental data than theo
model called the realistic model from WASH-1329. Inclusion of
the iodine hydrolysis reactions is shown to be a feature impor-
tant to a model intended for determining the removal of molecu-
lar iodine over a wide range of conditions.

1, BACKGROUND

1.1 Introduction

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 I shows the location of the con-
tainment sprays for the BWR Mark I containment design.1 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 products.
PWR spray systems employ a buffered water solution while BWR spray sys-
tems employ ordinary water taken from the pressure suppression pool.

e
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Fig. 1. One Loop of the Residual Heat Removal (RHR) System for the
BWR MARK I Containment. Containment Spray is one of the seven operating
modes of this system.

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.

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
transter. The parameters of the model are the initial gas phase concen-
tration of molecular iodine, the initial concentration of the iodine

,

. - _ _ - _ _ _ _ - . _ - - _ - . _ - - _ - _ - - _ _ _ _ _ - - - - _ _ _ _ _ _ - _ _ _ . _ - - - . _ _ _ _ _ _ _ - - - _ _ _ _ _ _ . _. - _-.
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species in . the liquid (including pH), . the gas phase temperature, the
liquid phase temperature, the pressure, the diameter of the droplets,e

the ~ spray flow rate, the spray time, the containment diameter and the
containment height (drop fall height).

.

1.2 Existing Spray Models

The spray solutions used for PWR spray systems are, for the most
part, sodiun hydroxide-boric acid while ordinary water issolutions, 2. used in BWR spray systems. The existing model for the removal rate of
iodine is first order and can be expressed by:

{ f = -AC. . . (1)

where

C = concentration of iodine in the gas phase,
-t = time,

A = washout rate constant.

Integrating:

o

C = C, exp(-At) (2)

where C is the initial iodine concentration.o
e The washout rate' constant is defined as:

A=FPE 3)V

where

~F =. spray flow rate,

Ci
: P = 7-- = iodine partition coef*1cient 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:

~6N 2exp(-a2 ,)-
* "

- E = 1 -- E 'for a stagnant drop model , (4)
2

a (a2+NSh(NSh~n

.

-.
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6k t =

E = 1 - exp -
E for a stagnant film model , (5) I

d(P+k/k$)
.

8 -

.

~ 6k t"
.

f r a well-mixed model , (6) IE = 1 - exp --

dP _

and

8-E= for a gas phase controlling resistance model . (7)
Pvd

g

In these equations,

k = gas film mass transfer coefficient,g
ki=liquidfilmmasstransfercoefficientwithoutreaction,
t = drop exposure time,
$ = drop diameter,

NSh = k d/(2 P D1),g

Di = liquid diffusion coefficient, a
24 = 4D1 t /d ,e

a = nth r t of a cot (a ) + (Nsh-1) = 0,n n n
h = drop fall height, and

g = terminal settling velocity of the drop.v
,

Equations 4 and 8 result in a washout rate constant:

6kFh

A"Vv d (0)*

8

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

[-6k Fhth
EC = C,exp' d (9)*

N
yv

g )

The property P is referred to as an "e f f ective" partition coef-

ficient because it relates the total concentration of species containing.
iodine, I~, in. the - liquid ~ to the gas phase at the interf ace. The *

.-

w.---_ - - _ - _ - - - - _ _ - - - . _ _ _ - _ - _ _ _ - - . - _ - _ _ - _ . _ _ - - - - - - - - - _ . - - _ _ - _ . - . - _ _ - _ _ _ _ - . . _ - - _ _ - . - - - _ . - _ . _ - _ . _ - _ . - - - - - - _ _ _ - _ - _ _ - - - - - - -
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" effective" partition coefficient for aqueous iodine is defined as:
e

[12 (liquid)) + [12(reacted)]
P= (10),

[I2 (gas)]
e

where the square brackets represent the concentration of the species.
A model of ten used today referred to as the " realistic" model2 is

the well-mixed drop model with a partition coef ficient of 100,000; this
appears to give satisfactory results (see Figure 2 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

OHNL- DWG 84 6534 ETD
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Fig. 2. Comparison of Iodine Washout Predicted by Several Models
with that Measured in CSE Using Caustic Spray.3
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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 j udge the efficacy of the " realistic" model are the results =

obtained in the Containment Systems Experiments (CSE) which are 4

discussed . in Chapter 7.3 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 of run A-4 (see Figure 55) is 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.

P
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2. MASS TRANSFER
.

2.1 General Mass Transfer with Reaction

e Mass transfer between two phases occurs because of a chemical po-
tential driving force between the bulk of each phase and the inter-

| face." When the chemical potential driving force is greater in the gas
phase than in the liquid phase (see Figure 3), 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.5 The transferring species then dif fuses 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. %is can give a higher driving force due to the lower concentra-
tion of the transferring species in the bulk liquid.e

Complications can occur when determining the effeet 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. De rate of mass

, transfer may be increased further because the concentration gradient
driving force at the interface becomes steeper (see As ta rit a" or

ORNL-DWG 84-6573 E TD

INTERFACE
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Fig. 3. Concentration Profiles for the Two Resistance Models.
.
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Dankwerts5 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 instantaneous reaction that occurs on the
surface completely eliminates the contribution of the liquid phase to *

the rate of mass transfer.
The unsteady-state dif ferential equation for diffusion with simul- i

taneous reaction of the diffusing species is:4

D A C = u*VC + BC/8t + R . (11)2

These terms represent the relation

molecular transport = convection + accumulation + reaction rate,

where

2 2 22 2 242 = Laplacian operator = 3 /3xg + 3 /3x2 + 3 /3x3 *
V = Nabla operator = oi 3/3xt + a2 8/3x2 + 03 3/3x3 ,

u = velocity < vector >,
C = concentration of the diffusing species,
t = time, and

R = reaction rate.
.

For the penetration theory in one-dimension in spherical coordinates,
this equation reduces to:4

,

Di + = +R. (12)

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

Di +
Br =R.

2 r (13)
(B r j

These equations can be solved analytically for simple kinetics. In
general, the solution involves solving a series of dif ferential equa-tions for all species present.5 For the complex differential equations
resulting from the iodine hydrolysis reactions (see -Qiapter 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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* 2.2 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
trans across both films, one can write for .a completely mixed
drop:gorted

8)=ky.(C -C) (14)g (CM =k -C
i g 1r g

where

Mr " rate of mass transfer,-

k = gas-side mass transfer coefficient,g

k = liquid-side mass transfer coefficient with no reactions,

*
C = c ncentration in the bulk gas,

E

gi = ncentrati n in the gas at the interface,C

C = concentration in the bulk liquid, andy
*

Cyg = concentration in the liquid _ at the interface. ,

Using a partition coefficient P=Cyg/Cgt:

M =kG -C )=k (P C -C) (15)r g 8 t

Solving for Cgi*

g (C gi) = (P Ck
gi 1) (16)-C ~

kC +kC gg
C (g7)= ,

8 k +k P
8 1

..

.

&

s _ - . _ - _ . _ - - - . - - _ _ _ - _ - _ _ - - _ . - - - - - _ - . _ _ _ _ _ . - - - _ - - _ - - _ _ - - _ _ _ - _ - - - _ _ _ _ - - _ _ - - - _ _ . _ - - - _ _ . - _ - _ _ _ _ _ _ - _ _ _ _ _ - . _ - - . . _
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*
Substituting into Equation 15, one obtains:

(P C -C)
E y

=K (P C -C) (18)M =
# 8 y ,# [l/(k ) + P/k ]

1 g . ,-

.where
L

4

I
K (19)=

,
lov

1/kI + P/kg

where K is the overall liquid-side mass transfer coefficient.yoy
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 ,

k = 0.25 cm/sec,

IP = 86.8,

'r .

1

0.25 , 86.810./5 ' and
1 ',

!K
lov ,

, , . ,

Kioy = 0.0826 cm/sec. .

.This indicates that there is significant resistance to riass - 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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1~ 3. AQUEOUS IODINE CHEMISTRY

The chemistry of aqueous iodine has been studied in depth by Bell,7
Sellers,8 and Eigen.9 The true. reaction mechanisms of iodine and watere-

are not known. The following reactions involving iodine and water are
}

the best equation available for a mass transfer with reaction model:9

kl.

1) 12 + H2O * . I'01 + I + H+ , (20)
k_t=s.

k21k20,
_3 + 21 + 3H+ , (21)2) 3H01 10

k*-2 1

k3
3) 41 + O2 + 4H+ 2I2 + 2H2O , (22)+

.

'
'

.kg
_

(23)4) 12 + I * I3 ,
- '

' k_g
..

e

ks
5) HOI * H+ + 01 , (24)

k-s
.

k6
6) H2 O * H+ + OH . (25)

k-6*

Note that this treatment essentially considers iodine hydrolyses as a
two step mechanism given by equations 20 and 21. The other equations
'give terms related to this assumed two step process.

The kinetic rate equations developed for the chemical' equations
above are:

,

d[1 ]/dt = -k [I ] + k_t[1-][ HOI]IH+] + 0.5 k [H+][0 }II I2 t 2 3 2
(26)

- kg[I )Il l-,-2

1

d[I-]/dt = k [I ] - k_t[I-][H01][H+] + (2/3) k20[ HOI]2
'

t 2
* '

.
.i: (

'

_+ (2/3) k21[ HOI][01-] - 2 k-2[IO ][I-]2[H+]2 (27).
~

. 3

3 '[Hi][0 ][I-] - kg[I 1II-}
-

' --k'

2 2 m

f

a E

; [-~*.<

_ _ _ _ _ _ _ _ _ _ _ -__ __ =_______- _ _ _--_-_ _ _ _ ____ __ _____ __ - _ - _ - _ _ - _ _ _____ __ - __ - __- - -___ ___
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. ,

d[H01]/dt = kg [I ] -- k_1[I-][ HOI][H+] -- k20 [ HOI]2
*

2

(28)
-- k21[ HOI] [0I-] + 3 k-2 [IO3][I-]2 [g+]2 ,

t
* - .

d[IOi]/dt = (1/3) k20[H01]2 + (1/3) k21[ HOI][01-]
(29) ;

- ki [IO3][I-]2[H+]22 ,

d[II]/dt = kg[I ][I-] -- k_g [I]] + k [H+][0 ][1-] , (30)2 3 2

d[H+]/dt = kg [I ] - k-1[I-][ HOI][H+] + k20[H01]2' TJ
2

+k21[ HOI][0I-] -- 3 k-2[IOj][1-]2[H+]2 (3g)

-- k [H+][0 ][I~l +c 3 2

The stoichiometry of Equations 20 through 25 are not represented in the
Equations 26 through 30 because Equations 26 through 30 are derived from
expe rimental observations.7 s Equation 31 was derived ,by incorporating
the individual rate expressions,used by Bell.7

The first reaction has been assigned a pseudo . first order rate ,

constant for the forward reaction 'and a third order rate constant hasbeen assigned to the reverse reaction. This reaction is f ast and comes
to equilibrium in a few seconds (see Table.1 for rate constants). There
is a pH dependency since hydrogen ions (H*) are formed and the extent of a

the reaction varies greatly with the pH of the solution. The existence
of hypoiodous acid, H01, has not been proven; however, HOI is thought to
be formed.7

The second reaction has been z assigned a two term rate . equation in
which both expressions have a second order rate constantifor the forward
reaction and a fifth order rate constant'for the reverse reaction. The
second reaction is much slower than the i first reaction ' and comes to

'

equilibrium in a period of time, varying from approximately fif teen see-
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 .coef ficient. A pseudo second order rate constant
%p3,canthenbeassigneqtothisreactior',

M
k =k3.[0 ]p3 2 (32)

4

.

mole' ular iodine is a product, anddhs' reaction.In this third reaction, c
is also pH dependent. At a low pH, the equilibrium shif ts to the right,

- resulting in the production of more molecular iodine.' But the produc-- tion of molecular iodine by this reaction is small. There fore, the
.

P

e

I y
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* Table 1. Values of rate of
equilibrium constants

7(Be11 )

.
TemperatureConstant y,

( C)
f

k1 20 3 s-18

k-1 20 4.4 x 1012 g-2 s-1

k20 25 250 7 s-11

k21 25 120 7 s-11

f 's-1k-2 25 3x 108 4

k3 25 3.475 x~ 10-4 y 2 s-1

k4 25 3x 106 g-1 3-1
_

k-4 25 4x 103's-1'
K4 25 736

KS 25 2.3'x 10-11

K6 25 1.006 x 10-14
~

.

a he value of kl was calculated by EigenT
and Kustin,9 who assumed that K1 = 6.8 x
10-13 _M.2 ,

.

E

third reaction also : produces more beneficial ef f ec.ts, at a high pli, by
producing molecular. iodine than'at a low pil.

-Reaction four " involves the formation of tri-iodide. 'Ihis reaction

is very important -because it is essentially.. instantaneous and removes
molecular iodine from the solution. A second order rate constant is as-
signed to the f orwa rd reaction and a f i rst' . order rate cor.s ta nt is as-

-' signed to the reverse reaction.7
Reaction five is the dissiociation 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 .1 lowering the concentration of molecular ' iodine, the - con ,
centration driving force ~ for mass transfer increases.

.The most impo rtant. . species besides molecular iodine.is the hydrogenr

ion concentration. '0verall, the removal of molecular iodine ' f rom solu-
tion is . increased when the pli of the | solution is high and is decreased '-

when . the pil is low. ' All. of the ' reactions except' reaction four contain
terms involving the hydrogen ion concentration.

At a high pl.I, the combined result of ~ all reactions is to deplete
the concentration . of molecular. iodine in solution. 'As a result,- the

,

_--_ _ - .- _ _ _ _ . _ _ _ _ _ - - _ _ _ - _ _ _ _ _ _ - - _ _ _ _ - _ = - _ _
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concentration driving force for mass transfer is increased, and the mass
.transfer rate is increased. It is also very desirable to have the pH

buf fered 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 l through 3, no experimental
information is available for the temperature dependencies. The
tempera ture dependence upon the equilibritsa constants for reactions 4
through 6 are: 7

Ln K4 = 3727.86/T - 11.6326 + 0.0192212 T (33)

Log K5 - 2800.48 + 0.7335 T - 80670./T -1115.1 (Log T) (34)

Log K6 = -4.098 -3245.2/T + 2.2367 x 510 /T2 - 3.984 x 710 /T3 (35)

+ (13.957 - 1262.3/T + 8.5641 x 5 210 /T ) Log DENLIQ

where DENLIQ, the density of water which was derived by a numerical fit
to experimental data,10 is given.by:

,

DEh11Q = 6.0251147 x 10-9 T3 -9.1329064 x 10-6 T2
(36)

+ 3.573572 x 10-3 T + 5.835882 x 10-1 , and *

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) algorithall which numerically integrates the kinetic rate~

equations 26 through 31 as a function of time. Figure 4 shows the algo-
rithm for the kinetic model.- Inputs to the model are:

1) temperature of the solution,
2) initial 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
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 5 through 13 show~ the chemical kinetics as-a function of'

time for initial concentrations of molecular iodine of 1.0 x 10-3 to 1.0
10-10- moles / liter and the initial concentration of the other speciesx

.

.1
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YES
,7

| SToP |*

Fig. 4. Kinetic Model Flowsheet.

.

vere zero. These plots were produced by nume rically integrating the
iodine hydrolysis reactions (see Appendix A for a description of the
numerical technique) . The fif teen-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 reac-
tion times see Reference 7).

These plots show that the concentration of molecular iodine
decreases as the conversion of molecular iodine increases. For example,

10-3 moles /with an initial concentration of molecular iodine of 1 x
liter and with a buffered pH of 9.0, Figure Sa, the equilibritu concen-
tration of molecular iodine is by a f actor of approximately five less
than the initial concentration. At an initial concentration of mole-
cular iodine of 1x 10-10 moles / liter and a buf fered pil of 9.0, Figure
12a, the equilibrium concentration of molecular iodine is almost seven
orders of magnitude less than the initial concentration. The icveling-
off of the change in the concentration of molecular iodine that occurs
before 5 seconds is due mainly to the equilibration of the first reac-
tion. The effects of the second reaction are not as obvious, but after.

the plateau has occurred, the concentration of molecular iodine is still
dropping and the concentration of iodide, 1~ , is increasing due to the

second reaction. The second reaction equilibrates very slowly and this
equilibrium is shown in the figures provided by Reference 7.

,

L
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.

In Figures 5 through 12, 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 initial2

concentration of molecular iodine of 1.0 x 10-10 moles / liter, the
concentration of molecular iodine, at equilibritan, 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 13 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. 'Ihe plotted results show quite clearly the effects of
the enormous quantity of hydrogen ions produced, such that the pH very
quickly drops from its initial value to a pH of approximately 6, and the
reactions essentially cease.

*

A few important conclusions can be drawn f rom observing the plots
of the iodine hydrolysis reactions and considering their effects on the

.
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i

. rate of mass transfer:j

1) For a solution that is buffered at a high pH, the reactions greatly
increase the rate of mass transfer by decreasing the concentration
of molecular iodine in the liquid. This increases the concentration,

driving force for mass transfer, thereby increasing the overall rate
of mass transfer.

2) For a solution that is buffered at a low pl!, the reactions will also
increase the rate of mass transfer, but the increase will be much
less than for a buffered high pH.

3) 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 ef fect
on the rate of mass transfer.
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,

4. DROP MODEL *

!
The drop model simulates a single droplet suspended In: . gas con-,

taining molecular iodine for a specified amount of time. Tt model iso .

; used to calculate the rate of mass transfer for one dr$. and the concen-
tration in the drop as a function of time. Water drups falling in air
are essentially stagnant (non-circulating) if their diameter is less4

than 30 microns.12 Drops greater than 1000 microns are significantly
non-spherical, and drops break-up before they reach a diameter of 10,000
microns.12 Safety spray systems in nuclear reactors have droplet mass
medium diameters ranging from 700 microns to 1500 microns.3 According,

to Clift 12 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 (12) is the only species which transfers in or out

of the drop,
j 4) reactions occur in the bulk of the liquid,
j 5) drops always fall at their terminal velocity,
; 6) the drop has a constant surface area and constant volume at all
i times, -

4 7) the gas phase concentration is always constant (quasi-steady state),
and

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

.

The asstanp tion 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
i with a solution such as H2B03 and NaOH. The presence of these solutions

would not change the iodine hyd rolysis 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:6

r" g (C gi) (37)M ~

8

i .

,

=k (C -C) (38)yg 1

P

a

1

.
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where,

M = rate of reaction,r
k = gas phase mass transfer coefficient,g

, k = liquid phase mass transfer coefficient without reaction,
C = concentration of molecular iodine in the gas phase,E

Cgi - c ncentration 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,

C11 = 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:

*

r" lov (C1-C) (39)M t

where

K = the overall mass transfer coefficient based on the liquidioy
phase,,

* Cg = the equilibritan concentration of the transferring species
corresponding to the interphase liquid-phase concentration,

C1 = the concentration of the transferring species in the bulk
liquid,

.

and

I =b+b (40)
,

lov k g

where P is the partition coefficient (related to a llenry's coef ficient).
The gas phase mass transfer coefficient is determined by a correla-

tion given by Clif t12 for drops in free fall in air and with diameter
-

greater than 300 microns:

k (Sc)2/3 = 0.83( Ap/p ) g!v! ~!
g d (41)

where,

k = gas phase mass transfer coef ficient,g
Sc = Schmidt number, Sc = v/D '
v = kinematic viscosity, V =Ep /p

,

_ _ - _ _ _ _ - -_- _ _ _ _ _ - _ _ - . - _ _ - _ _-_. -_ _- -- ___ _
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p = viscosity of the gas,
.

p = density of the gas,

D = diffusion coefficient,g

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

phase,

p = density of the gas phase,g

ge acceleration of gravity, and
d = drop diameter.

This equation can be rearranged as:

g = 0.83 (Ap/p ) ! ! (p /pg) ! ! d' I!" (42)k Dg 8 g E

The diffusion coefficient is estimated by a binary gas system of
air and molecular iodine. The mutual dif fusion coefficient for a binary
gas at low pressure is:13

0.001858T3/ 2(1/Ma+1/Mb)1/ 2D cm/sec (43)= 'g
P Pab Od

where
,

D = mutual diffusion coefficient for a binary gas,E

T = temperature,

Ma = molecular weight of component a,
Mb = molecular weight of component b,
p = pressure, atm

c b = Lennard-Jones force constant for the binary mixture, anda

Od = c 11181 n 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 surf ace
impurties and other experimental problems. For this study, the liquid
phase mass transfer coefficient is approximated by using concepts
Higbies penetration theory.

The liquid phase mass transfer coef ficient is determined by liigbies
penetration theory which leads to the following equation for droplets:4

.

k - (4 D /w t*)1/2 (44)1

.
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* 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,
u = 3.1415..., and

Di = 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. Ca rne r

land Lane " have observed circulation within a drop as it falls in a
gas. Previously reported studies 15,16 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 circo-
lation within the drops. The experimental results of Carner and Lanc14
for CO2 absorption f rom 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
for use in these models, bu t the liquid side coefficients used in this
study are believed to be approximately correct and representative ofe

values observed experimentally under similar conditions.
The liquid phase dif fusion coef ficient is determined by Wilke and

Chang:13
*

Dt = 7.4 x 10-8[(, )l/ 2 T/p V o.6] (45)gA

where

D1 = liquid diffusion coefficient,
VA = 71.2 for molecular iodine,
T = temperature,

MB = 18.015,
4 - 2.26, and

g = viscosity of the liquid.p

Making these substitution, the liquid diffusion coefficient is

Di = 3.653 x 10-8[T/p g] (46).

The partition coefficient is determined by a fourth order numerical
fit to the data presented in Table 2.17

.

_ _ _ _ _ _ . _ . .
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Table 2. Partition coef ficient of molecular *

iodine as a function of temperature

Temperature Molecular iodine partition =

(K) coefficient

292 108.
325 29.7
359 11.6
365 10.9
424 5.1

i

The fourth order numerical fit to this data results in:

P = 9.98147 x 10-7 T4 -- 1. 5730121 x 10-3 T3 + 9.2785676
(47)

10-1 T2 -- 2.4288388 x 102 T + 2.3824847 x 104x

.

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 data 10
f or air. The fourth order fit for the density of the gas is: .

DENGAS = 8.2892005 x 10-16 T4 -- 4.2656962 x 10-12 T3

+ 8.0228283 x 10-9 T2 -- 6.8325529 x 10-6 T (48)

+ 2.6129391 x 10-3 gm/cc ,

where T is in K. The viscosity of the gas in centipoise is expressed
by:

VISGAS = -2.8713193 x 10-15 T4+ 1.6909463 x 10-11 T3

-- 4.015468 x 10-8 T2 + 6.5679429 x 10-5 T (49)

+ 1.9523691 x 10-3 '-

,

where T is in K.
.

_ _ - _ _ _ _ - - _ _ - - . _ _ _ _ _ _ _ _ _ - - _ _ _



31

The viscosity of the liquid, VISLIQ, is determined by a fourtha

order numerical fit to experimental data for water.18 The expression

for the viscosity in centipoise is:

o

VISLIQ = 1.8662866 x 10-8 T4 - 2.633395 x 10-5 T3

+ 1.3970607 x 10-2 T2 - 3.3074806 T (50)

+ 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.18 The numerical fit results in

DENLIQ = 6.0251147 x 10-9 T3 - 9.1329604 x 10-6 T2
(51)

+ 3.573572 x 10-3 T + 5.835882 x 10-1 gm/cc ,

where T is in K.
* The Reynolds number of the drop is determined by a correlation by

Clift.12 The first step is:

* 3 2 (52)D" P ao g d /3pN
g g

where

"Best Number" (3N /4 is called Galileo number or ArchimedesND= D
number),

p = density of the gas,

Ap = (density of the liquid - density of the gas),
g = acceleration of gravity,
d = diameter of the drop, and
y = viscosity of the gas.

The Reynolds number can then be calculated by:

Loglo(Nh) = -1.81391 + 1.34671 Logio N - .12427 (LogggN }D D,

(53)
+ 0.006344 (LogloN 'D

where N is the drop Reynolds number .
Re

_ _ _ - _ - .
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The terminal velocity, TRMVEL, can then be determined f rom the drop =

Reynolds number:

Re "g/d p (54)TRMVEL = N
,

where

p = viscosity of the gas, and
g = density of the gas.p
g

The exposure time, EXPTM, can then be determined by:

EXPTM = HEIGHT /TRMVEL , (55)

where HEIGHT is the drop fall height.
The drop model is a quasi-steady state algorithm (see Figure 14 for

DROP MODEL flowsheet). The algorithm is:

1) de termine the number of moles of molecular iodine that are trans-
ferred to the drop from the gas phase,

2) calculate the concentration of molecular iodine in the liquid drop,
3) determine the concentration of all species in the liquid drop due to *

the iodine hydrolysis reactions, and
4) loop back to 1) until droplet fall time is reached.

The input parameters for the drop model are: *

1) initial gas phase concentration of molecular iodine,
2) initial liquid phase concentration of all iodine hyd rolysis

species,

3) whether the liquid is buf fered or unbuffered (see Appendix A for
the Numerical Technique),

4) temperature of the liquid,
5) temperature of the gas,
6) pressure,
7) average drop surface area diameter,
8) average drop volume diameter,
9) exposure time, and

10) relative error control (see Appendix A for the Nume rical Te ch-
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
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 furction of time. This file is
used to develop a plot of the number of moles removed as a function of

.
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Fig. 14. Drop Model Flowsheet.

time (see Appendix C for sample oe:put files and for the FORTRAN pro-
gram).

The results of this model are shown in Figures 15 though 26 for
cases involving initial concentrations of molecular iodine in the gas
phase from 1.0 x 10-5 to 1. 0 x 10-10 moles / liter, a drop diameter of
1000 microns, and a temperature of 298 K. Figures 15 through - 20
represent the results for cases with a buffered pil of 9.0, and Figures
21 through 26 are for the cases with a buf fered pit 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 pil of 7 with the number
of moles removed for a buffered pit of 9, it is seen that drops with a pit
of 9 remove approximately one and a half times to five times as much
iodine from the gas phase as drops with a buf fered pil of 7.

.
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(b) Number of moles of molecular iodine transferred as a function of,
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5. 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 (12) 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 f all height.
,

These assumptions are the same as for the drop model except for as-
sump t ions 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. As sumption 11 is needed to calculate -

the containment volume, CVOL, by:

CVOL = w CDIAM2 HEIGHT /4.0 , (56)
{

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 ic determined
by:

t tal 8 Pray time
(37) JN = drop exposure time ,

.

The spray model determines the total volume and surf ace area of all
of the drops suspended in the gas at any instant. The surf ace-to-volume
ratio of one large drop having this volume and surf ace area will not be

.



- - . _ .- - .

.

471

.

the same as the surface-to-volume ratio for the small drops, and the
large drop would have to be significantly non-spherical. Neve rtheles s ,
the. total volume and surf ace 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 27 for spray model flow-
sheet):

1) determine all physical properties for the gas and liquid phases,
.

2) determine the ntsaber of loops required, (N),
' ~

3) determine the total surface area and total volume - for all of the
drops in cont.ainment,.

4) execute the drop model for the large drop with surf ace area and
-volume equilvalent to these quantities for the actual system:

a) determine the number of moles of molecular lodine 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.
i
-

A FORTRAN program that implements this algorithm is listed in
Appendix E. Input parameters for the spray model are:.

| 1) initial gas phase concentration of molecular iodine,
2) initial liquid phase concentration of .all iodine hydrolysis

species,
' 3) whether the liquid 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,
'

11) containment- diameter, and
i 12) relative error control' (see Appendix A, . Numerical Technique).

~

"
Output from the program comprises four fi1es and four plots.- File

|- FOR22.DAT contains a stammary of all of the conditions and calculations
i

of the run. File FOP 50.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 FOR51.DAT contains the gas phase concentration of molecular iodine,.
number of moles removed for each individual group of drops and the total,

j - number of. moles removed versus time. FOR51.DAT is used to create a plot
t of concentration of molecular iodine removed versus time, and a plot of

the number of soles of iodine versus time. File FOR52.DAT contains the
concentration of the sprayed solution collected in the sump, and is u' sed

*

to create a plot of the concentration of iodine in the ' sump versus time.

-

. _ _ . ~_ - . . _ . . _ ,. ,_ _ _ , , . . . _ .- _, . ,_ . ~ . _ _ . _ . .-
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A series of computer runs was performed for initial concentrations*

10-5 through 1.0 xof molecular iodine in the gas phase from 1 x
10-10 moles / liter for 10 minute sprays times. Results for the cases
with a buf fered pil of 9 are shown in Figures 28 through 33 and results
for the cases with a buf fered pil of 7 are shown in Figures 34 through,

39. 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 buf fered at pil 9 or pil 7,
3) the temperature of the gas is 298K and the temperature of the

liquid is 298K,
4) the pressure is 1 atmosphere,
5) the drop surface area diameter is 0.1 centimeters,
6) the drop volume diameter is 0.1 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 28 to 39 show the resalts 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 is 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 f all 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
part d shows the concentration of iodine in the sprayed solution that is
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 pil 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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(c) Concentration of iodine species in the liquid drops as a function *
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(d) Concentration of iodine species.in the sump as a function of time.

- _ _ _ _ _ - _ _ - - - - _ _ _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ . _ . _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - _ - _ - _ _ _ - _ _ _ _ _ _ _ - _ _ _ - - _ _ _ _



-, ,_ .

53

OHNL-DWG84--6561 E TD (Part 8)
.

[o...-.

d-
?- R = =
gi - _,

g -s -.,g" C
..

- -

-

--

s.

$ B,
y

-

i5 -
; hh&.

_

;

,
- = ,

'o .
2-~

:-.
LEGENDy, -

tro _. n - CONCENTRATICN OF I,
Q~ o - CCNCENTRATION OF I'
$$ e. - CCNCENTRATION OF HCI '

,

8 + - CONCENTRATION OF IC;
? ac) e - CONCENTRATION CF I,'
a .> - rnNrFNTRATION nr OT'- , . .

e
o_
-:

O O - () - . . . . - Q. _g~.
d'o _-

' c- rw
lo ' .--

:

cL,o _-
f j ^

-.
-

n--
.

Z ,

5--
-- w .

.

-+u

2, *

i5 ,

_

z~ -
S'o,

$* ~ -,

$ : LEGEND+

Z? u - CCNCENTRATION OF I,
U S, o - CCNCENTRATION CF I~
5 ~ e. - CONCENTRATICN OF HCI
U - 1+ - CGNCENTRATION CF IC;
t (d) < - CC'JCENTRATION CF I,'
o , - nnNTNTRnTinn or ni'~

0.0 7$.0 t$0.0 2A5.0 3do.0 375.0 4$0.0 5$ 0 fMO.0,

TIFE ISECI

Fig. 29. (continued).

e

9

,, , . _ . . . - .,



54

y oRNL-DWG 84-6562 ETO (Part A)
og .

:

N
-

~

ot
? S,w
e: -

E :
(S?
(J 31
iE 5
~-

S-
5

:-
t

Es -
Ve,
H !
5:
o .

Y (#}O.
4 4 . . . . i7

3_
:

I

!

..

.

5'e =g
b b
x -

O_
-_g
L., . -

o :
0
.J

'
o. 3i

V 'O .
r~2
CS

'

.

? (b)g

0.0 75.0 150.0 225.0 300.0 375.0 1?o.O 525.0 600.0
TIME (SEC)

Fig. 30. Results of Spray Model. Initial concentration of molecu-
lar iodine in the gas phase of 1 x 10-7 moles / liter and a buffered pH of
9.0 in the liquid phase.
(a) Concentration of molecular iodine in the gas phase as a function of

,

time.

f (b) Number of moles of molecular iodine transferred as a function of
time.

| (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.
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lar iodine in the gas phase of 1 x 10-10 moles / liter and a buffered pH
of 9.0 in the liquid phase.
(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.

(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.
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Fig. 34. Results of Spray Model. Initial concentration of molecu-

i

'lar iodine in the gas phase of 1 x 10-5 moles / liter and a buffered pH of
7.0 in the liquid phase.

| (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.

(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.
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Fig. 35. Results of Spray Model. Initial concentration of molecu--
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(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.

(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.
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Fig. 36. Resnits of Spray Model. Initial concentration of molecu-
lar iodine in the. gas phase of 1 x 10-7 moles / liter and a buffered pH of
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-

(a) Concentration of molecular iodine in the' gas phase 5as a, Eunction of
time.

(b) Number of moles _of molec$1ar iodine transferred as a' function of '

time. ,

<

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

of time.

.(d) Concentration of iodine species in the simp as a function of time.
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Fig. 38. Results of Spray Model. Initial concentration of molecu-
lar iodine in the gas phase of 1 x 10-9 moles / liter and a buffered -pH of
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(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.

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

.(d) Concentration of-iodine species in the stanp as a function of time.
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Fig. 39. Results of Spray Model. Initial concentration of molecu-4

lar iodine in the gas phase of 1 x 10-10 moles / liter and a buffered pH
of 7.0 in the. liquid phase.
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(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.

(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.
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6. WALL-SPRAY MODEL *

The wall-spray model calcalates 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 liquid,
2). resistance to mass transfer exists in both the gas phase and the

liquid phase,
3) the only species which transfers (has volatili.ty) in or out of the

drop is molecular iodine (12),
.

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, 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 40, and are as follows:6

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 = 6 and at all values of y, 3[I2]/3x = 0, (assume no diffusion
into the wall). ,

.
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Fig. 40. Boundary Conditions for Falling Liquid Film..

The calculations for mass transfer to a falling liquid film are
outlined in Treybal.6- One assumption in the outline by Treyba;6 is that
no chemical reactions occur in the liquid. The concentration profile,
C (x) (shown in Figure 40), is non-linear in shape (slope is a functionA
of the distance f rom 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:

IB C \
A

N =-D1A (Ox)x=0 ^*

where

NA = mass transfer flux across the interface of species A,j ,

D = diffusivity of the transferring species-in the liquid,
g

[0C \A
= concentration profile of the transferring species in the(3 j =0 'x direction,x.

- _ _ - _ _ _ - _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - - _ - _ _ _ - _
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k__ l = 1 cal mass transfer coefficient, and *

C = average bulk concentration of the transferring speciesA,L
af ter 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 coef ficient
in the liquid. 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 tothe falling liquid film is not justified.

The average mass transfer flux for the wall liquid film, N ,w' 18defined as:6 a

N, , = k ([I ) ""(l2,B }M " ( -

2
g, 2

H 2,B

where

kg,av = the average liquid mass transfer coefficient,
.

[1 ] = the concentration of molecular iodine at the interface,2
1

[I2'B] = concentration of molecular iodine at the bottom of thewall,
-

[I ,B] = the average bulk concentration of molecular iodine,2

[I ] = the initial concentration of molecular iodine in the
liquid,

y = average velocity of the liquid down the wall,u

6 = liquid thickness on the wall,
H = wall height, and

([12 } ~- II ,BI)m " logarithmic average concentration gradient.2
Valves for k and for the other parameters can be obtained as fol-
lows:6 1,av

k = (6 D1 r/w p t6 H)1/2 (60)g,,y ,

T = mass rate of flow,

u = 3.1415... ,
.

pi = density of water,

.

w__._ _ _ _ _ _ _ . _ _ ._ .___..__.__m________ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _
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; 6 = (3 pir/p{ g)l/3 (61),,

g = acceleration of gravity,4

p = viscosity of water,
I.

- (T/p1 ) , and (62)6uy

( [I'2l - II l) - (II I - II2,B )I; 2 2

([If]-[I2'B )M " Ln (([I I - (1 ))/((I'2
(63)*

o
I - (I2,B }}2 2

1

Equation (59) can be solved by iterating for [1,B]:2

(([I ) - II ]) - (EI l - II2,B ))
u{ 6

2 2 1

([I ,BI - II 1)k 2 2 (64)= *

1,av Ln(([I I - II )/(1 I - EI
2 2 2,8

1

molecular iodine B], oneexcept for [I2 can iterate forSipce all variables are known-

[1 ,B], the conegntration of at the bottom of each2
segment. Once [12iodine transferred,B] is known, one can calculate the moles of molecular4

'

to the drop.

The algorithm for the wall spray model is (see Figure 41 for Wall-,

Spray Model Flowsheet):

1) determine all physical properties 1. r 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 'sumber . 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 thr, concentration of all- species in the- large liquid
drop due to che iodine hydrolysis reactions,

6) store the concentration of the drop (to be used as the initial con-
centration of the liquid of the wall),

7). continue execution of the drop model until the drop has reached the-

fall height,

8) execute the wall model for each section used to represent the wall,
9) execute the kinetic model on the liquid in the sump,'

.

-

--m-w-P y -y w-c v --wn-,,.* 9 r,,y# y e- --y w = , - - w w , . -
- w .
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. . '10) determine the total number of moles of molecular iodine transferred
to'the liquid and calculate the new gas phase concentration,

11) loop back to 5) untti the spray part of the model is finished,
12) execute the wall model on the water that remains on the wall,
13) execute the kinetic model on the liquid in the sump,
14) dete rmine the total' number. of moles removed and the new gas phase*

Iconcentration of molecular iodine and,
15) loop back ~ number to 12 until all of the water has flowed of f the

wall.
|

A FORTRAN program with this algorithm is shown in. Appendix F.
Input parameters 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) initial gas phase concentration of molecular iodine,

2) initial liquid phase concentration of all iodine hydrolysis
species,

3) whether buf fered or unbuf fered,

"4) temperature of both gas and liquid phases
'5) pressure,
6) average drop surf ace area diameter,
7) average drop volume diameter,
8)- spray time,
9) spray flow rate,

,

10)-' drop fall height,
11) . containment diameter,
12) relative error control (see Appendix A, Numerical Technique),
13) percentage of spray flow rate which flows down the wall, and
14) 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 10-7 to 1.0 x

;

10-10 moles / liter for 10 minute spray times for and.a buffered pli valves
of 9; the results are shown is Figures 42 to 43. The specific input
parameters used for these runs are:

' '

.
. ;

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

2) all spray solutions are buf fered,
3) temperature of the gas is 298K and the temperature of the liquid is

298K,
4) pressure is 1 atmosphere,

~

5,) drop surface area diameter is 0.1 centimeters,
1

6) drop volume diameter is 0.1 centimeter,
7). spray time is 10 minutes,
8). spray flow rate is 37 liters / minute,

,

9) drop fall height is 15.4 meters,
10) containment diameter is 3.3 meters, i

*

11) the percentage of spray that flows down the wall is 5%, and
12) the wall height is 3.3 meters.

i

e

8

---_,a__--._-- - - _ _ _ . - - _ - - - - - - - _ _ _ _ . _ . - _ - _ - - _ _ _ _ _ . - _ _ _ _ - _ . _ - _ - - - - - - - - _ _ _ - - - _ - - - - - _ _ - - _ - - - - - - - . - - - - - - - - _ _ _ _
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Fig. 42. Results of Wall-Spray Model. Inittai concentration of

; molecular iodine in the gas phase of 1 x 10-7 moles / liter 'and a buffered
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', (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.

}- (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.>
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. The output parameters provided by the wall spray model are the same
t - 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 dif ference in the calculated number of moles of mole-

i 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 4

; . 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 is suggested that the spray model can be used in most cases for

: predicting the absorption of gaseous todine 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
1 very large.
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7. EXPERIMENTAL DATA
e

The experimental data used to compare with the results of the spray
model are f rom the Containment System Experiments (CSE).3 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 te rms 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 44. Since

Table 3. Physical conditions common to all spray
3experiments (Hillard )

Volume above deck including drywell 21,005 f t3 595 m3

Surface area above deck including 6,140 ft2 569 m2
drywell

*

Surface area / volume 0.293 f t-1 0.958 m-I*

; Cross section area, main vessel 490 ft2 45.5 m2
Volume, middle room 2,089 f t3 59 m3

Surface area, middle room 1,363 ft2 127 m2
*

Volume, lower room 3,384 f t3 96 m3

Surface area, lower room 2,057 ft2 191 m2

Total volume of all rooms 26,477 ft3 751 m3

Total curf ace area, all rooms 9,560 ft2 888 m2

Drop fall height to deck 33.8 ft 10.3 m
. Drop fall height to drywell bottom 50.5 ft 15.4 m
Surface coating All interior surfaces

coated with phenolic
paint."

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

aTwo coats Phenoline 302 over one coat Phonoline 300*

primer. The Carboline Co. , St. Louis, Missouri.
b 2k = 0.027 Btu /(hr) (f t ) (=F/f t) at 200* F, Type PF-615,

Owens-Corning Fiberglass Corp.
.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ . _ _ _ _ _ _ _ _ _ _ _ _
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Fig. 44. Schematic diagram of containment arrangement used in CSE
3spray tests (Hillard ),

,

these tests were made in realistic and not idealized equioment 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, howeve r, 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
44). The overall dimensions of the vessel are 20.34 meters high and a
diameter of 7.62 me ters. 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, pit of the drop, spray
nozzle configuration and drop size. The conditions for run A-3 are a
temperature of 298K, I atmosphere of pressure, pil 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 buf fered. For run A-4,
the conditions were the same as for A-3 except for a. higher spray flow .

rate and a dif ferent 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

.
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pressure to 3.4 atmospheres. kun A-3 changed the drop diameter to 770
microns. See Figure 44 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 I 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

Table 4. Nozzles used in CSE spray experiments
3(Hillard )

Runs A3, 4, 6, 7

Nozzle type: Spraying Systems Co. 3/4 - 7G3
Nozzle characterist.'es: Fog type, full cone

A3 A4 , 6, 7

Number 3 12
.

Layout Triangular Square gride

Spacing 10 ft 5 in. 6 f t apart

apart
. sy,

T, Pressure 40 psid 40 pstd

k Rated flow 4 gpm 4 gpm
'

4 Lx
MMD 1210 p 1210 p--

1.5 1.5g

Run A8

Nozzle type: Spray Systems Co. 3/8 A 20
Nozzle characteristics: Fine atomization, hollow cone

Number used 12

Layout Square grid

g Spacing 6 ft apart

a Pressure 40 psid

s M.' Rated flow 4 gpm i

* MMD 770 p

o 1.5g

.



. .. ._ _ .- . _ .

4

88

' Table 5. Atomspheric conditions in CSE spray7

3
,

| experiments (Hillard )

|

Run Run Run Run Run
A3 A4 A6 A7 A8 *

Containment vessel No No Yes Yes Yes
insulated

Forced air circula- Yes Ye s No No Noa
] tion

? Start of 1st spray

Vapgrtemperature, 77 77 255 248.7 250
..y

; Pressure, psia 14.6 14.6 44.2 50.0 50.7
Relative humidity, % 70 88 100 100 100

( End of 1st spray
;

Vapgrtemperature, 77 77 229 234.5' 243
'F|

Pressure, psia 14.6 14.6 38.6 44.4 48.2
: Start of 2nd spray

Vapgrtemperature, 77 77- 237 240 243
*F

*
.

Pressure, psia 14.6 14.6 40.8 46.0 243
1

| End of 2nd spray
'

Vapgrtemperature, 77 77 202 203 188
'F

.
Pressure, psia' 14.6 14.6 29.5 36 34.1

Start of 3rd spray

Vapgrtemperature, 77 77 233 230 2184

'F
Pressure, psia 14.6 14.6 40.7 41.8 32.2,

L

Start of 4th spray,

i Vapgr temperature, e e o 232 247-
*F

Pressure, psia e o a 42.4 52.4
End of 4th spray

Vapgrtemperature, o e c 192 175
*F

Pressure, psia c c c 32.7 32.4i

aFan without duct located in bottom of drywell.j
'

32400 f t / min discharge.
'bAverage of 5 thermocouples located at various eleva- *

.,,

tions and radii.
'

# o fourth spray.N,

.

.

<

-
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Table 6. Spray flow rates and solutions
:. 3used.in CSE experiments (Millard )

Run Run Run Run Run

* A3 A4 A6 A7 A8

1st 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 c 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 h

3rd spray
Total flow rate, gpa 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 a 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 f f.

# Fresh, room temperature. 525 ppe boron as H3B03 in~
demineralized water. NaOH added to pH of 9.5.

b
Fresh, room temperature. 3000 ppm boron as H3B03 in

demineralized water. NaOH added to pH of 9.5.

# resh, room temperature. 3000 ppe boron as H3803 inF
demineralized water.' No NaOH added.- pH 5. .

dFresh, room temperature demineralized water.
8Solution in main vessel sump recirculated. No heat ex-

changer used.
IFresh, room temperature. < 1 wt% Na2S203, 3000 ppm boron

as H3B03 in demineralized water. NaOH added to pH 9.4.

F o fourth spray.-N
.

9

_ _ _ _ _ _ _ . . _ _ - _ . . - _ - _ _ _ _ - _ . _ . _ - _ _ _ _ _ _ _ _ _ - _ - _ . - _ _ - - _ _ _ _ _ - - - - - _ - - - _ . _ _ _ - - _ - _ _ _ - _ - _ _ - _ _ _ . _ _ _ - _ _ _ _ _ - -
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Table 7. Timing of spray periods
3(R111ard ) .

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 !!7
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.
.

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 f rom
the gas and liquid phases. The gas phase concentrations were determined
by Maypack samplers (see Figure 45), and the liquid phase concentrations
were dete rmined by measuring the amount of iodine-131 tracer present.
For more information see Reference 3.

Results of these experimental tests are shown in Figures 46 through55 and Table 8. Table 8 shown the material balance of iodine for all ofthe experimental runs. It should be noted in this table that between
25.65% and 57.58% of the iodine delivered to the containment vessel is
unaccounted for and is assumed to be deposited on surfaces. Figures 46

,

through 50 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

.
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| Table 8. Todine material balances
j (Hillard )3

|

|

Run A3 Run A4 Run A6 Run A7 Run A8
Location

Grams %" Grams % Grams % Grass Z Grams %
# 4 8 4

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 2R.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 ?.43 3.40 5.19 5.34

Delivered to con- 75.75 75.00 70.91 69.Rh 98.34 97.36 97.57 96.60 95.61 94.68
t ainme nt (by dif-

ference)
e

h b h *3 -

Grass % Grams % Grams % Grams t Grams .

Con t ai nme n t

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)

Saaples 0.48 0.63 8.87 12.51 0.556 0.57 0.59 0.60 0.88 0.92
Purge to stack O.52 0.69 0.73 1.03 0.086 0.09 0.16 0.17 0.11 0.11i

|

| Decont aminat ion 5.90 7.78 5.46 7.70 0.820 0.83 1.36 1.39 1.44 1.50

l Accounted f or 52.22 68.93 52.73 74.35 55.43 56.37 41.39 42.42 55.57 56.12

on surfaces (by 23.52 31.06 18.18 25.65 42.91 43.63 56.18 57.58 40.04 41.88
difference)

# ercent of startin,g mass,P

bPercent of delivered mass.

# ncludes spray solution and steam condensate.I
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oHNL- DWG84-6533 E TO
.

|

gygy r+- 5,$ .

FLOW
_ . _

/

0& 1 |

t
3 4 13 14

1 INLET 6 SIX SILVE R PLATED SCREENS 11 SCREEN
2 TEFLON BALL 7 SILVER MEMBRANE FILTER 12 SPRING
3 NOSE CONE 8 CHARCOAL LOADED FILTER 13 BODY
4 TEFTON GASKET 9 STOP RING 14 END CAP
5 TWO PARTICLE FILTERS 10 CHARCOALBED 15 OUTLET

Fig. 45. Maypack Sampler.

.

of iodine, defined as

t1/ 2 = - Ln ( 1/ 2) /A , (65)
.

- 0.693/A , (66)

where A is the removal rate constant.
The reason the data are in this form is because the old spray

models ( Equations I through 7 of Chapter I, Section 2) are in terms of
the removal rate constant. Figures 51 to 55 shows the concentration of
iodine in the liquid versus time. As can be seen in these figures,
there is a delay in the response of the increase in the concentration 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 d ry 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
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 inadequacies but because the relative fractions of
the various iodine forms and particle sizes were changing rapidly with
time."3

e

_ _ _ . _ _
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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. Neve rtheless, 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
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 me te rs. Fo r

j example,inrunA-3,atthestartofthefirstagrayperiod,theinitial; gas phase concentration was approximately 5 x 10 micrograms / cubic meter
j (1.97 x 10-7 moles / liter) and the final concentration was approximately

,

! 1.25 x 104 micrograms / cubic meter (4.92 x 10-8 moles / lite r) . The amount
i 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 drywall sump was approximately 8 x 102 micrograms / liter *

and the initial volume was approximately 150 liters. At the end of the
first spray, the concentration in the drywell sump was 4 x 10" micro- .

grams / 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
i g rams . The difference between the number of grams of iodine removed
i from the gas phase and the number of grams of iodine transferred to the

liquid phase was -8.1 grams. The resulting relative error based on the
| gas phase is

, [ grams removed f rom gas -- grams transferred to liquid>

g
(67)( grams removed.from gas j,

100% ,1 . x

error = (5.082 - 13.15) x 100% = -133.4% . (68)
-

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.

.

b

.
-
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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 of f into the drywell sump. 'Ihis explanation appears
feasible, but may not be the total answer since the highest concentra-

4tion 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 104 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.

.

9

.
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8. C0KPARISON TO DATA AND OLD MODELS
e

The spray model has been compared to the large scale tests from the
Containment Systems Expe rimen ts ,3 see Figures 56 through 65. 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
distribu tions) . 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 surf ace area diameter,

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

have a concentration of 0.0 moles / liter,

.

Table 9. Measured spray liquid distribution
3in CSE tests (Hillard )

.

Total spray volume recovered, %

Deck
Wall Dry well distributionMain sumptrough sump tle

(%)

Cross section

Area, % 2.0 78.5 19.5
Run A3" 0.7 62.8 37.5 64.8
Run A4a 10.9 68.9 20.2 46.7
Run A6 and 2.1 68.4 28.5
A7

Run A8" ~6.0 73.0 21.0 46.2
8Measured during shakedown test. -

bMeasured from liquid level change during run. Normal
condensation deducted.

.
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(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.

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

(c) Concentration of iodine species in the. liquid drops as a function
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(c) Concentration'of iodine species in the liquid drops as a function
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Fig. 60. Results of Spray Model for CSE run A-6 first spray
* period. Initial concentration of molecular iodine in the gas phase of
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time.
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time.

(c) Concentration of iodine species in the liquid drops as a function
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(d) Concentration of iodine species in the sump as a function of time.
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Fig. 61. Results of Spray Model for CSE run A-6 :second spray
period. Initial concentration'of molecular iodine in the gas phase of=

2.01 x :10-9 moles / liter and 'a buf fered pH of 9.5 in the spray solution.
(a) Concentration of molecular iodine in the gas phase as a function of2

. time.
(b) Number of moles of molecular iodine transferred as a function of,

time.

~(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.
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Fig. 62. Results of Spray Model for CSE run A-7 first spray
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(a)- Concentration of molecular iodine in the gas phase as a function of
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'

(b) Number of moles of molecular iodine transferred as a function,
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(c) Concentration of iodine species in the liquid drops as a function
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(d) Concentration of iodine species in the sump as a function of time.
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Fig. 63. Results of Spray Model for CSE run A-7 second spray
period. Initial 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.

(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.
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Fig. 64. Results of' Spray Model for CSE run A-8 first spray
period. 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 cpray 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.

'' (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.
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Fig. 65. _Results of Spray Model for CSE run A-8 second spray
period. Initial 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.
(a) Concentration of molecular iodine in the gas phase as a function of

* time.
i (b) Number of moles of molecular iodine transferred as a function of

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

of-time.,

(d) Concentration of iodine species in the stanp as a function of time.
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Spray - flow rate = 12.8 gallons / minute = 48.5 liters / minute (full
containment),''

= 4.8 gallons / minute = 18.18 liters / minute
(drywell area),

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 =4 ' ' '5x 10 micrograms / cubic meter = 1.97 x 10- mole s/ 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 ghase =
1.25 x 104 micrograms / cubic meter = 4.92 x 10- mole s/ liter,

Number of grams removed f rom-the gas phase =
3.75 x 104 micrograms / liter * 15.4 meters * 8.8 square
meters =
5.82 x 106 micrograms - 5.082 grams,

Final concentration in the drywell sump =
4x 104* micrograms / liter,

. Final volume in the sump = 331.8 liters,
Number of grams transferred to the-liquid =

4(4 x 10 micrograms / liter * 331.8 liters) -

(8 x 102 micrograms / liter * 150 liters) =,

13.15 x 106 micrograms = 13.15 grams.

These calculations show the discrepancy between the number <of grams
of'fodine 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 56) is:

Final concentration of the gas phase =
' micrograms / cubic meter a 9.45 x 10-8 moles / liter,2.4 x 104

; Number of grams of iodine removed from the gas and
transferred to the. liquid = 3.54 grams.

Relative Fercent' Dif ference is:

Gas phase,

-(5.082 - 3.54) x 100% = 30.4% , *

' 5 082

Liquid' phase ,

(13.15 - 3.54) x 100% = 73.1% . 3
13.15 e

e.

'

: r

;;g
_ . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ . _ _ _ _ _ . _ _ _ _ _ _ _ _ .
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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
solution or for recirculatory spray solutions. The sodium-thiosulf ate
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 dif ference
of between 13.8% and 68%. At low concentrations of molecular iodine in
the gas, such as those seen during the second spray 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
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 '

raised to approximately 397K and 3 atmospheres, respectively. Theare

results of the spray model appear to have larger dif ference 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-
e ra ture. 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 is 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 2 of Chapter 1, Section 2, repeated here:

C=C exp(-At) (2) '
9

.

.('
''
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' Table 10. Comparison of spray model to the CSE tests -

, . ,
,

CSE experimental results Spray model's results
Initial gas phase Relative percent

,

CSE SW' concentration Final gas phase Crane removed Grams transferred Final gas phase Crcas transferred difference between
,'

'"" P*' (moles / liter) concentratton from the gas to the liquid concentration from the gas the gas phases
_ , (moles / liter} phase phase (moles / liter) to the liquid --

_ A-3' Ist 1.97 x 10-7 4.92 x 10-9 5.082 13.15 9.50 x 10-8 3.54 30.3
-A-3 2nd- 1.27 x 10-8 '2.89 x 10-I8 0.426 4.90 1.26 x 10-9 0.393 7.7

'

A-4 ist 1.50 x 10-7 1.97 x 10-9 5.082 12.85 3.17 x 10-8 4,o7
., ,

39,9 -

x
. A-4 2nd 7.88 x 10-10 7.88 x 10-!! 0.0244 1.124 6.61 x 10-12 0.0269 -10.2 U ._

'

N
A -6 ' Ist 8.67 x 10-9 2.36 x 10-9 2.900 11.10 1.40 x 10-8 2.50 13.8

''

,,
--

A-6 2nd 2.01 x 10-9 1.10 x 10-9 0.312 2.33 7.92 x 10-12 0.0688 -120.5
A-7. Ist l.06 x 10-7 3.27 x 10-9 3.547 8.08' 7.35 = 10-8 1.14 68.0

.' A-7 2nd- 2.05x 10-9 7.49 x 10-10 0.0447 1.57 2.62 x 10-30 -0.'0615 -31.6
A-8- 1st 1.18 x 10-7 5.12 x 10-9 3.889 7.57 5.77 x 10-8 2.12' 45.5
A-8 2nd 4.14 x 10-9 2.17 x 10-9 0.0678 4.96 2.89 x 10-13 ~0.143 -!!0.1

c

3
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where -

C = initial concentration of molecular iodine in the gas phase,o
C = concentration of molecular iodine,
A = removal rate constant, and

,

t = time.

Rearranging Equation 2 and solving for the removal rate constant:

A = - Ln (C/C )/t (69).
9

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 2 into:

t1/2 = -- Ln(C/C )/A = -- Ln(1/2)/A = 0.693/A (70)o

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% with an average difference of approxi-
mately 59.6%. One should notice that these differences do not have as
wide a spread between the numbers ea does the dif ference 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
f ar more realistic to use the number of grams of molecular iodine re-
moved for comparison.

A comparison of the results of the previous spray 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 WASB-13292 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

,
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Table 11. Comparison of removal rate constant for spray model against CSE tests

CSE tests results Spray model's results g
"

P * " " ' "
concen at on Final gas phase Removal rate Half life Final gas phase Removal rate Half life
(moles / liter) concentration constant, A tt/2 concentration constant, A tt/2 c ns ants(mole s/ lit e r) (min-I) (min) (mole s/li te r) (min-I) (min)

A-3 let 1. 9 7 x 10-7 4.92 x 10-8 0.139 5.0 9.50 x 10-8 o,o74 9,5 47,3

A-3 2nd 1.29 x 10-8 2.89 x 10-10 0.126 5.5 1.26 x 10-8 0.077 9.0 38.9

A-4 Ist 1.50 x 10-7 1.9 7 x 10-' O.495 1.4 3.17 x 10-8 0.155 4.47 34.0

A-4 2nd 7.88 x 10-10 7.88 x 10-II 0.077 9.0 6.61 x 10-12 0.159 4.35 107.0 y

A-6 let 8.67 x 10-8 2.36 x 10-9 0.365 1.9 1.40 x 10-8 0.182 3.8 50.1 U
A-6 2nd 2.01 x 1(r' l.10 x 10-9 0.022 32.0 7.92 x 10-12 0.184 3.75 739.0

A-7 let 1.06 x 10-7 3.27 x 10-9 0.347. 2.0 7.35 x 10-8 0.037 18.7 89.3
A-7 2nd 2.05 = 10-9 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 10-7 5.12 x 10-9 1.08 0.64 5.77 x 10-8 0.239 2.67 77.4
A-8 2nd 4.14 x 10-8 2.17 x 10-8 0.017 40.0 2.89 x 10-13 0.257 2.89 1307.0

CS SMAhaDifference = = 100%. ,

CSE

.



Table 12. Comparison of removal rate constant for spray model
against previous models

#! CSE " Realistic"# Stagnant Stagnant d

A'"i"b$ A'"i"b[
S ray Experimental " ** *P model film model drop modelrun
Period A, min-1

number A, min-1 A, min-1 A, min-1
!

A-3 1st 0.139 0.102 0.027 0.053 0.109 0.074
1

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
l
i 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 St

A-7 1st 0.347 8 6 8 8 0.037

2nd 0.033 8 8 8 8 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

# 5Equation 6 with PC = 10 ,

| b
Equation 5 with PC = 5000.

#Equation 4 with PC = 5000.
I d
| Equation 7.

#
Published results not found.

,
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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 ef fective partition coef ficient 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

, - 95 So this ef fective partition coefficient of 100,000 would not be
reached until approximately 10 days at a pH of 9.5, a temperature of 298
K, and an ' initial concentration of 10-7 g-atoms /L or approximately 15

.
min at 373 K and 10-7 g-atoms /L. So this effective partition coef-

I ficient consists of a true . ef fective partition coefficient times an

empirical factor. It is believed that this effective partition coef-
ficient was picked so as to best describe the results for the first
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 exactly the same conditions, the correction f actor

may be wrong.>

The CSE model is a gas-film controlled model and_ is compared to4

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 la

j 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 not2

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-'

ef ficients, 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

i believed to be in the experimental spray data.

;

e

e
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9. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS .

9.1 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
quas i-s teady state mass transfer model that includes the iodine hydro-
lysis reactions. The spray model was developed to determine numerically
the influence of the iodine hyd rolysis 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 unbuf fered, the spray flow rate, containme nt diameter, 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 s'imulates the solution
to the equations to the iodine hyd rolysis 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
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 significantly 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 dif ference of -120.5% to 68.0% compared to
the measured data of the Containnent 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-
perime nt caused by the sampling techniques used and the fact that these

large scale with many removal processes occurring simultane-tests are
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 repre-
sentation of enhanced mass transfer during drop f o rmation , and it has

,

|
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19been shown by Simpson that significantly higher mass transfer rates do.

occur during drop formation. Another source of dif ficulty is the un-
known sphericity of the drops of the experiment. The new spray model
has the ability to handle non-spherical drops, but there is no

12 indicatesinformation on the sphericity for the spray drops and Clift
* 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. Tempe rature
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 is 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.

9.2 Conclusions

The following conclusions can be made about this work:
1. The iodine hydrolysis reactions in some cases have a major in-

fluence on the removal of gaseous molecular iodine by water droplets and
thus should be included in a model. The iodine hydrolysis reactions
have their largest effect on the rate of removal of molecular iodine

*
when the spray solution 's buffered at a high pH. The iodine hydrolysis
reactions have a small ef fect on the rate of removal of molecular iodine
when the spray solution is unbuffered at any pH or when the spray solu-
tion is buffered at a low pH. It is also essential to account for the
iodine hydrolysis reactions whenever the spray solution is to be recir-,

culated because one must know the concentration of all of the iodine
hydrolysis reaction species in order to determine when molecular iodine
is stripped form the spray solution back into the gas phase.

2. The new spray model is based upon theory, acceptable correla-
tions and experimental data (used only for the physical data of the
species involved). Were is no unknown variables that must be known to
" fit" the data. Whereas the effective partition coefficient in the
" realistic" model ( Eq. 7 with an effective partition coefficient of
100,000) appears to have been empirically " fitted" to the Containment
Systems Experiments.3 Therefore, it would be unwise to extrapolate the
results of the " realistic" model to other conditions or situations.
This is proven if one compares the results of the " realistic" model to
the experimental data for the second spray periods. We new spray model
also provides the essential information about the liquid phase so that
it can be used for recirculatory sprays. No other spray model provides
this information nor could these old models be used with any confidence
for recirculatory sprays.

3. The new spray model's results compare better to the CSE results
for low concentrations of molecular iodine in the gas phase, the second*

spray periods, than does the " realistic model but gives worse results at
high concentrations of molecular iodine in the gas phase. The reason

.
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j for the '" realistic" model's results are closer to the tests at high con- -'
|centrations of molecular iodine in the gas phase, the first spray peri-
ods, is because the effective partition coefficient appears to have been
empirically " fit" to the first spray period. Therefore, the " realistic"
model should give closer results for the first spray period, but it alsoi.

gives ~extremelyL inaccurate result for the second spray periods. It
,

i should also be pointed out that in any conceivable accident, radiation'

would be present and could alter 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 nitric acid.,

.

i

9.3 Recommenda tions
!

i
*

It is . recommended that all of the models: kinetic, 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-,

1 .corporated into the spray model.19 Adding a' representation - of heat
i transfer would probably.make the most significant ; improvement to . the

. models and allow better comparison to experimental data taken from tests;

i in which a temperature difference exfsts between the gas and liquid
; . 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 - ,

j 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

j drop model should be tested to see if it is correct. The drop model-
.

| must simulate a drop falling through gaseous iodine correctly; if not,
j then both the :sprey model and the wall-spray model would be incorrect.

a

;

,
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Appendix A
.

NUMERICAL TECHNIQUE

All of the models involve the iodine hyd rolysis 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 hyd rolysis reactions are integrated by a Runge-Kutta-
Felhburg, RKF, 5(4) order numerical integration routine.ll 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 buf fered solution, there are four equations to numerically
integrate. Equations 23, 24, and 25 are assumed to come to equilibrium
instantaneously and since the hyd rogen ion concentrations will not
change, one would have to integrate Equations 26 through 29. For unbuf--

fered solutions the pH would change, so Equation 31 would have to be in-
tegrated, so five equations would have to be integrated. Therefore, for
a buf fered solution the input parameter IN would be four and for an un-
buf fered solution IN would be equal to five.

*

Other numerical integration routines have been tried such as DGEAR
and DVERK from the International Mathematics and Statistics Library,
IMSL, and LSODE f rom . 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 dif ferential
equations. LSODE is a Cea r's multistep integration routine. Gea r'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 7 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 syrtem must start over. So the RKF method was
chosen because error can be minimized and efficiency can be achieved.'

.

e

?
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Appendix B
.

KINETIC MODEL, SAMPLE INPUT AND OUTPUT

C*************=*******************************************************
* C

C K INETIC MODEL
C
C 5. F. ALBERT
C
C . T HE KINEfIC SI5ULATES THE AQUEOUS IODINE HYDROLYSIS REACTIONS.
C R EACTIO NS 4, 5 AND 6 (EQUATIONS 23, 24, AND 25) ARE ASSUSED TO
C COME TO EQUILIBRIU5 THE KINETIC 50 DEL M25ERICALLY INTEGRATES.

C E QU A TIONS 25 THROUGH 31 WITH A RUNGR-KUTTA-FELEBURG 5 (4) ROUTTNE.
C S UBROUTINE FUNCTE AND ITTER AR E CALLED FB05 THIS 51I5 PROGRA5.
C S UBROUTIN E FUNCTI CONT AINS THE EQU ATIONS TO BE I3T!GR ATED.
C S UBROUTINE ITTER FINDS THE BOOT TO THE EQUILIBRIUM EQUATION OF
C EQUATION 23 BY A S ECA NT BETHOD. THIS PROGRA5 IS DESIGNED TO RUS
C 05 A PDP-10 COMPUTER BUT SHOULD BE EASILY CONVERTED TO SUN 05 ANT
C FORTRAE C05PUTER.
C
C***********************************************************************
C
C

I5PLICIT DOUBLE PRECISION (A-8,K-Z)
I5PLICIT INTEGER (I-J)

C
C

D IRE RSION V (8) ,20LD (8) , K1 (7) ,K 2 (7) ,KJ (7) ,8 (7) ,33 p) ,
1 DELT A (7 ) , W ES (7) , F (7) , K4 (7) , K5 ( 7) ,K 6 (7) , tof. ( 7)

C.

C
R EAD (58, * ) 1,3, R5IN, H5 AX,IN
R EAD (49,*) TOLER,TE5PL

C
C
11 FOR5AT(' 3 TI5R I2 I- HOI*

1 I03- H* IO- I3- STEP SIII'
2, /)

21 F OR5 &T (' STEP SIIE SELOW STEP SIN ' ,D15.7)
22 F ORE AT (I5,9013.7)
25 F OR5 A!(I6)
C

3 RIT E (5 0,11)
C
C
C R EAD IN INITIAL CONDITIONS
C

DO 20 J=1,7
8 ZAD (58,* ) WOLD (J)

20 00sTI30 E
C

TOLD *A
Q=1.0D-1
M * 1. 0 D- 2

C

W RITE (5 0,2 2) I, TOLD, WOLD (1) ,30 LD(2) , WOLD (3) , WOLD (4) ,20LD (5) ,20LD (6)
1 ,9CLD (7) , H

C
C O ALCULATE THE EQUILIBRIUM C05ST15ST K4,K5,K6
C

*

D EsLIQ= 6. 0 25 22 47D-9 'TE5PL * * 3-9.13 2 9 6040-6 *T!sF*. * * 2 * ). 57 3 57 2D-3 * TZ5
1P L* 5.8 3 58 8 8 2D- 1

R K6 *-4. 09 8 00 0- 3 2 4 5. 2 D0 0/T E 5PL + 2. 2 3 63 D5/ (T E5P L e * 2 )- 3. 9 84 D 7/ (TE5 PL* *
13 ) * ( 13. 957D00- 126 2. 3000/TEMPL +0. 5641D5/ (T!3PL* *2) ) *DLOG (DE3 LIQ)
RK6 = 10 * * (RK6)

C.

_ _ _ _ _ - _ _ _ _ _ - _ _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ - - - - _ _ - _ - - - _ - _ _ _ _ _ _ _ _ _ _ _ ___



__

j 136

7

R K5= 10 * * (2 00 0. 48 D00 +0. 7 33 5 D00 *TE5PL-8 05 7 0. 0D0 0 /TZ5 PL
1- 1115.1 D00 *DLOG 10 (TZ5PL) ) *

C
R K4= DEI P ( 3727. 86D00/TE MPL- 11. 6 32 6 D00 +0. 019 2212D0 0* TE5 PL)

C
B OLD (8) =RK6/ WOLD (5)

C
C SIGIE THE RUEGE-KUTT A-FELHBURG BOUTIEE .

C
C
C CALCULATE K'S

1 C
1 Do 3 0 Jat,IB

E (J) = WOLD (J)
30 00sTI30E
C

C ALL FUNCTN (5,50LD,F,I3)
C

DO 40 Jal,IE
K1 (J) = B* F (J)

40 CONTINUE
C

0 0 5 0 Ja1, IN

W (J) =50LD (J) * K1 (J) /4. 0D00
50 *0BTINUE
C

C ALL FU NCTE (V,50LD, F,IE)
C

Do 60 Ja1,IB
K2 (J) = Ba F (J)

60 0 05TIEUE
C

DO 80 Jat,IE
*

U (J) =W OLD (J) + 3. 0D 0 0* K 1 (J) /3. 2 D1 + 9.0D 00 * K2 (J) /3. 2D 1,
'

80 005TINU E
j C
' C ALL FUNCTN (f,80LD,F,I3)

C
DO 90 Jal,IE

K3 (J) = B* F (J) *
,
t 90 CONTINUE
' C

DC 110 J= 1,I3i
'

3 (J ) = W OLD (J) + 1.9 32D3 * K1 (J) /2.197D 3-7.2 D 3 * K2 (J) /2.197 DJ
1 + 7. 296 D3 *K3 (J) /2.197D J

110 CouTINUE
C

| O ALL FUNCT5(5,30LD,F,IE)
C<

DO 120 J=1,IE.

K4 (J) = B* F (J)
120 00NTINUE
C

00 130 J=1,IN
3 (J) = WOLD (J) +4. 39D2* K1 (J) /2.16D 2-8.000 0*K2 (J) +3.6 80 3 *K3 (J) /5.13 02

1 -8.4 5 D 2 *K 4 (J) / 4.10 40 3
130 CONTIBUE
C

O ALL FU NCT3 (5,80LD, F,IE)
C

00 140 Jal,IN
K5 (J) = B* F (J)

140 005TIMUE
C *

Do 150 Jat,IN

U (J) = s 0LD (J) -8. D 00 * K 1 (J) /2.7D 1 + 2.00 0 *K 2 (J) - 3. 54 aD 3 * K 3 (J) /2. 56 5 D 3

.

1
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1 + 1.85 9D3 * K4 (J) /4.104D3-1.1D 1 * K5 (J) /4.001
* 150 COETINUE

C
C ALL FU BCT N (8,50LD, F, II)

C
DO 160 J=1,IN

K6 (J) = B* F (J)
* 160 CouTINUE

C
C DETERSIN E THE BER COECENTIATION OF ALL OF THE IODINE BYDacLISIS
C SPECIES AND CHECK THE ZEBOR
C

00 100 J= 1,IN

SS (J) =90LD (J) +1. 6D 1* K1 (J) /1. 3 5D 2 + 6.656 D3 * KJ (J) /1. 2 8 25D4 +
1 2.8561D E*K4 (J) /5.643 D4-9.0D 00* K5 (J) /5. 0D1 + 2.0 000*K6 (J) /5.5 D1

R (J) = 1SS ( K1 (J) /3. 6 D 2-1. 2 8 D2*K 3 (J) /4.27 5 D3-2.19 7D3 * K4 (J) /7.5 24 D4
1 + K5 (J) /5. 0 01 + 2.0 D00 * K 6 (J) /5. 501) /8

TOL (J) =& BS (WB (J) * TOLE 3)
DEL Ti (J) = 0. 84 * [TO L (J) /R (J) ) * * 0. 25

100 COETIEUE
C

DO 5 00 J= 1,IN<

IF (R (J) .GT. TOL(J)) GOTO 900
500 CONTIEUE

-

C
00 510 J= 1,IE

50L D (J) = E S (J)
510 CCETINUE
C
C D ET E25INE THE EQUILIERIUS CDBCZETR ATIONS FOR EQUATIGES 23, 24 AND

. C- 25
'

C
B B=- 1. 0 D0 0- 190 LD (2) +50LD (1) ) * t K4.,

C= WOLD (2) * WOLD (1) *EK4-WOLD (7)
D =-B E/ ( 2. 0 D 0 0 * RK 4)
E = ( ( BB e *2. 0 D0 0-4.0 000 * EK4 *C) * * 0. 5 000 ) / ( 2.0 D0 0* RK 4)
Y=D-E

C
IF(7 .LT. 1.0D-18) CALL ITTER(WOLD,8K4,C,Y).

C
3 0LD (7) = WOLD (7) +T
W OLD (1) =#0LD (11-Y
W OLD (2) =EO LD (2) -T

C

IF (II . !Q. 4) GOTO 600
SR=t0LD (6) +50LD(5) *BK5
S=-tK5 *v0LD(3) + WOLD (6) *v0LD(5)
s = (- sa+ (a n* R R-4.0 D0 0 *S) ** 0. 51 / 2. 0 D00
W OLD $) = WOLD (5) *s
GOTO 605

| C
600 a = (2 K5* BOL D (3)-30LD (6) *e0LD (5) ) / (s0LD(5) *RK5)
C
605 WOLD (6) =s0LD (6) +5

E 0LD (3) =80 LD (3)-5
C

IF (IN .ZQ. 4) GOTO 615
C

0 =s0 LD (8) * s0 LD (5)-BK6
7 7=s0LD (8) + WOLD (5)
I= (-1T+ (f f *vv-4.0 D00 *U) **0.5) / 2. 0 000
WOLD $1 =60 LD (5) +I
W OLD (8) =#0LD (8) +I,

615 I=I+1
TOLD = TOLD +R

.

_ _ . _ _ _ _ _ _ _ _ _ _ _ _ . _ . _ _ . _ _ _ _ _ . _ _ . _ _ _ _ _ _ _ . _ _ _ . _ _ _ . _ . _ _ . _ _ _ _ _ _ _ _ . _ _ . . . . _ . _ _ _ _



138

C
*

W EIT E (5 0,22) I, TOLD,50LD (1) ,30LD ( 2) ,50LD ( 3) , s 0LD ( 4) ,90 LD ( 5) ,
''

1 WOLD ( 6) ,50LD ( 7) ,5
C

D EL= DELTA (1)
C

IF(IE .EQ. 1)GOTO 905 ,
C

00 520 J=2,II
IF (DEL .LT. DELTA (J)) GOTO 520
DE L=DE LT A (J)

520 005TINUE
C

GOTO 905
C

+ C DETZEBINE NES STEP SIZE'

C
900 D EL= DE LT& (J)
C
905 IF (D EL .GT. Q) GOTO 910

HERE=Q*5
G OTO 1000

C
910 IF(D EL .LT. 4.0) GOTO 920

5NE5=4.0000*5
GOTO 1000

C4

920 SNES= DEL *B
C
C C HEC E NEW STEP SIZE WITH 5AI AND 513 STEP SIZE
C

10C0 IF (BREW . LT. Es&I) GOTO 9 30
5 5E5=5512 *

C
930 IF (BBE5 . LT. 35I7) GOTO 1111

LEF T=5-TO LD-S E EV
C

IF(LEFT .GT. 0.0) GOTO 5000
5 MI5=8-TC LD .

C
5000 5=BIEW

IF (TCLD . GE. B)GOTO 999
GOTO 1

C
C
1111 3 EITE (4 0,21) SEEN
999 W HITE (23,25) I,IE

STOP
E3D

!

<

i
4

!
.

!

!
.

4
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* C*****==**************=====*****************=**********==**********=**
C
C SUBROUTIME FUNCT3
C
C THIS SUBROUTINE C05TAINS THE DIFFERENTI AL EQUATIONS (KI3 ETIC R ATE
C EQU A TIO NS) TO BE IET5GRAIED. THIS SUBROUTIN E IS CALLED F305 THE
C R UNGE-KUTT A-FELHBU RG INTEGRATION ROUTIR E IN THE KINETIC, DROP,.

,

C SPE AI AND W ALL-SPR AI 30DELS.
C
C**********************************************************************
C

S UBROUTIM E FUNCTN ( 9,50LD , F, I M)
C

I EPLICIT DOU BLE PR ECISION (1-H, K-Z)
IaPLICIT INTEGER (I-J)

C
D IN EESION W (8) ,50LD (8) ,F (7)

C
IF (I3 . EQ. 5)GOTO 5

C
3 (5) =v0LD (5)

5 W (6) =eOLD (6)
C

RK1=3.0D00
BKR1=4.4D12
R K20 =2. 5 00 2
R K21= 1. 200 2
RKR2=3.0006
R K P 3 =9. 35 D- 8

C
R t-RE1=v (t)
BR1= RKB 1* s (2) *v (3) *W (5)~

R 20= BK2 0*W (3) * *2.0000
R 21= RK21* W (3) *W (6)
R R2 = RKR2* W (4) *W (2) **2.0000*W (5) * * 2.Q D00
RP3= RKP 3*W (5) *W (2)

C
F(1)=-R1+RR1+5.00-1*RP3

*
F (2) =R 1-B R 1 + 2. 000 0* (R 20+R 21) /3.0D00-2.0 0 00 *R B2-R P3
F (3 ) =R1-BR 1-E 20-3 21 *3.0300*RR 2
f (4 ) = (B 20 * R21) /3.0 000-RB2

C
IF (Is .EQ. 5)GOTO 10

C
F (5 ) =0. 0D0 0
30TO 11

C
10 F (5) =81-BR 1 +R20+R 21-3.000 0 *RB 2-4.0 D00*R P 3
C
11 F (6) =0. 000 0

F (7) =0.0D00
C

R ETU R5
C

END
'

*

4

__ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ . _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ . . _ _ _ _



140

C""a=*a"*"*a"*"""*"**"**"**"a*"""aa=*""**aa*** -

C
C S UBROUTINE ITT!R
C
C FSIS SUBROUTINE FINDS THE ROOT TO THE QU ADRATIC EQUILISSIUM
C EQUATION FOR THE FOSMATION REACTION OF TRI-ICDIDE, 13- (EQUATION
C 2 3) . A SECAET BETHOD IS THE ROUTINE US ED TO FIND THE ROOT. THIS .

C 5ETHOD IS CALLED WHENET ER THE QU ADRATIC FORMULA RESULTS IN LESS
C IBA5 APPROII5ATELY THREZ SIGNIFICANT FIGUR ES. THIS SUBROUTIME
C IS C ALLED BY THE PROGRA55 KIE ETIC, DROP , SPR AY AND W A LL- S P RA Y.
C
C""a****"*""*"""****"*""******""*"m**"a"
C

S UBROUTINE ITTER (WOLD,RK4,C,V)
C

I5PLICIT DOUBLE PRECISION (1- 5, L-Z )
I5PLICIT INTEGER (I-K)

C
D IR EESION WOLD (7) ,3 (7)

C
PO=1.0D-16
P1=1.0D-18

C
20=C-RK4* PO* PO-PO * RK4 * (VOLD(1) +90LD (2)) -PO

5 Q 1*C-aK4* P1* P1-P l* RK4* (50LD(1) +80LD ( 2)) -P1
C

s tu= P1-Q1 * (P1-PO) / (Q1-QO)
C

C HEC K = 1BS (N EW- P 1) /P 1
C
11 IF (C3ECE .LT. 1.00-4) GOTO 10
C .

PO=P1
Q 0=Q 1
P t = s ty
30TO 5

C
to 7=NEW

*
C

R ETu ss
C

25D

8

Kinetic Model sample input:

A = 0.0 WOLD (1) = 1.0 x 10-3

B = 15.0 WOLD (2) = 0.0

ItMIN = 1.0 x 10-10 WOLD (3) = 0.0

IDIAX = 1.0 x 102 WOLD (4) = 0.0

IN = 4 WOLD (5) = 1.0 x 10-9 .

TOLER = 1.0 x 10-4 WOLD (6) = 0.0

TEMPL = 298 K WOLD (7) = 0.0
.

- . _ - _ - _ - - . _ _ - _ . _ - . - . - _ - _ . - . _ . _ _ _ _ - _ . _ _ _ _ . - - - - - _ _ _ . . - - - _ _ _ _ . - . _ _ . _ _ - _ - - . _ _ . _ _ - - . _ _ _ - . _ _ _ . . . _ _ _ . - _ _ - _ _ . _ - _ _ - - - - _ - _ _ - _ - _ _ _ _ - . . _ _ - - - - - - _ - - - _ . _ . _ _ _ - _ . . . . _ - - - _ _ - _ - - - -



141
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Appendix C.

DROP MODEL, SAMPLE INPUT AND OUTPUT

C**********************************************************************-

C
C DROP 50 DEL

*

C
C 3. F. ALBERT

' C
C THE DROP MODEL SIMULAT!S THE ABSORPTON OF ONE DROP SUMPENDED IN A
C 313 CONTAINING 50LECULAR IODINE. THE DROP 50 DEL IS A QUASI-

i C STEADI-ST ATE 50 DEL THAT CONSIDERS THE M ASS TR ANSFER INTO THE
C DROP AND THE ICDINE SYDROLISIS REACTONS WHICH OCCUR IN
C THE SULK LIQUID OF THE DROP. A TWO-RESIST ANCE 50 DEL
C IS USED TO DESCRISE THE MASS TRANSFER. A BU NGE-KUTT A-FELHBURG
C 5 (4 ) SETHOD IS USED TO NU5ERICALLY INTEGRATE THE IODINE
C S YD ROLTSIS R E A CTIO NS. SUBROUTINES FUNCTN AND ITTER ARE CALLED
C F ROM THIS SAIN PROGRAM. THIS PROGRAM IS DESIGNED TO' RUN QM A
C PDP-10 C05PUTER BUT SHOULD BE EASILY CONTERTED TO RUN ON ANY
C FORTRAN COMPUTEL
C
C**********************************************************************
C

IMPLICIT DOUBLE PRECISION ( A-8,K-Z)
15PLICIT INTEGER (I-J)

! C
DISENSION W (8) ,30LD (8) ,K1 (7) , K 2( 7) ,K 3 (7) ,R (7) ,3B (7) ,,

j 1 D ELT A (7) , WES (7) , F (7) ,K4 (7) , K5 (7) ,K6 (7) , TOL(7)
*

R EAD (5 8, * ) A ,3, HMIN, HM AI,I N
SEAD (20, *) T!5PG T!5PL,DI A5
READ (4 3, *) CI2G, CHL
READ (4 9, *) TO LER

C
10 FORS AT (' AT & TE5PERTURE OF THE G AS ' , F6. 2, ' DEGR ES S K ELVIN '/

*
4 1 '!E! VISCOSITY OF THE LIQUID (CP ) = ' , E 15. 7/

2 ' T HE TISCOSITY OF THE G AS (CP) = ' , 215 . 7/
3 'THE PA RTITION CO EFFICIENT IS ' =' ,215. 7/
4 'THE DENSITY OF THE LIQUID (GM S /CC) * ' , E 15. 7/
5 'THE DENSITY OF THE GAS (G 5S /CC) =',515.71

11 FOR5 AT('THE DIFFUSION COEFFICIENT FOR f HE GAS (S Q C5/SEC) = ',215.7
1 /'THE DIFFUSION COEFFICIENT FOR THE LIQUID (SQ C5/S EC) *' ,115.7/
2 'THE GAS-SIDE MASS TRANSFER COEFFICIENT (C5/S EC) = ' E 15. 7/'

3 'THE LIQUID-SIDE MASS T RANSF ER CO E FFICIENT (C5 /S EC) ** , E 15. 7/
4' TH E 07ER ALL LIGUID-SIDE S ASS TR ANSFER COEFFICIENT (C M/S EC) * ' , E15.
57,/, 'THE 70LU5E FOR ONE DROP (LITERS)=',E15.7/
6 'THE SURFACE AREA FOR ONE DROP (SQ C5) =' ,E 15.7 /
7 'THE EXPOSURE TI5E FOR T5! DROP IS (S EC) =' ,515.7/
8 'THE REYNOLDS NUMBER FOR THE DROP m', E15.7/
9 'THE TERMIN AL VELOCITY OF THE DROP (C5 /S EC) s',E15 7

12 FORM AT ('THE CONCENTR ATION OF THE G AS IS (50L ES / LIT E R) :',E15.7,/
1, 'THE INITIAL CONCENTR ATION OF THE DF.OP IS (3 OLE S/ LIT ER ) s')

13 F O R 51T ( ' I2 = ' , E15. 7/
2' I- * ' , E 15. 7/

3' HOI = ',E15.7/
48 Io3- = ',E15.7/
5' d* = ',E15.7/
6' 10- = ' ,215.7/

i 7' I)- = ',E15.7/)
* to FOR5 AT('THE FINAL CONCENTR ATION OF THE DROP IS ( 50 LES / LIT E R) : ')

15 FORM AT ('TH E NUMBER OF SOLES OF IODIN E (12) A r30V ED IS =',215.7,/
1 'tHE NUMBER OF GR AMS OF IODINE REMOVES IS s',215.7,/)

.

t
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17 Foa5 AT (' TI5E 50LES B5D FALL BGHT STEP SIZE *

l' ,/)

19 F085 AT (* 3 TIME I2 I- HOI,

1 IO3- H+ IO- I3- FALL HGHT'
2, n

21 FOR5&T (' STEP SIZE BELOW STEP MIN',D15.7)
22 F OR5 AT (15,9D 13.7) *

23 FORM AT (4D15.7)
25 FOB 5 AT (I6)
C

W RITE (50,19)
E RIT E(51,17)

C
S FA= 3.1416 D00 * (DI A 5) ** 2
v 0LD= (3.1416 D0 0* DI A5* * 3. D00) / (6. D0 081.0 D M

C
FEEPG4=TE5PG**4
I E5P G3 =T!5 PG * * 3
FEMPG2=TZ5PG**2

C
T E5PL4 =TE5PL* * 4
ZEMPL3=TERPL**3
IE5PL2=P!5PL**2

C
T TL 1 =1. 8662 866 D- 88 TEMP L4- 2. 633 3695 D- 5 *T E 5PL 3 + 1. 3970 607D- 2 * TEMP L2
V SL 2 =- 3.3 074806D 00 * TER PL + 2.95 586 66 D2
T IS LIQ = VSL 1 + TS L2

C
P C1 = 9. 9 814 76 D- 7*TEMPL 4- 1. 5730121 D- 3 * TE5 P L3 +9. 278 56 76 D- 1 *T!5P L2
P C2 =-2. 42 88386D2*T35PL +2.3824 847D e
PC= P C1* PC 2

C
*

0 WL 1 =6. 02 51147 D-9 *T25PL3-9.13 29 60 4 0- 6*f E5PL2
D sL 2 =3. 573 57 2D-3*TE5PL +5. 8358 8 82 D-1
D EE LIQ = DN L 1 * D NL2

C
F S11 =- 2. 3 713 29 3D- 15 *TE5 PG 4 + 1. 690 9 46 3 D- 1 1 *TES PG 3- 4. 015 468 D- 8 * TZ 5PG 2
v s12=6. 567 94 29 D-5 * TE5PG + 1.9523691 D-3
FISGAS=fSA1+TSA2 *

;

i C
2 5P= 5.178 D-3 *TE5PG
3 5EG A1=T5P ** 3* (-6.19047619D-2) +4.657142 857 D- 1 *T5 P**2
0 3EG A2 =T5P a (-1.J0 423 8095D0 0) * 2.31542 8571000
35EGA=05EGA1+05EGA2

C
5 LM T=1/2. 9 01 + 1/2. 5 3809 D 2

C

D IFG AS* 1. 8 58 D- 3*T E5 PG * *1. 5 *5Ls !* * 0.5 / (1. 0000 * 4.4 35 5 00 0* * 2 * 05 EG A)
C

D IFL IQ= 3. 91 D-8 *TE M PL/YIS LIQ
C

3 5G 1 =0. 289 20 5 5 D-16 *T E5 PG4-4. 26 56 962 D-12 *TZ5PG3 +8. 0 228 283 D-9 * TE 5PG 2
O sG 2=-6.8 3 25 529 D-6 *TER PG + 2.612 9 3 91 D- 3
D EN G AS= DMG l *D5G2

C

3 S51 =0. 83 000 * ( (DENLIQ-DE NG AS) /DENG AS ) ** 0.25* 9. 81 D2 * *0.2 5
3 55 2 * ( 7ISG AS / (1.0 D 2 * DE3G AS) ) * *-0.178 DIF G AS ** 0. 67 * D I As **- 0. 25
K GI2 =GS81 * GS32

C
S D1 = 4. D00 * DE NG AS* (DENLIG-D ENG AS) *9.81D2 * DI As ** 3
s D2 = 3. 0 D0 0 * (VISG AS/1. 0 02) * * 2
W D= N D1/sD2

C *,

W W= & LOG 10 ( ND)

.

-, y - a , - n - - - - a ..,- -,,e-. ,-
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C-

N EE 1 = (- 1. 81391 D00 * 1. 3 4 671D 00* W W-0.12 4 27 D 00 *W W * * 2 * 6. 34 40- 3 * W W *= 3)
+

1 RE = 1. 0 D1 * * NRE1
C

T ERY YL = NR E* (VISG AS/1. 0 02) / (DI A M* DE NG AS)
C

E XPT 5= H EIG ET/T ERT EL'*

4 C
K LI 2 0= (4. 0 000 * DIFLIQ *T BaV EL/ ( 3.1415D00* DIA M) ) **0.5

C
K LO T =K GI2 * KLI20/ (PC* KLI20 * KGI 2)

C2

N EITE (22,10) TE5 PG, TIS LIQ,TISGAS , PC, DE N LIQ, DENG AS
BRITE (22,11) DIFG AS , DIFLIQ, K GI2, K LI20, KLOY, YO LD ,S F A ,8,5 E E,T RE VE L

C
C READ IN INITIAL CONDITIONS
C

Do 20 J=1,7
E EAD (58,* ) WOLD (J)

20 00NTINUE
' C

20LD=1
-Q=1.00-1
R =5. 0D- 2

C
C CALCULATE EQUILIBRIUS CONSTANTS K4, K5 AND K6

] C
R K 6 =-4. 098 00 0- 3 24 5. 2 D 0 0/r E MPL * 2. 2363 D5/ (TEMP L** 2) - 3.9 84 D 7/ (TEM PL * *

13 ) + (13. 957D 00- 1262.J D00/TEMPL * 8. 5641 D5/ (TE RP L* *2) ) * DLOG ( D ENLIQ)
g B K6 = 10 * * (EK 6 )
*

C
R K5 = 10 * * (2 800. 48 D00 +0.733 5D00 *TE R PL-806 7 0. 0D 00 /T!5 PL.

,

! F 1115.1D00 *DLOG10 (TE5PL) ) -' C

I K4= DEIP (3727.86D00/TE BPL- 11. 6 32 6 000 *0. 019 2212D0 0*TER PL)
C

'

s 0LD (6) = uK6/wo LD (5)
C

* WRITE (22,12)CI2G4

W RITE ( 22,13) s0LD (1) ,50LD (2) ,50LD (3) ,WO LD (4) ,50LD(5) ,30LD (6) ,
1 WOLD (7)

Ca

C CALCULATE THE SASS TR ANSFEE
t C
;

"I2 L= ac LD ( 1)
1 T =TO LD

'

I
W OLD (1) =CI2L
5 0LTR= H*KLOY* (PC*CI2G-WOLD (1) ) *SF1/1.00 3
N ROL= WOLD (1) *VOLD
W OLD (1) = ( N BOL+ MOLT R) /70LD

C
C BEGIN THE RUNGE-KUTTA-FELEBUEG ROUTINE
C
C CALCULATE K'S
C

00 30 J=1,II.
W (J)= WOLD (J)

30 00NTINDE
C

C ALL FUNCTE (W,30LD,F,IN)
C

00 40 J=1,IN
.

* K 1 (J) = R* F (J)
i 40 0 0NTINUE
[ C

i
i

.

i
;
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DO 5 0 Jm1,IN .

3 (J) =v0LD (J) + K1 (J) /4.0D0 0
50 00NTINUE:

C
O ALL FU NCTM (W,30LD,f,IM)

C
no 60 J=1,IN .

K2 (J) = H* F (J)
60 * 0NTIN U E
C |

DO 80 J=1,IN,

W (J) =UOLD (J) * 3.0D 00* K 1 (J) /3. 2 D1 * 9. 0D00 * K2 (J) /3. 2D 11

80 00MTINUE
C

O ALL FUNCTN (W,30LD,F,IN)
C

DO 90 Ja1,IN
K3 (J) = H* F (J)

90 00NTINU E
C

a D0.110 Jal,IB

W (J) = s 0LD (J) * 1.9 32D3 *K 1 (J ) /2.19 7D 3-7.2 D 3 * K2 (J) /2.197 D3
1 +7.29 6D3*KJ (J) /2.197D3

110 00nTINUE
C

O ALL F0 BCT E (3,50LD, F,IN)
C<

DO 120 Jet,Is
K4 (J) = R* F (J)

120 *0NTINUE
C

00 130 J*1,IN
,

W (J) = s0LD (J) * 4. 39 02 *K 1 (J) /2.16 D 2-8.0D0 0 *K 2 (J) *3.6 8 D3 *K3 (J) /5.1J D2) 1 -8.45 D2*K4 (J) /4.104D 3
3 130 OETIEUE
j C

* ALL FU NCTM (3,80LD, F,IN)

Do 140 J=1,IN .

!
K5 (J) = R* F (J)

140 *0BTIIDE
C

00 150 J=1,IN
; U(J) =v0LD (J) 8.D00*K1 (J) /2.7D1* 2.000*K2 (J)- 3.54 403 *K3(J) /2.56 5D3-

1 * 1. 8 5 9D3 *K4 (J) /4.104 03- 1.101 * K5 (J) /4. 0D 1
4

150 00NTINUE
C

* ALL FU5:T3 (9,80LD, F,IN)
C (

'

DO 160 Jal,IN,

K6 (J) = R* F (J)
160 00N TINU E
C
C DETERMIME THE NEW CONCENTR ATION OF ALL IODIN E HIDROLISIS SPECIES
C A ND CHECK ERROR
C

i DO 100 J= 1,IN
W8 (J) = 80LD (J) +1.6 D1* K1 (J) /1.35D2 *6.656 03* K3 (J) /1. 282 504 *

1 2.8 5 6104 *K4 (J) /5.6 43 D4- 9.00 00 * K5 (J ) /5. 001 * 2. 0 00 0 * K 6 (J) /5.5 D 1
8 (J) = A 8S ( K1 (J) /3. 6 D2-1. 28 D2 *K 3 (J) /4.27 5 03-2.197 D3 * K4 (J) /7.5 24 04

1 * K 5 (J) /5. 0 01 * 2. 0 D 00 * K 6 (J) /5. 5011/H
TOL (J) =& B5 (38 (J) *TOLEE)
DELTA (J) =0.98 000 * (TOL (J) /3 (J) ) * * 0.2 5 *

100 " 0NTIN D E
C

.

!

,
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30 5 00 Jal,IN
*

IF (R (J ) . GT. TOL (J) ) GOTO 900
500 00NTINUE
C

0 0 510 J= 1,IN

20 L D (J) = W B (J)
510 005TINU E
C*

C
C DE!!RMINE THE EQUILIBRIU5 CONCENTR ATIDM FO R EQU A TIO NS 2 J , 24 AND
C 25
C

8 8=- 1.0 000- (WOLD (2) +90 LD (1) ) * SK4
*=UOLD (2) * WOLD (1) * R K4-EOLD (7)
D =-8 8/ (2. 0 D00 * RK4)
E = ( (EB * * 2. 000 0-4. 0D00 *RK4 *C) * * 0.5 0 00) /( 2.0 00 0 * RK4)
T=D-E

C
IF (f .LT. 1. 0 D- 18) CALL ITTER (s0LD ,2K 4,C , v)

C
90LD (7) = WO LD (7) + f
W OLD (1) =s0 LD (1) =f
B OLD (2) =UOLD (2)-f

C
I F (I5 . EQ. 4) GOTO 600

C
R E= WOLD (6) +VOLD (5) +RK5
S =-R K5 * s0LD (3) +90LD (6) *v0LD (5)
5 = (- BR + (R R *R R- 4. 0 D 0 0 * S) * * 0.5) /2. 00 00
B OLD (5 ) =s 0 LD (5) + 3
3 0TO 605

C
600 5 = (R K5 * WOLD ( 31 -WO LD (6) *s0LD (5) ) / (WOL D (5 ) +R KS ),

C
605 3 0LD (6 ) = WOLD (6) +M

3 GLD (3) =s 0LD (3)-s
C

IF(I5 .EQ. 4)c0TO 615
C

*
U =80LD (8) * WOLD (5) -tK6
V V= WOLD (8) + 30LD (5)
I = (- 77 + (77 * T V- 4. 0 D 00 * 0) ** 0. 5) /2. 0 000
3 0L D (5) =s0 LD (5) +1
WOLD (8) = WOLD (8) +1

C
615 I=I+1
C

T O LD *TO LD + R
F ET= TOL D* TE M f EL
SUM 10L=SUMMOL+50LTH
*I2 L=W B (1)

C
3 R IT E (51, 23) TO LD ,30 550 L, F ET,5
W RIT E(5 0,22) I, TOLD,80LD (1) ,WO LD (2) , WOLD (3) ,W OLD( 4) ,30 LD (5) ,

1 20L D (6) ,50LD (7) , FHT
C

D EL= DELTA (1)
C

IF (IN . EQ. 1)GOTO 905
C

00 520 J=2,I3
IF (DEL .LT. DELTA (J)) GOTO 52 0
DE L=D E LT A (J)

* 520 OONTINUE
C

30TO 905

e

5

___ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _
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C
C D ETEREINE NEW STEP SIZE

,

C
900 D EL= DE LT A (J)
C
905 IF (D EL .GT. Q) GOTO 910

HNE5=Q*H
3 0TO 1000 ,

C
910 IF (D EL .LT. 4.0)GOTO 920

B NEW =4. 0D0 0* H
3070 1000

C
920 SNER= DEL *H
C
C C EECE M EW STEP SIZE WITH MAI AND SIN STEP SIZE
C
1000 IF (HNE S . LT. HrAI) GOTO 9 30

ENE5=RRAI
C
930 IF (BEEW .LT. SEIE)GOTO 1111

LEF T=8-TOLD-RN EW
C

IF(LEFT .GT. 0.0) GoTO 5000
HERW=8-TOLD

C
5000 R=5EEW

IF (TOLD .GE. 8)GOTO 999
GOTO 1

C
1111 3 RIT E (4 0,21) SE RW

STOP
C .

999 3 RIT E (2 3,25) I
GanS=253.809D00*SUsa0L

C
3 RIT E (22,15) Su sa0L ,GERS
WRITr(22,1a)
w aIT E (22,13) s0 LD (1) , W OLD ( 2) ,50 LD (3) , VOL D (4) , 80 LD (5 ) ,50LD (6 ) , ,

1 80LD (7)
STOP
E3D

.

e
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i

C*********************************************************************
|

* C
C S UBROUTIN E FUNCTN
C
C f BIS SUBR07 TINE COBTAINS THE DIFFERENTI AL EQUATIONS (KINETIC RATE
C EQU1TIONS) TO BE INTEGRATED. THIS SUBROUTINE IS CALLED FR05 THE
C RUNG E-KUTT A-FELHBURG INTEGRATION ROUTIN E IN THE KIN ETIC, D RO P,
C S PR AI AND W ALL-SPE AI 50DELS..
C
C**********************************************************************
C

S UBROUTIN E FUNCTN (W ,30 LD , F, I N)
C

I3PLICIT DOUBLE PRECISION (1-5,K-Z)
I5PLICIT INTEGER (I-J)

C
D I5 E NSIOR W (8) ,WCLD (8) ,F (7)

C
IF (II . ZQ. 5) G OTO 5

C
3 (5) = WOLD (5)

5 3 (6) = WOLD (6)
C

EK1=3.0D00
R KR 1 =4. 4012
R K20 =2. 5 D0 2
R K 21 = 1. 2D 0 2
RK32=3.0D09
R K P 3=9. 35 0- 8

C
R 1= RK1* W (1)
R R1= RE R 1* W (2) * W (3) *W (5)
R 20= RK 20*W (3) * *2.00 00'
R 21= RK21*W (3) *W (6)
R B2= RKR2* W (4) * W (2) ** 2. 0000 *W (5) * * 2.C D00
R P3= RKP3* W (5) * E (2)

C
F (1 ) =- B 1 * R R 1 * 5. 0 D- 1 * R P 3
F (2) =B 1-BR 1 + 2. 0D0 0* (120 *R 21) /3.0D00-2.00 00 *RB2-R P3
F (3) =R 1-BR 1-E 20-8 21 *3.0D0 0 *RB 2*'

F (4) = (120 * R21) /3.0 000-RR2
C

IF (IN .EQ. 5) GOTO 10
C

F [5) =0.0000
20To 11

C
to F (5 ) =R1-BR 1 *R20 *R 21-3.0D00*RR2-4.0 D0 0*B P 3
C
11 F (6 ) =0. 0D0 0

F [7) =0.0D00
C

R ETU RN
C

END

D

+
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C************************==*******************************===*==*******
C *

C S UB ROUTINE ITTER
C
C FEIS SUBROUTINE FINDS THE ROOT 20 THE QU ADRATIC EQUILIBRIUM
C EQU ATION FOR TEE FOB 5ATION REACTION OF TRI-IODIDE. IJ- (EQUATION
C 2 3) . A SECANT 5ETHOD IS THE 200 TINE USED TO FIND THE 200T. THIS
C SETHOD IS CALLED WHEEEVFR THE QU ADRATIC FOR5GLA RESULTS IN LESS e

C THAN APP 20ZIM ATELI THREE SIGNIFICANT FIGUR ES. THIS SUBROUTIME
C IS C ALLED BY THE PROGR AES KINETIC, DROP, SPRAY AND W A LL-S P E A T.
C

,

C*********************************************************************
C

S UBROUTI3E ITTER (WOLD,BK4,C,Y)
C

IMPLICIT DOUBLE PRECISION (1-H,L-Z)
I5PLICIT INTEGER (I-K)

C
DIRERSION 50LD (7) ,9 (7)

C
PO=1.0D-16
P1=1.00-18

C

2 0=C-RK4* Po * PO-PO *R K4 * (WOLD (1) +s0LD (2)) -P0
5 21=C-BK4* P 1* P1-P1*RK4* (UCLD(1) + WOLD ( 2)) -P1
C

B EH* P1-Q1* (P 1-PO) / (Q 1-QO)
C

C HECK = & BS (N EW-P 1) /P 1
C
11 IF (CHECK .LT. 1.0D-4) GOTO 10
C

PO=P1
20=Q1 *

P1=NEW
30TO 5

C
10 V=5EU
C

R ETU RN *

C
EKD

1

4

I

d

6
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151.

Drop Model sample input:
*

A = 0.0

B = 15.0

HMIN = 1.0 x 10-10
1

HMAX = 1.0 x 102*

IN = 4

TOLER = 1.0 x 104

TEMPL = 298
I TEMPG = 298
I DIAM = 0.1

SAD = 0.1

CI2G = 1.0 x 10-5

WOLD (1) = 0.0,

WOLD (2) = 0.0

! WOLD (3) = 0.0

WOLD (4) = 0.0

WOLD (5) = 1.0 x 10-9
*

WOLD (6) = 0.0,

WOLD (7) = 0.0

PRESS = 1.0
i

e

!

47 4 Tlertateet 0F tat eas 290.1% 03Gst33 Ettvis
J TSB fr3Costff OF Tet 139018 (C Fl o 0.09e0099F600

Tea f tSCOSitt OF T49 045 (C F) 0.19390603-09=

Tet PattiT!Os CotFricitet 19 e 0. 06 341421e 02
tet StsSitt of fat 110Gft (GAS /CC) * 9. 996 0 76 ) t+00
Tet Ste$$tt OP tot ett (Ge9/CC) 0.11024042-02=

tTBS DIFFWSIOS CotFFICitti F9P TES ett ($g Ce/stC) 0. 004 0e47 3-0 4
Tet O!PreSI3e CotFFICIte? Fot Tet St99tB (30 Ce/stcle 0.93030700-04
tat 648-stet mass f eassFts CorFFICitst (Ce/30C)e 0.112042e8602

4

f et Lt0810-stas eats tesestse Cottrieste? (Ce/ sell o 0.21940713900
703 09384&L L109th-SIDE e4SS Tea 9SFBt Cof rFICIteT (Ce/S OC)* 9.00S99900-09
tet 9010st F00 Det DSOP (Lif r3 Slo 0.92344006-06,k
188 $90 F AC S 48 84 Fnt 098 D50P (SQ C9) e 0.39414008-99
79h 9tF35006 flet FOR tet DenF 33 (18Cl e 0.0300000te02
TOS Of f sot D$ 999988 F05 Tet 900F e 0.2$ 359 29t ee l
708 ftselsak fttnC!tt OF Tet 990P (C e/S BC) e 0.39443248808
fet C30Ctefftff00 (F Tet 148 IS te0Les/Lifet) 0.10000004-04
f ee 108tt4L CoscleTeif tes 0F Tet D00F IS (ectf S/ Lit ta) e

a2 e 8.00000008000
I- e 0.00000F0t*00

0.0000040Beent e
0.00000002.0030t+ e 00

ee a 6.t0000008-90
8 0- e 0.00000408900
8 3- e 0.0000000 B +00

fat seteta OF notes 0F toeles (123 stootte Is e 0. 12499190-09'
Tet essegg 0F epass of 109100 0840983 18 * 9.32231440 06

r

TSB FE84L CosC85f 98? Ice OF TAB 300F IS (actos /tt?S0)
82 e 0.0%941200-43
I- e 0.14999698-02

* 808 * 8.44279598-01
303- e 0.30409648-03

8e e 9.1000000B.00 ,(BO- e 0.92797988-99
8 3- e 0.941M308-03

.y

S

!
(: ,

{ i..i
]|
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,

F FFF FFFFFFFF FFF ett'00000n Artagetteste S SSSMSSS MiSM 000000000
F F FF FF FF FF FF FF F n00000000 Baggstenstet $"SSSSS M MM M 000000000 .
FFFFFFFFFFFFFFF esnn000rion pappstestett SSSMMSSSSSSM 000000000
FFF 000 000 393 BBB 595 000 000
FFF tmo 000 0te sat $!S 400 000
FFF 000 000 Btf ett %!S 000 000
FFF 000 000 SSR 889 S *SMSS M 000 000000
FFF 000 000 333 See S 5555% $5 000 000000
FFF Ong 000 tea BBB $?SS5MM 000 000000
IFFFFFFFFFFF 000 000 SB8BattstBRB SM 00 0 000 000
FFFFFFFFFFfF 000 000 Betagsstaaet SS$ 000 000 000 m

IF FF FF F FF F FF one 000 teattentatta SSS 000 000 000
FFF 00ft 000 388 att SM 000000 000
FFF 000 000 893 Ret SSS 000000 800
FFF 000 000 RBs tat SM 000000 000
FFF 000 000 BBB tes SM SM 000 000
FFF 000 000 Ret 888 S?S 591 000 000
FFF 000 000 Sta SER SM SSS 400 000
FFF 000000000 Ret Ste SMS SSSM 900000004
FFF 000000000 Ret sta SSSSMSM 880000000
FFF 00000n000 sta BBS 55555555% 000000000

EDDDDDD00000 &&4441841 T TTTTTTTT TTTTTT
f 900D00D0000 444414884 TTTTTTTTFTTTTTT
10D9009D8990 444taa448 TTTTTTTTTTTTTTT
909 DSD 144 414 TTP
989 D0D att &A& TTT
990 D9D Sta 484 TTT
DDB Det AAt att TTT
ets Ste 844 848 TTF
000 999 884 &&S TTT
899 DDD 184 444 TTT
D98 DO B &&& A84 TTF
989 DOS 844 444 TTT
998 Das a484444483443a4 TTT
See DDB 4488R84881888&& TTT
990 D9 8 4184448884848&6 TTT
989 DS9 844 884 TTF
DOS 99 9 ata 484 TTT
000 DOS 844 884 TTT
CDD0000000 De att Saa TTT
8300000009 D0 844 4A4 TTF
8800090D00D0 844 844 TTT

=

Flies DSts 70sSO.DAT[ 6492.2 32 ) Cteated: 25-Fah- 85 19195 3 00 (OSS) Ptteteds 2S-Feb-0S 10:06:24
Of tet Switcheet /FILtt FORT /COPIBSs 1 /TeaCliif: I /11937 3187

e

e flat 12 l- 23 1 10 9- Be 10- I l- F A LL SGUT
1. 91391968 01.$ 796 46 40-04 .22675 30bOS .2 3104910-85 .20992$00 4 8 .10000000-00 .5320 442b87 .960961 t9-07 .5 24182 89 eel
2 .2 6544160 0f .1079 8 700-03 .42249590-05 .45702SS0-95 .26 99 9 9 70-10 .3 0000000-04 . 31150049-06 .4 94 72 77F06 .90469160*02
3 . 4 8 4 8 3 310-09 . s p60108-D-01. 3410 2 3SD-04 91700529-04 .22070610-09 . 0 0000000-0 0 . 3617 3770-04 .17490540-05 . 3 7 Se4 3 300 02
4 .4840014s-01 .23562723 03 .29046550-04 .33310450-04 .1541421D-08 .10000000-00 .76707 70 bee .50 804829-OS .2113$ 100*02
S . 00096t See00 . 304969 99-0 9 .9114644D-04. 430367 30-04 .42989619-00 .10000040-00 .19700400-OS .41901740-04 . 3 9s t9 46 0*0 2
4 .14 209 0 30000 . 3 6 4445 70-0 5 .09 70 2 57b 04 .19130410-01.36102900-0 7 .10000040-0 0 . 214 31286-OS .2 4 34 S f 30-04 .5604913D*02
1.192S 7099*00 .4 2 913 77F 03 .1396% 32D-03 .17694999 e l .324 296 00-06 .9 0000000-00 .4074 729 FOS .4 3000 798-04 719%9420*02
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Appendix D
,

SPRAY MODEL, SAMPLE INPUT AND OUTPUT

C**********************************************************************
' C

C S PR AY 50 DEL
C 5. F. A LB ERT
C
C EHZ SPR AI 50 DEL SIEULATES THE REMOV AL 3 F 30LECULAR IODINE, I2,
C FR05 & GAS P3 ASE BY a SPE AT SYSTE5. THIS 50 DEL IS QU ASI-STElD Y-
C STATE 50 DEL THAT DETER 8INES THE ABSORPTION OF GASE005 IODI3E
C IETO THE SPR AT DROPLETS AND THEN REACTS THE 10 DIME $9ECIES
C 4 CCO RDI EG TO THE ICDINE HYDROLYSIS REACTIONS. A TUC-RESISTANCE
C 50 DEL IS USED TO DETER 8INE THE 5 ASS TRANSFER AED A R U RG E- K OTTA-
C FELEBURG $ (4) EUaERICAL IETEGR ATIDs ROUTIME IS USED TO INTEGRATE
C T EI IODIEE HYDROLYSIS REACTIONS. THIS 5AIN PROG R A M C ALLS THE
C SUB2CUTIMES ITTER AND FUNCTW. THIS PROGRA5 IS DESIGRID TO B05
C 05 A PDP-10 C08PUTER BUT SHOULD BE E ASILY CouTERTED TO RU5 05
C A NT PORTRAB 5ACHINE.
C
C T3IS PROGRAE IS T ALID FOR G AS PHASE TERPER ATURES OF 273K TO 1500K
C L ED LIQUID PBASE TE5 PIE ATURES OF 273K TO 385E. THIS PROGRAN
C SBOULD ROT BE USED CUTSIDE THESE TESPER ATURE RANGES BECADSE IHE

I C INTE25 ALLY DETE25INED PETSICAL PROPERTIES 51T BE INCORRECT.
C F ILE FOR22. D AT PR0f1 DES A SU55ARY OF THE CALCULATIONS OF THIS
C PEOG RA5 AND THE INTERNALLI CALCULATED R ESULTS CAN BE CHECKED.
C QTHER TE5P12&TURES CAN BE USED IF ONE INCORPOR ATES NEW
C CORRELATIONS FOR THE PHYSICAL PROPERTIES.
C
c es es as sa a..64 444 4..........+. .....................................,

C
I5PLICIT DOUBLE PEECISION ( A-5, K-Z)
I3PLICIT I3TEGER (I-J)

C
D IN Z5SION B (8) ,30 LD (8) , K1 (7) , K 2 (7) ,K 3 (7) ,R (7) ,3B (7) ,

1 DELT A (7) , WES (7) ,7 (7) ,K4 (7) , K5 (D ,K6 (7) , TOL(7) ,,

2 CCB(7) ,CC 17) ,CONPOL (8)
C

READ (5 8,8) A,85IN,55 AZ,IN
R EAD (4 9, * ) TOLER
R EAD (31, *) TEEPG,TZ5PL, PRESS, DIA 5, SA D,C I2S P, CIS P
R EAD (31, *) CHOIS P, COISP
R EAD (4 3, * ) CI2 G, CBS P, FLE AT , DU ET5
READ (31, * ) CIO3SP, CI3S P
R EAD (30,*)CDIA5, HEIGHT

C
9 FORM AT (' CONCI5TR ATION OF THE DROPS ',/)
10 F OR5 AT (' AT & TEEPERTURE OF THE G AS ' ,75. 2, ' DEGR ESS E EL7II'/

1 ' T HE TISCOSITY OF THE LIQUID (CP) = ' ,E 15.7/
2 ' T EE TISCOSITY OF THE G AS (CP) = ,215.7/

'THE PARTITION COEFFICIENT Is =','E15. 7/3
4 'THE DE5SITT OF THE LIQUID (G5S/CC) s ',315. 7/
5 'TBE DEISITY OF THE GAS (GNS /CC) = ' ,315. 7) .

11 FOR5 AT('THE DIFFUSION CCEFFICIENT FOR THE GAS (S Q C3/SEC) = ', E15.7
1 /'THE DIFFUSION COEFFICIZET FOR THE LIQUID (SQ C5/ SIC) = ',E15.7/
2 'THE GAS-SIDE 3153 TRANSFER CO EF FICIE NT (C3/ 3 EC) = ' E 15. 7/
3 ' TEZ LIQUID-SIDE 5 ASS TRANSFER COEFFICIENT (C3 /S EC) s ' , E 15. 7/
4' THE OV ER ALL LIQUID-SIDE 5 ASS TRANSFER COEFFICIE NT (C5/ SIC) = ', E15.
57 , / , 'THE 70 LUBE FOR ONE DROP (LITERS) = ' ,215.7/
6 'THE SURF ACE AREA FCE ONE DROP (SQ C3 ) =' , E15.7 /* 7 'THE EIPOSUEZ TI3E FOR THE DROP IS (S EC) =' , E15. 7/
8 'THE REYNCLDS NU5BER FOR THE DROP =', E15.7/
9 'THE TERMINAL YELOCITY OF THE DROP (C 5/S EC) = ' , E 15. 7)

.o
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12 F OR5 AT (IS) *

13 FOR5AT(' I2 = ',E15.7/
2' I- = ',E15.7/
3' 50I = ',E15.7/
4' Io3- = ',E15.7/
5' 5+ = *,E15.7/
6' ID- = ',215.7/ .

7' I3- = ',E15.7/)
14 FOR5 AT('THE FINAL CONCENTRATION OF THE LIQUID IS ( 5CLES/LITEE) :')
15 FOREAT('TRE 3U55E3 0F SOLES OF IODIN E (I2) RE50TED IS = ' ,215.7,/

1 'THE 30 5BER OF GR Ass OF IODIM E B 2507E3 IS =',E15.7,/)
16 FORE AT('THE FINAL CouCBr2E&IION OF ICDINE (I2) IN TER GAS IS ',

IE15.7,' (50 LES/ LITER) ' ,/)
17 F OR 11T ( ' TIRE BOLES 38D C05 GAS SU5 SLS 15

1D',/)
18 F ORE AT (' CODCIETRATION OF THE SPE ATED SOLDTIOR IE THE SORP ',/)
19 F025 AT (' W TI5E I2 I- BOI

1 IO3- 5+ IO- I3 ',/)
21 F035 AT ('ST EP SIII BELOW STEP BIE' ,D15.7)
22 F ORM AT (15,8 D 13.7)
23 F ORM AT (4D 15.7)
32 F035 AT ('THE EUBBER OF DROPS II THE Cort AIEEEST IS',I15.7/

1 'THE DROP FLUI (5058E2 0F DROPS /SQ C5 EIE) =',215.7/
2 'THE COSTAIE5BWT 70 LUBE (LITERS) s' , E15. 7/

3 'TH E 5 05B 33 0 F OUT E R LOO PS = ' ,I6 /)
33 FORR AT (/' THE N05BER OF GRANS OF IODIEE RZ80TED II THE IIPERI5ENT

IIS ',E15.7,/,' RESULTING IN AN ERROR OF ',E15.7,' PERCEMT.'/'
34 F0ER AT (//'TRE IIITIAL CONCERTI ATIDE II THE G AS OF',215.7,

l' ( BOLES / LIT EE) ' , /,
2'THE DURATION OF THE SPRAY (5II) ' E15.7,/,,

3'15E YOLD5E OF LIQUID SPE AIED CLITERS) 8,E15.7,/,
4' AND A $PRAI FLOW IATE OF 8,E15.7,' ( LI TERS/ BIN) ' , / ,

.

S' THE IIITIAL CONCENTIATION OF THE LIQUID (50LES/LITIB) :')
C

W RITE (5 0,9)
1 B RIT E (50,19)

W RITE (5 2,18)
W RITE (5 2,19)
31IT E (51,17) *

C
S F A= 3.1416 000 *S AD** 2
7 0L D = (3.1416 D0 0* DI A R* * 3. D 0 0) / ( 6. D 0 0* 1.0 D 3)
CI2GI=CI2G

C
T E5P G4 = TE5PG** 4

'TZ5P33=TE5PG**3
I!5PG2=TE5PG**2

C
!!EPL4=TEMPL**4
TEEPL3=TE5PL**3
TZ5PL2=TE5PL**2

C
T SL 1 =1. 86 6 2 866 D-8 * TE EPL 4- 2. 63 3 369 5 D- 5 -r E 5 PL3 + 1. 39 70 6 0 7D- 2 *TE 5P L2
T SL2 =- 3.3 074806 D 00* TEE PL * 2.9558666 D2

i TISLIQ=fSL1+TSL2
C

P C1 =9.9 814 76 D-7*TERPL 4- 1. 5730121D-3*TE5 PL3 +9. 278 56 7 6D-1 *TZ5PL2
P C2=-2. 42 8 8 3 88D2*TZ5PL * 2.3 824 847D4
P C= PC1 + PC 2

C
D vL 1 =6. 0251147 D-9 *TE 5PL3-9.13 29 60 4 >-6 *r E5P L2
D NL 2= 3. 57 3 572D-3 *TERPL +5. 83 58 882 D- 1
D ENLIQ= DEL 1+ DNL2 .

C
f S A l =- 2.8 713 29 3D- 15 *T Z 5PG 4 + 1. 69 09 463 D- 1 1 *TE5 PG 3- 4. 015 46 8 D- 8 * T!5 PG 2
T S A 2 =6. 56 7 94 29D-5 * TZ5 PG * 1. 952 3 691 D-3
TISG AS= TS A 1+ VS A 2

.
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T 5 P= 5.178 D-3 *TZ5PG,

0 5EG Al = TE P ** 3 * (-6.19 0 47619 0-2) +4. 6 57142 857D- 1 *T5 P* * 2
0 5EG A2=T5P* (-1. 30 4 238095D00) + 2.315428571D00
05EG A=0 EEG A 1 +05EG12

C
S L3T =1/ 2. 9 D 1+ 1/2. 5380 9 D2' *

C

D IFG AS= 1. 8 58 D-3 *TE5 PG e *1. 5 *sLET** 0.5/ (P R ESS* 4.4 3 55 D 0 0** 2 805EG A)
C

D IFLIQ=3. 91D-8 *TZ5PL/YISLIQ
C

D BG 1 =8. 2892055 D-16 *TER PG4-4.2656962 D-12 * TEMP G3 +8. 0 228 283 D-987Z 5PG 2
D RG 2 =-6. 8 3 25 529 D-6*TERPG + 2. 6129391 D- 3
D ENG AS=DEG l +DEG2

C
3 SE 1 =0. 83 D00 * ( (DEELIQ-DErG AS) /DEE G AS) ** 0. 25*9. 81 D2 **0.25
3 352 = (YIS G AS / ( 1. 3 D 2 * DEEGLS) ) * *-0.17* DIF G AS ** 0. 67 * D IA s **- 0. 25
E GI2 =G S 51 * GS 52

C

N D1=4.D00 *DE RG AS* (DE5 LIQ-DIEG AS) *9.81 D2 * DI AR** 3
B D2=3.0 D0 0 * (TISGAS/1.0 D2) ** 2
E D= 3D1/ED2
W W= DLOG10 (3D)

C

E RE 1 = (- 1. 81391 D00 + 1.34 671 D 0 0* W W-0.124 27 D 0 0 *s W * * 2 + 6. 3 4 sD- 3 *s 3 ** 3)
s tr= 1. 0 D1 * * NE E1

C

T RET EL= NE E* ( TISGAS/1. 0 D 21/ (DI As* DEFG AS)
C

EIPT5= HEIGHT *1.0D2/TE5fEL
C

K LI2 0= (4. 0 000 * DIFLIQ* TERT EL/ (3.1415D 0 0* DI15) ) ** 0.5e

C

E LOY =tGI2 * KLI20/ (PC* ELI20 + KGI2)
C

CCS A= (CDI A S/2. 0D0 0) * *2.0* 3.141492 65D00
C

DPRID=FLEAT/70LD.
C

F LID P= D PRIE/ (CCS1* 1. 000)
C

A DA E A= 6.0 D 1/ (EIPT5 * FLIDP)
C

ILCO P= D UE T 2 * 6. 0D1/EIPT 5 * 1. 0D0 0
C

Y CLCCE. AD AE A*5EIGHT/1.0D1
C.

70LS P= F LE AT* DU RT5
C

3 05 D PS= DP EIE * EIPT 5/6. O D1
C I

C YCL=CC SA * 5EIG HI* 1. 0 D3
C

WHITE (23,12)ILCOP
W RIT E (22,10) TZ5 PG , TIS LI Q, TIS G AS , PC, DEI LIQ, DENG AS
WRITE (22, 11) DIFGAS, DIFLIQ, K GI 2, KLI 20, KLO Y, TO LD ,SF A , EIPT3. 3 BE ,

1 THETIL
BEITE (22,32) NURDPS ,FLIDP,C70L,ILOOP

4

WEITE (22,34 ) CI2G, DD RT5,70LSP, FLE AT
|C
!C D ETEE5IEE THE EQUILIBRIU5 CONSTA 3TS FOR K4, K5 A ND E6

C
{"

E K6=-4. 09 8 D0 0- 329 5. 2D 0 0/TZ 5PL * 2. 2 363 D 5/ (TEMPL * * 2) - 3. 9 84 07 / (TZ5 P L * * ;

13 ) + (13. 957D 0 0- 1262.3 D 00/T!5PL + 8. 5641 D5/ ( TZ5P L**2) ) * DLCG ( D E 3 LIQ) !

R K 6 = 10 * * (RK 6)

|

I
.

1

j
,
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R K5 = 10 * * (2 800. 48 D 00 +0. 733 5D00 * TEM PL-8 06 7 0. 0D 00 / TEE PL ,

1- 1115.1D00*DLOG10 (TEaPL) )
C

R K4= DEIP (3727. 86000 /TE BPL- 11. 6326D 00 +0. 019 2212D0 0*TE5PL)
C

20GTPL=EIPT5/2.0D1
S PA= SFl*EU NDPS

*
TOLD =gGEDPS* TOLD
TOLD =A
Q =1. 0D- 1

C
WRITE ( 22,13 ) CI2S P, CIS P, CE0IS P, CID 3S P,C ES P , COISP , CI3 S P
I RITI (5 0,22) I,TIEE,50LD (1) ,50LD (2) ,50LD ( 3) ,50LD ( 4) ,90 LD ( 5) , uGLD (6)

1 ,50LD (7)
C

0 0 1100 II=1,ILOOP
I RK= IBK +1.0 000
E = 1. 0D- 2
20LD=&
5 = EX PTB

OI2G=((CI2G*CTOL)-SUE 50L)/CY0L
CI2L=CI2SP

C
4 C IIITIALI2E THE SPEAI DROPS

C
50LD (2) =CISP
WQLD(5)=CESP
5 0LD (4) =CIO3SP
5 0LD (7) =CI3SP
3 0LD (3) =CEOIS P
WOLD 16) =COIS P
B OLD (8) =R K6/ WOLD (5)

C '

50550L=0.0D00
C
C BEGIN THE EUEGE-KUTT A-FELEBURG INTEGRATION ROUTIEE
C
1 T=TO LD
C ,

C D ETERBIME THE 5153 TIABSFEP TO THE SPEAI DIOPLETS
C

'

50LD (1) =CI 2L
W 50L=sota (1) *f 0LD
S OLTE=KLOV* E*S PA* (CT2 G*PC-BOLD (1) ) /1.0D 3
5 CLD (1) = (N BCL+50LTI) / TOLD

C
C CILCULATE K'S
C

DO 3 0 J=1,IE
I W (J)=W QLD (J)

30 CouTI30E
C

C ALL FURCTE (5,80LD,F,IE)
C

DO 40 J=1,II
K 1 (J) = 5* F (J)

to CONTINUE
C

DO 5 0 J=1,IN

V (J) = WOLD (J) + K1 (J) /4. 0D00
50 CONTIEUE
C

O ALL FU NCTN (W ,50LD, F,II),

| C "

| DO 60 Jal,IN
K2(J)=B*F(J)

.

,
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60 CONTINUE.
C

DO 80 J=1,IE
f (J) =5 0LD (J) +3. 0D0 0 * K 1 (J) /3. 2D1 +9.0D00 * K2 (J) /3. 2D 1

80 C ONTIEU E
C

O ALL FU BCTE (f,50LD,F,IE),

DO 90 J=1,IE
K3 (J) = B* F (J)

90 CONTIEUR
C

DO 110 J=1,IE
f (J)= WOLD (J) + 1.9 32D3 * K1 (J) /2.197D3-7.2 D3* K2 (J) /2.197D3

1 +7. 296 DJ * K3 (J) /2.197D 3
110 CONTINUE
C

C ALL FU NCTE (5,50LD,F,IE)
C

Do 120 J=1,IE
K4 (J) = Be F (J)

120 CONTINUE
C

00 130 Ja1,IE
5 (J) =W OLD (J) + 4.39D2* E1 (J) /2.16D2-8. 0D0 0 * E2 (J) +3.6 8 D3 *K3 (J) /5.13 02

1 -8.4 5 D2 *E 4 (J) / 4.104D 3
130 005T130E
C

C ELL FU NCTE (9,50LD, F,II)
C

00 140 Ja1,IE
ES (J1 = B' F (J)

* 140 005T1303
C

Do 150 Ja1,IE

f (J) =s 0LD (J)-8.D 00 * E 1 (J) /2.7D 1 + 2.D0 0*K 2 (J)- 3.54 4D3 * E3 (J) /2. 56 5 03
1 + 1.85 9 D3 *t4 (J) /4.104D}-1.1D 1* E5 (a /4. 0D 1

150 00ETIEU E
C.

C ALL FU BCT E (5,80LD, F,IE)
C

00 160 Jel,IE
E6 (J) = p* F (J)

160 CONTIEUE
C
C
C D ETEREIEE THE CONCIFTEATION OF ALL IoDIEE BID 50LISIS SPECIES
C AND CEECK EE303
C

D O 100 Ja l,IE

WB (J) = WOLD (J) + 1. 6 D 1* K1 (J) /1. 3 5D2 + 6. 656 D 3* K3 (J) /1. 2 8 2 5D 4 +
1 2.8 5 61D 4*K 4 (J) /5.643 D4-9.0D 00* K5( J) /5. 0 D1 + 2. 0 D0 0* K6 (J) /5.5 01

E (J ) = & BS (K 1 (J) /3. 6D 2- 1.28D2 *K3 (J) /4.27 503-2.197D3 * K4 (J) /7.5 24 D4
1 + K5 (J) /5. 0D 1 + 2.0 D 00* K 6 (J) /5.5D 1) /E

20L (J) = AES (WB (J) *TOLEE)
DELTA (J) =0. 84 * (TO L (J) /B (J) ) * * 0. 25

100 C ONTINU E
C

D0 500 J=1,IN
IF (I (J) .GT. TOL(J)) GOTO 900

500 00ETIEUE
C

0 0 510 Ja 1,IE
*

VOLD (J) = 8 B (J)
510 C ONTIEU E
C

a

, . . ~ . _ _
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C D ETERMINE THE EQUILIBRIUS CONCENTRATION FOR EQUATIONS 23, 24 AND
C 25 *

C
B B=- 1. 0 D0 0- (WOLD (2) + E CLD (1) ) * RK4
:=90LD (2) * WOLD (1) * RK4-WOLD (7)
D =-B B/ ( 2. 0 D 0 0 * RK4)
E = ( ( BB* *2. 0D00-4. 0 D00 *RK4 *C) * * 0. 5 000 ) /( 2.0 D0 0* RK 4)
T=D-R *

C
IF(Y .LT. 1.0 D-18 .1E D. f .3E. 0.0 D00) CALL ITTER (HOLD,RK4,C,V)

C
3 0LD (7) =80LD (7) +Y

'
5 0LD (1) =90LD (1)-F
3 0LD (2) =80 LD (2)-Y

C
IF (II .EQ. 4)GOTO 600

C
R R= WOLD (6) +50LD (5) + EE5
S=-R K5* e0LD (3) +v0LD (6) *s0LD(5)
5 = (- BR+ (RR*RR-4.0 D00*S) ** 0.51/2. 0D00
3 0LD (5) =s0LD (5) +5
GOTO 605

C
600 8 = (R K5 * e0LD ( 3) -WOLD (6) * WOLD (5) ) / (UCLD (5 ) +RK5 )
C
605 5 0LD (6 ) = WOLD (6) +a

8 0LD (3) = WOLD (3)-5
C

IF(II .!Q. 4)GOTO 615
C

U=s0LD (8) * WOLD (5) -BK6
f f= WOLD (8) +5CLD (5)
I= (- TY + (V V * f f-4.0 D 00*0) ** 0.5) /2. 0D00 ,

3 0LD (5) =s0LD (5) +I
3 0LD (8) =60 LD (8) +1

C
615 T OLD = TOLD + H

S U550Ln SU 5 5CL+ 50LT R
F HT= IRE YE L * TIE R
CI2L=uB (1) *

F ET= TOL D* T15YEL
D EL= DELTA (1)
IF(I3 .3Q. 1)GOTO 905

C
DO 520 J=2,IN

IF (DEL .LT. DELTi(J)) GOTO 520
DE L=DELT A (J)

520 CONTI3UE
C

30TO 905
C
C D ETE R5INE NEW STEP SIZE
C
900 D EL= DELTA (J)
C
905 IF (D EL .GT. Q) GOTO 910

H5EW=Q*H
G OTO 1000

C
910 IF (D EL .LT. 4. 0)GOTO 920

HNEv=4.0D00*H
i GOTO 1000

C
9 20 H5Ef= DEL *H a

C
C C HECK N EW STEP SIZE WITH 511 AND SIN SEEP SIZE

.

.
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C
= - 1000 IF (HEE W .LT. 5511)GOTO 930

EMEW=HEAX
C
930 IF (BNES .LT. HEII) GOTO 1111

L EF T=8-TO LD-5 N EW
C

IF(LEFT .GT. 0.0) GOTO 5000*

HNEW=8-TOLD
C
5000 s=H525
C

IF (TCLD .GE. 5) GOTO 999
3 0TO 1

C
C
999 SUR= SU s +50550L

TI3E=TIEE+ TOLD /6.0D1
FBT=TIHE*TERYII,
E=1.00-2
TOLD =&

C

W RIT E (50,22) II,TI E2,30LD (1) ,50 LD (2) ,VOL D (3) , v0LD (4 ) , ucLD ( 5) ,
1 10LD (6) ,20LD (7)
W R IT E (51, 2 3) TIEE ,50ss0L,CI2C, sus

C
C DETERMINE THE CONCENTI ATION IN THE SUBP
C
C B EGIE RUEGE-KUTT A-FELEBORG INTEGRATTON ROUTIII
C
C 01LCULATE K'S
C
4 DO 31 Jal,IEr ,

CC (J) =C05 POL (J)
31 00sTINUE
C

C ALL FUNCTN (CC,CONPOL,F,II)
C

DO 41 J=1,IE
*

K1 (J) = B* F (J)
41 00NTIJUE
C

DO 51 Jal,IN

CC (J) =CONPOL (J) +K1 (J) /4.0D00
51 005TIEUE
C

C ALL FUNCT3 (CC COMPOL,F,IE)
C

DO 61 Jm1,II
K 2 ( J) = 98 F (J)

61 C ONTINUE
C

DO 81 J=1,IE

CC (J) = C05 POL (J) + 3. 0 0 00* K 1 (J) /3. 2D 1 * 9.0 D 00 * K 2 (J) /3.' 2D 18% C ONTIEU E
C

C ALL FUNCTE (CC,COMPOL,F,II)
C

D O 91 J=1,II
K3 (J) = R* F (J)

91 CONTINUE
C

D0 111 J= 1,IE
-

CC (J) = CO R POL (J) + 1. 93 2D3 * K 1 (J) /2.197D 3- 7. 2D3 * K2 (J) /2.19 7D 3
1 +7. 296D3 *K 3 (J) /2.197D3

111 0037INUE

.
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C
C ALL FUNCTE (CC,COMPOL,F,IN) *

C
Do 121 J=1,IE

K4 ( J) = 5* F (J)
121 CCITINUE
C

DO 131 J-1,IN .

CC (J) =C05 POL (J) +4.39D2*K1 (J) /2.16D2- S. 0000* K2 (J) +
1 3. 68 D3 *K3 (J) /5.13D2- 8.45 D2* K4 (J) /4.10 40 3

131 "0BTINDE
C

C ALL FUNCTE (CC,COEPOL,F,IE)
C

DO 141 Jul,IB
K5 (J) = B* F (J)

141 COBTINUE
C

00 151 Jul,IE
CC (J) =COE POL (J)-8.0D00*K1 (J) /2.7D 1+2.0 000 *K2 (J) -

1 3. 544 D 3*K3 (J) /2.565D3 +1.85 903 *K4 (40 /4.10 4D3-1.1 D1 *K5 (J) /4. 0D1
151 C ONTINUE-

C
~1LL FUNCTE (CC,COEPOL,F,II)

C
Do 161 J=1,IN

K6 (J) = Be F (J)
161 C ONTIEUR
C
C D ETEREIEE TEI CONCENTI ATION OF LLL OF T HE IODINE HIDEOLISIS
C SPECIES AND CEECK EERCE
C

00 101 J=1,IE
,

CCB (J) =COMPOL (J) +1.6 D1*K1 (J) /1.35D2 +6. 6 56 D3 * K3 (J) /1. 2825D4+
1 2.85 61D4 *K4 (J) /5.643 D4- 9.0D 0 0* K5 (J) /5. 0D 1+ 2. 0 000* K6 (J) /5.5 D 1

R (J) = A BS (11 (J) /3. 602-1.28 D2* K3 (J ) /4.27 5 D3-2.197 D3 * K4 (J) /7.5 24 De
1 + K5 (J ) /5. 0 D 1 + 2.0 D 00* K 6 (J) /5. 5D 1) / R

TOL (J) = A BS (CCB (J) *TOLEE)
DELT1 (J) = 0. 84 * (TOL (J) /E (J) ) ** 0. 25

101 CONTINUE *

C
Do 5 01 J=1,IE

IF (R (J) .GT. TOL(J)) GOTO 901
501 CorTINUE
C

DO 511 J=1,IN
COM POL (J) =CCB (J)

511 00tTINU E
C
C DETERMINE TEE EQUILIERIDE CONCINTRATION FOR EQUATIONS 23, 24 AND
C 25
C

3 D=- 1. 0 D00- (CO NPOL (2) + CON POL ( 1) ) * RK 4
C =CO MPOL ( 2) *CO MPOL (1) *RK4-COR POL (7)
D =-B B/ ( 2. 0 D0 0 *EK 4)
E = ( ( BB* *2. 0D0 0-4. 0 D00*RK4 *C) * *0. 5 D00) /( 2.0 D0 0*tK 4)
f=D-Z

C
666 IF(Y .LT. 1.0D-18 .AED. Y .NE. 0.0D00)C ALL ITTEE (COMPOL,EK4,C,Y)
C

C ORPCL (7) =CONPOL (7) +7
CONPOL (1) =CONPCL (1)-f
C ORP CL (2) = C05PCL (2) -Y

C -

IF (IN . EQ. *) GOTO 601
C

.
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B R=C05PCL (6) +C05 POL (5) + RK 5
S =-E K5* CO E POL (3) +CONPOL (6) *CO N POL (5),

a = (-st + (ER*RE-4.0D00*S) ** 0.5) /2.0D00
CONPOL (5) =COMPCL (5) +5
GOTO 606

C
601 5= (R K5 *CO M POL (3)-COMPOL (6) * CON POL (5) ) / (COM PO L (5) +R K5)
C*
606 CosPOL (6) =CO EPOL (6) +5

- CORPOL (3) =CONPOL(3)-5
C

IF(IE .EQ. 8't GrM 616
C

U =CO RPOL (8 ) *Ca a POL (5) -tK6
T Y=C 05 POL (8 ) +CCEPOL (5)
I = (- 77 + (TT*f f-4.0 D00*0) *=0.51/2. 0 D00
CosPOL (5) =C05 POL (5) +I
C OR POL (8) =COEPOL(8) +1

C
616 TOLD = TOLD +R
C

D EL= DELTA (1)
C

IF (IE .EQ. 1) GOTO 906
C

D0 521 Jm2,IE
IF (DEL .LT. DELT1(J)) GOTO 521
DEL = DELTA (J)

521 CONTIEGE
C

GOTO 906
C
C D ETIERIEE BES STEP SIZE

* C
901 D EL= DELTA (J)
C'
906 IF (DEL .GT. Q) GOTO 911

EEEW=Q*H
G OTO 1001

C,

911 IF (D FL .LT. 4.0) GOTO 921
E NEW =4. 0D 0 0* 5
G OTO 1001

C
921 HIEW = D EL* H
C
C " HECK EEE STEP SIZE WITE 511 AND 5II SEEP SIZE
C
1001 IF (5E25 .LT. HERI)GOTO 931

55E5=5511
C

'

971 IF (HNEW .LT. BRIE)GOTO 1112
L EF T=8-TO LD-B M EW

:
IF(LEFT .GT. 0.0) GOTO 5001
55EW=B-TOLD

C
5001 H=EEEE
C

I F (T CLD . GE. B)GOTO 998
C

GOTO 2
C
998 DO 800 IQ= 1,7

,

C
800 0 0N PCL (I0) = ( SOLD fI C) *T CLD + CON POL (ICl * PO LYO L1/ IPO LYOL + 70LD)

=

'
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P OLT CL= PO LY CL+ V OLD
C .

B RIT E (5 2,22) II TIME,CO M POL (1) , CO MPOL (2) , C05 POL (3) ,CO M POL (4) ,
1 CCNPOL (5) ,COMPOL (6) ,C05 POL (7)

C
1100 C ONTINUE
C

SUEGan=2.53809D2*SUa .

C
8 RIT E (22,16) CI2G
8 RITE (22,15) S U s,SusGas
s IIT E (2 2,1 a)
i RIT E( 22,13) CD EPOL ( 1) ,COM POL (2) , C05 POL ( 3) , CD EPOL (4) , CCEPOL (5) ,

1 C0 sPOL (6) , CORPOL (7)
C

GOTO 3000
C
1111 U RITI(40,21) 53E5
1112 5 RITE (40,21) HE EE

' 3000 S TOP
C

END

1

1

.

r

,

I

4

i

'5

|

I

e .

1

O
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C****************************************************=******=*********
C.

C S UBR00 TIME FUNCT3
C
C THIS SUBROUTINE CONTAINS THE DIFFERENTI AL EQUATIONS (KINETIC RATE
C EQU ATIC ES) TO BE INTEGRATED. THIS SUBROUTIME IS CALLED F205 THE
C R UNGE-KUTT A-FELEBURG INTEGR ATION ROUTIN E IN THE KINETIC, D RO P,
C S PR AI A ND W A LL-S PR AI BODELS.,

C
Co*************************************************=*******************
C

S UBROUTIE E FUNCTN (W ,90LD , F, IN)
C

I5PLICIT DOU BLE PRECISIDE (1-R,K-I)
I5PLCIT INTEGER (I-J)

C
D IRE ESION f (8) ,50LD (8) ,F (7)

C
IF(IN .EQ. 5)GOTO 5

C
f (5) =v0LD (5)

5 9 (6) =s0 LD (6)
C

RK1=3.0D00
RKR1=4.4D12
R K20=2. 500 2
R K21=1. 2D0 2
s Km2 =3. 0D08
R KP 3=9. 350-8

C
R 1=R K1* W (1)
RR1= RKR 1* E (2) *W (3) * W (5)
2 20= RK20*W (3) **2.0D00

*
R21= RK21*W (3) *W (6)
RB2 = RKR2* W (4) * S (2) * * 2. 0D00 *t (5) * * 2.0 000
R P3 = RKP J* W (5) * W ( 2)

C
F (1) =-11+R21 +5.0 0-1*RP3
P (2) =R 1-RR 1 + 2.0D0 0* (R20+R211/3.0D00-2.0D00 *RB2-RP3

+

F (3) = R 1-RR 1-R 2 0-E 21 +3. 0D 0 0*RR2,

F (4 ) = (R 20 + R 21) /3. 0 D0 0-BR2
C

IF (II .EQ. 5) GOTO to
C

F (5) =0.0000
3 0T 0 11

C.

10 F (5) =R1-BR1 +R20+R 21-3.0D00*RR2-4. 0 00 0*R P3
C
11 F (6 ) =0. 0D 0 0

F (7) =0.000 0
C

RETUR3
C

E5D

.

S
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C*=********************************************************************
C ,

C S UB ROUTIII ITTER
C
C THIS SUBROUTIME FINDS THE 200T TO THE QU ADRATIC EQUILIBRIU5
C EQUATION FOR THE FOR5ATION REACTION OF TRI-IODID E, I3- (EQUATION
C 2 3) . A SECANT HETECD IS THE ROUTINE US ED TO FIED THE 200T. THIS
C RETHOD IS CALLED N EEEEYER THE QU ADRATIC POR5ULA RESULTS IN LESS *

C IHAN APPROII51TELI THREE SIGEIFICANT FIGUERS. THIS SUBROUTINE
C IS C ALLED BI TEE PROGR ARS KIE ETIC, DROP, SPRAY AND W A LL-SP R& I.
C
C*********************************************************************
C

S UBROUTIN E ITTER (WOLD,RKS,C,Y)
C

I5PLICIT DOUBLE PRECISIDE (1-5,L-Z)
IMPLICIT INTEGER (I-K)

C
DIRE NSIOS WOLD (7) ,5 (7)

C
PO=1.0D-16
Pl=1.0D-18

C
Q 0=C-tK4* PO * PO-PO * R K4* (WOL D (1) +W OLD (2)) -PO

5 Q 1=C-RK4* P1* P1-Pl* RK4* (BOLD (1) * WOLD (2)) -P1
C

S ES= P1-Q1 * (P1-PO) / (Q1-QO)
C

C HECK = & BS (IEW-P1) /P1
C
11 IF (CEECE .LT. 1.0D-4) GOTO 10
C

PO=P1
Q 0=Q 1

*

P 1= E ZW
GOTO 5

C
10 T=NEW
C

R EIU RE ,

C
EMD

.

I

l
;

!

!
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Spray Model sample input
,

A = 0.0 COISP = 0.0

B = DURTM = 10 CHSP = 1.0 x 10-9

HMIN = 1.0 x 10-10 CIO3SP = 0.0
.

HMAX = 1.0 x 102 CI3SP = 0.0

IN = 4 PRESS - 1.0

TOLER = 1.0 x 10-2 CDIAM = 3.3

TEMPL = 298 HEIGHT = 15.4

TEMPG = 298 FLRAT = 37

DIAM = 0.1

SAD = 0.1

CI2G = 1.0 x 10-5
CI2SP = 0.0

CISP = 0.0

CHOISP = 0.0
.

.

4T & T18FtET0kt OF ?tt GAS 290.00 0248t51 B11913' TE1 WESCCSITT OF TER LIQUID (CF) * 4.09723343*00
TR1 f!SC351f10F TBS ELS (CF3 a 0.10103708-01

. 069 3416T+02T51 Pit?!=IOS COEFFICIENT IS = *
TN18135t?! 0F Tat EggntD (GAS /CC3 a 0.99691602 00

0.11029498-02T51 DERSITY OF Tm3 GES (195/CC) e
(30 C A/SBC) 3.0040764 B-01TES DIFF6SIDW COBFFICIRWT FOR 783 G45

Tat DIFPSSIDW CCEFFICIEWP FOR TER LIQsID (30 Cs/Sacle 0.12906375-04
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Appendix E.

WALL-SPRAY MODEL, SAMPLE INPUT AND OUTPUT

C*******************************************************************
C.

C EALL-SPRAY 50 DEL
C
C 5. F. ALBERT
C
C THE SALL-SPS AY 50 DEL SI5GLATES THE REED V AL OF GASPOUS 50LECULAR
C IODIFE, I2, BY HATER SPRAYS AND ALSO BY THE 9ATES 05 THE E ALLS
C OF THE CONTAI55ENT 7ESSEL. THIS 50 DEL IS ESSENTIALLY THE SPEAT
C 50 DEL WITH THE ADDITION OF A SI5ULATION OF THE A BSOSPTIos OF A
C 3AS SY & FALLING LIQUID FILN. A TUO-RESISTANCE 50D EL IS USED TO
C D ESCRIB E THE 5 ASS TRAMSFER. A BU 5GE-KUTTA-FELHBURG 5 (4) NUS ERIC AL
C I NTE GR ATION ROUTI3E IS USED TO INTEGRATE THE IODINE HYDROLYSIS
C REACTIONS. SUBBOUTINE CALLED FROM THIS MAIN PROGR A5 ARE ITTER,
C FUNCT3, HALL AND POOL. THIS PROGRA5 IS DESIGNED TO RUN 05 A
C PDP-10 COMPUTER BUT SHOULD BE EASILI CONVERTED TO RUN ON A5I
C FORTRAN COMPUTER.
C
C**********************************************************************
C

I5PLICIT DOUBLE PRECISION ( A-5, K-Z)
I5PLICIT INTEGER (I-J)

C

D I5 E NSION 7 (8) , WOLD (8) , K1 [h , K 2 (7) ,K 3 (7) ,R (7) , ES (7) ,
1 DELT A (7) ,2ES (7) , F (7) , K4 (7) , K5 (7) ,K6 (7) , TOL( 7) ,
2 CC3 (7) , CC (7) ,C0 5 POL (8) ,CO NW AL (8,30 0)

C*
R EA D (58, *) A,85IN,85 AI,IN
R EAD (49, *) TOLER
READ (31, *)TE5PG,TE5PL, PRESS,DIA 3, SAD.CI2SP,CISP
R EA D (31, *) CHOIS P, COIS P
READ (4 3, * ) CI2G ,CHSP, FIR AT ,00 RT5
R EAD ( 31, *) CIO 3S P, CI3S P
1 EAD ( 30, * ) C DI A s, H EIG HT, f F R AC, WH T=

C
9 FOR5 AT (' CONCENTR ATION OF THE DROPS',/)
10 FOR5 AT (' AT & TE5PERTURE OF THE G AS ' ,F6.2,' DEGRESS KE17I3'/

1 'THE TISCOSITT OF THE LIQUID (CP) =' ,E 15. 7/
2 ' T EE 7ISCOSITY OF THE G AS (CP) = ' , 315. 7/
3 'THE PARTITICS COEFFICIENT IS **,E15.7/
4 '?HE DENSITY OF THE LIQUID (G55/CC) =',E15.7/
5 'THE DENSITY OF THE GAS (G5S /CC) =',E15.71

11 FOR5 AT('THE DIFFUSION COEFFICIENT FOR THE GAS (S Q C5/SEC) = ', E15. 7
1 /'THE DIFFUSION COEFFICIENT FOR THE LIQUID (SQ C5/S EC) = ' ,E 15. 7/
2 'THE GAS-SIDE SASS TRANSFER CO EFFICIE NT (CE/SEC) * '!15. 7/
3 'T HE LIQUID-SIDE M ASS T RANSFE3 COE YYICIENT (C5 /S EC) = ' ,215. 7/
3' THE OV ER ALL LIQUID-SIDE S ASS TR ANSFER C0!FFICIE NT (C 5/S EC) = ', E15.
57 ,/, 'THE 70 LUBE FOR ONE DROP . (LITERS) =' , E15.7/
6 'THE SUEFACE AREA FOR ONE 080P (SQ C5 ) =' , E15.7 /
7 'THE EIPOSURE TI5F FOR THE DROP IS (S EC) =' , Z 15. 7/
8 'THE HETMOLDS 5058!3 FOR THE DROP =', E15.7/
9 'THE TERSIN AL 7ZLOCITY OF THE DROP (C 5/S EC) = ' , E 15. 7)

12 FORM A?(IS)
13 F0an &T (' I 2 = ' , 215 . 7/

2'- I- =.',E15.7/
3' HOI = ',315.7/
4' I03- ='',E15.7/

e 5' H+= * ,E15.7/
6' IO- = ',315.7/
7' I3- = ' , E 15.7 /)

e

_ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ . . _ . _ _ . _ _ _ _ _ _. . . _ _ _ . _ . _ _ _ _ _ _ _ _ . _ _ . _ _ __ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ . _ _ . _ _ _ _ _ _ _



180

14 FORM AT ('THE FINAL CONCE3TR ATION OF THE LIQUID IS (MCLES/ LITER) :')
15 r0R5 AT('THE 505BER OF 20LES OF IODI3 E (I2) R E50f ED IS = ' , E15.7, / '

1 'THE NUBSER OF GR ASS OF IODIN E R EMOVES IS =' ,315.7,/1

16 FOR5 AT ('THE FI5 AL COFCENTR ATION OF IODIME (I 2) IN THE GAS IS ',
1!15.7,' (50LES/ LITS #1',/)

17 F OR5 AT ( ' TI5E MOLES E5D CON G AS 505 MLS B5
1D',/)

18 F OR5 AT (* CONCENTR ATION OF THE SPEATED $0 LOTION IE THE SUMP ',/) *

19 FOR5 AT (' 5 TIME I2 I- HOI
1 IO 3- s* IO- I3 ', /)

21 FOR5 AT (' STEP SIIE BELOW STEP 5IN' ,D15.7)
22 F OR M AT (IS ,8D 13.7)
23 FOR5 AT (4D15.7)
32 FOR5 AT ('THE 505BER OF DROPS II THE COBT AINHEIT IS',215.7/

1 'THE DROP FLUI (NU5BER OF DROPS /SQ C5 MIN) =',215.7/
2 'THE CouT AIN5EET YOLUBE (LITERS) =' ,E15.7/
3 'TH E EUBBER OF QUTER LOOPS m' ,I6/)

33 FOR5 AT (/' THE NU5BER OF GR155 0F ICDINE RE50 TED I3 THE EXPERIMENT
1IS ' ,E15.7,/,'RESULTING II AN ERROR OF ' , E 15. 7, ' P ERC ENT. ' /)

34 FOR5&T (//'THE INITIAL CONCENTRATION IN THE G AS OF', E15.7,
l' (E CLES/ LIT ER) ' ,/ ,
2'THE DURATION OF THE SPRAI (MIN) ',E15.7,/,
3'THE TOLUME OF LIQUID SPEAIED (LIT ERS) 8,E15.7,/,
4' 45D & SPRAY TLOS RATE OF ',E15.7,' (LITERS /5IM ',/,
5'THE IIITI AL CONCENTR ATION OF THE LIQUID (BO LES/ LIT ER) :')

C
s RIT E(50,9)
E RIT E (5 0,19)
W RITE (5 2,18)
WRITE (52,19)
U RIT E (51,17)

C
5 SFA=3.1416D00*SADe*2 .

T OL D = (3.1416 D0 0* D I A 5* * 3. D 00) / ( 6. D 0 0 * 1.0 D J)
CI2GI=CI2G

C
T EMP G4 =TEMPG ** 4
f EEPG3=TEMPG** 3
T E5 PG 2=T!5 PG * * 2

*

C
FZ5PL4sTZ5PL**4
TE5PL3=T!5PL**3
ZE5PL2=TZ5PL**2

C
T SL 1 = 1. 866 2866 D- 8 * T! 5PL 4- 2. 63 3 3 6 9 5 D- 5*T E 5PL 3 + 1. J 9 70 607 D- 2 *TE 5P L2
T SL 2 =- 3. 3 074 806D 00 * TE5 PL + 2.9558666 D 2
TISLIQ=fSL1*fSL2

C
P C1 = 9. 9 814 76 D-7*T E 5 PL 4- 1. 5730121 D- 3 * TEM P L3 +9. 278 56 7 6D-1 * TE M PL2
P C2=-2. 42 883 88 02* TE5PL * 2. 3 824 84 7D4
PC* PC1 * PC 2

C
D EL 1 =6. 0251147 D-9 *TE5PL3- 9.13 2960 4 D- 6 *T Z5PL 2
D EL 2= 3. 57 3 57 2D-3* TZ5 PL *5. 835 88 82D-1
D ENLIQ = DEL 1 * D N L2

C
7 5 41 =- 2.3 713 29 3D- 15*T E 5PGa +1. 6909 463 D-11 *TE5 PG 3- 4. 015 46 8 D-8 * T! 5PG 2
T S A 2 =6. 567 9 4 29 D- 58 TE 5 PG * 1. 952 3 6910-3
FISG AS= VS A 1 * VS A 2

C
75 P= 5.178 D- 3 *T Z5PG
3 5EG 11 =T5 P ** 3 * (-6.19 047619 D-2 ) *4.65 7142 8 57 D- 1 *T5 Pa * 2

| OBEG A2=T5P = (- 1.30 4 238095D 0 0) * 2.31542 8571000
*

! Q BEG A= 0 HEG A 1 *03!G A 2

| C
l 5 LIT *1/2.9D1+1/2.53809D2
|
!
l

! -

|
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D IFG AS= 1. 8 58 D-3*T EM PG * * l. 5 * ELWT* * 0. 5/ (P a !S S* 4.43 55 D00 ** 2 '05EGA )D IFLIQ = 3. 91D-8 8T EM PL/YISLIQ.

C
3 5G 1 =8. 28 9 20 55 D- 16 *T ES PG4 -4. 2 6 56 9 6 2 D-12 *TE RPG 3 +8.0 2 28 28 3 D- 9 * TE M PG 2
D NG 2 =-6. 8 3 25 529 D-6 * T E 5 PG + 2. 61293 91 D- 3
DENGES=DEG1*DEG2

C
3 S51 =0. 83 D0 0 * ( (DEELIQ-DEEG AS) /DENG AS) ** 0.25*9.8102**0.25,

3 55 2= (VISG AS / ( 1.0 D2 * DEDG AS) ) * *-0.17* DIFG AS** 0. 67 *D I As **-0. 25
K GI2 =GS 51 * GS E2

C
E D1 =4. D00 * DE EG AS* (DENLIQ-DEEG AS) * 9.81 D2 * DI A5 ** 3
N D2 = 3. 0 D0 0 * (YISG AS/1. 0 D2) * * 2
E D= 5 D1/ND2

C
S B= D LOG 10 (ED)

C

S E E 1 = (- 1. 81391 D00 + 1. 3 4 671 D 00* st- 0.12 4 27D 00 *v s ** 2 * 6. 34 4D- 3 * v s * * 3)
E RE= 1. 0 D1 * * E R E 1

C

TR5f EL=MR E* (YISG AS/1.0D2) / (DI A R*DEEG AS)
C

EIPT5=5EIGHT*1.0D2/TE5fEL
C

K LI2 0= (4. 0 000 * DIFLIQ'TERV EL/ (3.1415D00* DI15) ) * *0.5
C

E LOY=K GI2 * KLI20/ (PC* KLI20 + KGI 2)
C

CCS A= (CDI A 5/ 2.0D0 0) **2.0 * 3.141492 6 5D00
C

DP5I5=FLIAT/YOLD
C

F LID P= D P5II/ (CCS A * 1.0 D 4), ,

A D AR1=6.0 01/ (EIPT5 * FLIDP)
c

ILCO P= D URTM *6. 0 D1/ EIPT 5 +1. 0D00
C

V OLC CM= AD A R A * B EIG HT/1. 0 D 1
C.

Y OLS P= F LI AT* DU HT3
C

N U5 D FS= DPHII* EIPrs/6. 001
C

C YOL=CCS A * B EIG HT *1. 0 D3
C

E LT5= (HEIG HT- BRT) * 1. O D2/T25f EL
C

85FR= (V FR AC* FLB AT * DE NLIQ* 1.6667D 1/ (CDIA 5 *3.14159 31 )
C

W FIL 5= (3. 0 00 0 * fIS LI Q* B EFI * 1. 0 D-4/ (DENLI Q ** 2* 9. 81 D2 ) ) * *0. 3 3
C

8 VEL =W 5FR/ (D ENLIQ* WFILa* 1.0D2)
C

B 70L=F L RAT * W FR AC* EI PT 5/6. 001
C

I5=0
IR AI=W HT* 1.0 D2/ (EIPT 5* st EL) + 1. 0000

C
'

K L2 = (6. 0D0 0 * DI FLIQ* s 5 F R/ ( 1.0 D 2 * 3.141593 * D E3L IQ* W FIL3* EI PT M * W YE L) )
K LN= KLW**0. 5

C
WAREA=UTOL/WFIL3

.' C
WRITE (23,12)ILCOP
WRITE (22,10) TE!PG ,7ISLIQ, VIS CAS . PC, rE N LIQ, DENG AS
URITE (22,11) DIFC AS, DIFLIQ, KGI2, KLI20, KLOT,70LD , SF A, EIPTH ,N RE , '

s

s.
-

4

-
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1. TR5YEL
i URIT E (22,32) NU5D PS,FLIDP,CTOL,ILOOP *

W RITE (22,34) CI2G, DU RT5,VOLSP, FLR AT
C
C DETERRIME THE EQUILlBRIUS CONSTAETS POR EQUATIONS 4, 5 AND 6
C ( EQ U ATIONS 23, 24 AND 25)
C

R K6 =-4. 098 D0 0- 3 245. 2 D0 0/T E RPL * 2.2363 D5/ (TEEP L*=2 )- 3. 9 84 D7/ (TE5 PL* * .

73 ) + (13. 957 D0 0- 1262. 3 D00/T E 5PL *8. 5641 D5/ (TE5P L** 2) ) * QL OG ( DE NLIQ)
R K6= 10 * * (RK6 )

C
R K5 = 10 ** (2 0 0 0. 48 D00 *0. 733 5D00 *TE5PL-8 06 70. 0D00 /TZ5 PL

1- 1115.1 D00 *DLOG 10 (TE5PL) )
| C

R K4 = DEI P (3727. 86 D00 /T E 5PL- 11. 6326 D00 +0. 019 2212 D0 0* TE5 PL)
- 3 - " C

200TPL= EIPT5/2. 0 D 1 '>

S F11 =S F A* NUR D PS
. YCLD1=5UNDPS*VOLD

TOLD =A
- Q =1. 0D- 1
IF (WOLD (5) .GT. 0.0000)GOTO 38-

WOLD (8 ) =0.0 D00
30TO 37

38 20LD (8) =RK6/ WOLD (51 -
C
37 W RIIE ( 22,13 ) C I2S P , CIS P, CH OIS P , CIO 3S P , C HSP , COIS P ,

1 CI3SP ,

B RIT E (5 0,22) I TI53, CI 2S P, CIS P, CH OISP , CI O 3S P, CESP , COIS P
| 1 ,CI3SP

C
DO 1100 II=1,ILOOP
IaK=15K*1.0D00^

*
5=1.0D-2
TOLD =A,

B=EIFT54

C
C INITIALIZE THE DROP CONCENTRATION
C

CI2 L=CI2S P' *

30L D (2 ) =CISP t
'

| 3 0LD (5) =CESP
WOLD (4) =CIO3S P

. OLD[7)=CI3SPW

W CLD (3) =CHOISP
E CLD (6) =COISP '

C
S U550L = 0. 0 00 0
WAL50L=0.0000
I FLA G= 1

' S FA=SF A1
7 0LD =f 0LD 1

C
C BEGIN TNT R3NGE-KUTTA-FELHBURG ROOTINE TO DETE25INE THE
C L 350 RP TID M RY THE SPRAT DROPLETS
C
1 F =TO LD
C
C DETE25INE THE 515S TEANSFER TO THE SPRAY DROPLETS
C

WOLD (1) =CI 2L
M 50L= BOLD (1) *T OLD
5 0L f R= K LO 7 * 5 *S 71* (CI2 G * PCr WOLD (1) ) /1. 0D 3
3 0LD (1) = (N 5CL + McLT B) /VOLD *

C
C C ALCUL ATE K' S

*
a

I 4

c

r s - - - w n-,
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C
. * Do 30 J=1,IN

V (J) = W OL D (J)
30 CONTINUE
C

C ALL FUNCT E (V, WOLD, F,II)
C

DO 40 J=1,IN.

K 1 (J) = B* F (J)
40 00NTINU E
C

Do 50 Jal,IN
W (J) = WOLD (J) +K1 (J) /4. 0D00

50 00NTIEUE
C '

O ALL FUNCTM (R, WOLD,F,IE)
C

DO 6 0 J=1, IE

K2 (J) = 5* F (J),

60 0 0ETIN U E
C

DO 80 J=1,IE
N (J)=W OLD (J) + 3.00 00* K 1 (J) /3. 2D1 + 9.0D00 * K2 (J) /3. 2D1

80 C ONTINU E
C

C ALL FUNCTN (3,90LD,F,IE)
C

DO 9 0 'J=1, IN
K3 (J) = R* F (J)

90 CONTINUE
C

-00 110 J=1,IY

5 (J) = WOLD (J) + 1.9 32D3 * K1 (J ) /2.197D 3-7.233*K2 (J) /2.197D3,

1 +7. 29 6D3 *KJ (J) /2.197D 3
110 00NTINUE
C

01LL FUNCT 3 (9,30LD,F,II)
' C

DO 120 Ja1,I3
*

K4 (J) = H* F (J)
120 :CETINUE
C

DO 130 Jat,I3

U (J) = WOLD (J) + 4. 39 D 2* K 1 (J) /2.16D 2- 8.0D0 0 *K 2 (J) +3. 6 8 D3 * KJ (J) /5.13 D2
1 -8.4 5 D2 *K 4 (J) /4.104D 3

130 CONTINUE
C

C ALL FU NCT N (V,50LD, F,IE)
C

00 ISO J=1,IN~
K5 (J) = H* F (J)

140 00NTINUE
C

DO 150 J=1,I3

3 (J) = WOLD (J)-8.D 00*K1 (J) /2.7D 1+ 2.D00*K2 (J) -3. 54 4D3 *K3 (J) /2. 565D3
1 + 1.8 5 9 D3 *K4 (J) / 4.104D 3-1.1D 1* K5 (iD /4. 0D 1

150 00sTI30E
C

' 01LL FU NCT 3 (V , WOLD, F,IE)
C

Do 160 J=1,I3
K6 (J) = B* F (J) -

160 CNTINUE
*

C
C
C D ETER5IEE THE NEW CO NC ENT R ATIO N IN THE SPE AI DROPLETS FOR ALL OF

+

,4 ~ - - , - _,
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C IRE IODINE BIDBOLISIS SPECIES RE D CHEC1 ERRO R
C .

D 0 100 J= 1,IN

UB (J) = UOLD (J) + 1. 6 D 1* K1 (J) /1. 35D 2+ 6. 656 D 3* K3 (J) /1. 2 8 2 5D4 +
1 2.85 61D e *K4 (J) /5.643 D4-9.0D 0 0* K5 (J) /5. 0D1+ 2. 0 D0 0 * K6 (J) /5.5 01

R (J) = A BS (K 1 (J) /3. 6D 2- 1.28D2* K3 (J) /4.27 5 D3-2.197D3 * K4 (J) /7.5 24 D4
1 * K5 (J) /5. 0D 1 +2. 0 D00 * K6 (J) /5.5D 1) /8

TOL (J) = & BS (W B (J) *TOLEP) .

DELTi (J) =0. 84 * (TOL (J) /R (J) ) * * 0.25
100 0 0ETIEU E
C

DO 5 00 J-1,Ia
IF (R (J) .GT. TOL(J)) GOTO 900

500 CONTINUE
C

00 510 J-1,Is
SOL D (J) = W B (J)

510 00sTInUI
C
C DETE25IEE THE EQUILIBRIU5 CONCENTRATIONS OF EQUATIONS 23, 24 AND
C 25
C

B B=- 1. 0 D0 0~ ( WOLD ( 2) + 50LD ( 1) ) * R K4
* =30LD (2) * WOLD (1) *RK4-90LD (7)
D=-B B/ (2. 0DC0 tRK4)
E = ( ( BB * *2. 0 D00-4. 0 D00 *aK4 *C) * * 0. 5 D00 ) / ( 2.0 D0 0* tK 4 )
f=D-E

C
IF(Y .LT. 1.0D-18 .AED. Y .EE. 0.0D00) CALL ITT32 (VOLD,2K4,C,Y)

C
E CLD (7) = WOLD (7) +7
4 0LD (1) =WO LD (1 )-T
WOLD (2 ) = WO LD (2)-T ,

IF (IN .EQ. 4) GOTO 600
C

R R= EOLD (6) +s0LD (5) +3K5
S=-t KS * 90LD (3) +v0LD (6) *s0LD(5)
M = (- RR + (RR*R2-4. 0 D00*S) ** 0.5) /2. 0D00
30LD (5) =80 LD (5) +5 -

C
GOTO 605

C
600 5 = (R K5 * s0LD (31 -s0 LD (6 ) *20 LD (5) ) / (10L D (5 ) +a K5 )
C
605 3 0LD (6) =s0 LD (6) +5

3 0LD (3) = WOLD (31-5
C

I F (IN . EQ. 4) GOTO 614
C

3 = WOLD (8) * v0LD (5)-BK6
T Y= WOLD (8) + WOLD (5)
I = (- TY * (YT * f f- 4. 0 D 0 0 * 0) * * 0. 51 / 2. 0 D 0 0
W OL D (5) =s0LD (5) +1

' W OLD (8) = WOLD (8) +I
C
014 IF(IFLAG .ZQ. 2 .0R. TOLD .LT. E LT5) GOT O 6 15

I FL A G= 2
C

DO 620 J=1,7
Cos BAL (J,1) =UCLD (J)

620 00BTINUE
C

S FA= SF11* ( 1-WFB AC) -

T OLD= VOLD 1 * (1. 0 D0 0-W FR AC)
C

.
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615 T OLD =TO LD + R.
S U550L* SU 5 50L + RO LT B
F ET= TE R YEL*TI5E
CI2L=W 8 (1)
FST= TOLD *TR3YEL
D EL= DELTA (1)

C
.

IF(IE .EQ. 1)GOTC 905
Ca

'

0 0 5 20 J= 2,IM

I? (DEL .LT. DELTA (J)) GOTO 520
DEL =DE LT A (J)

520 CONTIN 7E
C

GOTO 905
C
C D ETEE 5IME BEN STEP SIZE
C
900 D EL= DELTA (J)
C
905 IF (D EL .GT. Q) GOTO 910

E NZE =Q* H
G OTO 1000

C
910 IF (DEL .LT. 4.0) GoTo 920

BNEW=4.0D00*H
3 0TO 1000

C
920 HNES= DEL *5
C
C CHECE EEW STEP SIZE VITH 5AI AND 513 STEP SIZE
C

* 1000 IF (HNES .LT. BEAI) GOTO 9 30
85EW=85AI

C
930 IF (BEEW .LT. HEIN) GOTO 1111

L EF T=8-TO LD-B M EW
C

IF (LEFT .GT. 0.0) GOTO 5000.

53E1=8-TOLD
C
5000 R=BMEW
C

IF (TOLD .GE. B)GOTO 999
C

7,0TO 1
C
C
C B EGIN DETEESIM ATION OF THE 2E5071L BY THE WALLS
C
999 TI5E=TI5E* TOLD /6.0D1
C

FHT= TIRE *TE5YEL
C
C BRITE (5,4 3) II,ILOOP,13,IR AI
43 F035AT(4I6)

I F (Is . GE. I5&I)GOTO 79
I5=I5+1

C
C DETEE5INE THE 5 ASS TEAESFEE TC THE W ATEE ON THE 94LLS
C
79 DO 84 IQ=I5,1,-1
C UE ITE (5,44 ) IQ ,Is, .
44 FORR IT ( 2I6)

WSU5=0.0000
' CALL W ALL (C05 5 AL,1,B,8MIE,HM AI, IN,DIFLIQ,95 FE,2 5U 5,D EMLIQ,KL2,

.
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1 W AR E A, 3VO L,7 0LER, W FIL5, EV EL, F LE AT, W FB AC ,IQ ,3 K4,2 KS ,2K 6, CI2G, PC ,
2E IPT 3) *

C
WAL50L=WAL50L*WSU5

C
DO 85 J=1,7

CO N W AL (J, IQ + 1 ) =C O MW AL (J, IQ)
85 C ONTINU E .
C
84 CONTIN U E
C
C DETER 5INE THE CONCENTRATION IN THE SU5P
L

O ALL P00L (COMPOL,1,3,55IN,55AI,II, TOLER)
~ C

IF(Is .GT. IS AI) GOTO 83
C

D O 81 J=1,7
CO R POL p ) = (CO MPOL (J) * POLTOL* WOL D (J) *VO L D) / ( POLYOL * f 0 LD)

81 C ONTINU E
C

POLYCL=POLTOL* TOLD
3 0TO 87

C
83 0 0 8 2 J= 1,7

Co u POL (J) = (COMP 05 (J) * POL 7 0L*Couv &L(J,I 512 +1) *WTO L* BOLD (J) *VOLD) /(
TW YO L +VOLD * POLTOL)

82 00NTINUE
C

P OLY CL= POL T OL* VOLD +670 L
87 CI2 G= (CI2G*C70L- (S U550L*W AL50L) ) /C70L
C

S U5=SU530L+SU5+W AL50L
C *

3 8IT E (50,22) II,TI5E,30LD (1) ,30LD (2) , WOL D (3) , WOLD (s ) , WOLD (5) ,
1 WOLD (6) ,W OLD (7)
3 RIT E ( 52,22) II, TI5 E, CO NPOL (1) , CO N POL (2) , CO NP OL (3 ) , CO M PO L (2) ,

1 CONPOL (5) , CO BPOL (6) ,CO NPOL (7)
U RITE (51,23) TI52,SU 550L, CI2G, S U5

0 .

1100 C ONTINU E
C
C D ETER5IEE THE TRANSFER BI THE BATEA STILL DR AINING OFF THE W ALLS
C
91 DO 95 IQ=1,I5

CALL V ALL (CON E AL,1, B,55IN,55AI, IN,DIFLIQ,95 FR,W SU S,D E3 LIQ, KLE ,
13 ARE A, W70 L,TOLZ2,3 FIL5,57 E L, FLRAT,9 FR AC,IQ,3 K4,2 K5,8K 6,CI2G, PC,,

; ZEIPT E)
C

E AL50L= 91L50L* WSU5
SU5=535+WS05
OI2G= (CI2G *CVOL-S S 0 5*G AS F AC) /C70L

C
C ALL POOL (CONPOL, A,B,55IN,55AI,IN,TOLER)

C
00 9 2 J=1,7

CO N POL (J ) = (CO NPOL (J) * POL 7 0L+ CONN AL (J,IQ) * WTOL) / (V 70L + PO LTOL)
92 CONTINU E

' C
P OLY CL = POL 70L + VYCL

95 CONTINUE
C

I F (I5 . LE. 1 ) GCTO 2000
I5=I5-1

.
GOTO 91

-

.
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, W RIT E(50,2 2) II, TIE E,WO LD (1) , WO LD (2) , WOL D (3) , WOLD (4 ) ,20LD (5) ,
1 WOLD (6) ,W OLD (7)
3 RIT E(52,2 2) II,TI52,CO NPOL (1) , CO MPCL (2) ,CO NPOL (3 ) , CON POL (4) ,

1 CO MPOL (5) , CONPOL (6) ,CO MPOL(7)
C
2000 S UR Gla=2. 5 3809 D2* SUN
C

' W RITI(2 2,16) CI2G
B RIT E (22,15) SU s,Sa nGas
3 RITI(22,14)
3 RIT E ( 22,13) CO NPOL (1) ,C05 POL (2) , CO NPOL( 3) , CO NPOL (4) ,CONPCL (5) ,

1 CD BPOL (6) ,CONPOL (7)
30TO 3000

C
1111 W RITE (4 0,21) SERS
C
3000 ' S TOP

EED

.

O

e

4-
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C******=======******=====**********************=======**=****===**==** ,

C
C S UBROUTINE W ALL
C
C IRIS SUBROUTINE IS CALLED FR05 THE ROUTINE W ALL-SPR AY. THIS
C S UBa0GTINE DETER 5INES THE RE50 VAL OF SO LECULAR IODIME BY THE
C W ATER FLOSING DOWN THE S ALLS OF A CONTAI5 MENT VESSEL. THE
C ALGORITHE US ED FOR THE RASS FRANSFER IS FO R & FALLING LIQUID '

C FILS AND A RUNGE-KUTT A-FELEBURG 5(4) R30 TIME IS USED TO
C 5 05ERICALLI INTEGR ATE THE IODINE HYDROLYSIS REACTIONS.
C
C***********************************************==****=*****==********
C

S UBROUTIN E W ALL (CO MB AL,1, B,85IN,85 AI,IE , DITLIQ,W MFR , W SU 5, D EN LIQ,
1E LE , W AR EA , ST OL,TOLER, WFILa,WY E L, FLR AT, W FR AC,IQ,2 K4, RKS, RK6, CI2 G, PC
2, EX PTM)

C
IMPLICIT DOUBLE PRECISION ( A-H , K- Z)
I5PLICIT INTEGER (I-J)

C
D IM E BSICE 8 (8) ,C0 4 E AL (8,3 0 0) , K 1 (7) ,K 2 (7) ,K 3 ( 7) ,2 (7) , WB (7) ,

1 DELT A (7) ,8E 3 (7) , F (7) ,K4 (7) , K5 (7) ,K 6 (7) , TOL(7) , W ALCO N (2)
C
21 FORR AT (8 STEP SIZE BELOW STEP 3Is',D15.7)
C

OI2 W =CO NW A L ( 1,IQ)
TOLD =1
3 =1. 0D- 1
H = 1. 3D- 2

C
CONW AL (8,IQ) =R K6/C0 591L (5,IQ)

C
C USE SECANT FETHOD TO DETERNINE THE LOG SEAR BULE CONCENTRATION a

C IN THE LIQUID
C
1 CONW AL (1,IQ) =CI2W

d 5MOL=C05W AL (1,IQ) *U7 0L/1.0D3
P0=CONW AL (1,IQ) *1.02D00
P 1 =Cou s &L (1, IQ) * 1. 05D 00 ,

Q 0=H 8KLW/U FIL3* (PO-CONW AL (1,IQ) ) /DLOG ((CI2G8 PC-CON U AL (1, IQ) ) / ( CI2G
1= PC-PO) ) +CO NW AL(1,IQ) -PO

55 21=H = K LW/ W FILR* (P1-C05W AL (1,IQ) ) /DLOG (( CI2G* PC-CON W AL (1,IQ) ) /(CI23
1* PC-P') ) +CO MW AL (1,IQ)-P1
C I2L M= (Q1 * P O-Q 0= P 1) / (Q 1-Q O)
CHECK = A BS (CI 2L5-P1) /P 1
IF (CRECK . LT. 1.0D-3) GOTO !9
PO= P 1
2 0=Q 1
Pl=CI2L3
GOTO 55

C
59 3 50LTR= EFILE* (CI2L3-CO NS AL (1,IQ) ) * W AREA * E/ (1.0D3 *E XPTM)

W SU5= U 50LT R+ 95 0M
CONW AL (1,IQ) =C0pW AL (1,IQ) +U50LTR* 1.0 D3/W TOL

C
C B EGI3 RUNG E-KUTT A-FELHBURG ROUTIN E
C
C CALCLLATE K'S
C

DO 30 J=1,IE
3 (J) =CONW AL (J,IQ)

30 00NTINUE
C

,

.
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. . C ALL FUNCTN (W,CONW AL,F,IN)
C

DO 40 J=1,IN
K1 (J) = B* F (J)

40 00NTINUE
C

D o 5 0 'J =1, IN
* E (J) = CON W AL (J,IQ) * K1 (J) /4.0D 00

50 CONTINUE
C

O ALL FUNCT3 (V,CONW AL,F,IN)
C

DO 6 0 J=1,IN

' K2 (J) = H* F (J)
60 00NTI303
C

00 8 0 J=1, I3

v (J ) =CONW AL (J ,IQ) +3. 0D 00 * K1 (J) /3. 2D 1 +9. 0D00 *K2 ( J) /3. 201 -
80 CONTI5DE
C

O ALL FUNCTN (V, CONW AL, F,IN)
C

DO 9 0 J=1,IN

K3 (J) = B* F (J)
90 CONTI5UE
C

0 0 110 J= 1,IN

W (J) =CONW AL (J ,IQ) + 1.9 72D 3 *K1 (J) /2.19 7D 3-7.2 D3 * K 2 (J) /2.19 7 D3
1 + 7.29 6D3 =K3 (J) /2.19 7D3

110 00NTINUE
C

O ALL FUNCTN (V, CONN AL, F,I3)
* C

DO 120 J=1,IN
K4 (J) = 5* F (J)

120 00N TIN UE
C

00 130 J=1,IN

2 (J) =CONW AL (J ,IQ) +4. 3902 * K1 (J) /2.16 D2- 8.D00 *K2 (J) +3. 68 D3 * K3 (J) /5.,
'

11232-8. 45 D 2 *K4 (J) /4.104D 3
130 CONTINUE
C

C ALL FUNCTN (W,CONW AL, F,IN)
C

D0 140 J=1,IN
K5 (J) = H* F (J)

140 00NTINUE
C

00 150 J=1,IN

W (J ) =CONW AL (J,IQ) -E. D00* K1 (J) /2.7D1 +2. D00 * K2 (J) -3.54 4D3 * K3 (J) /2.
15 65 D 3+ 1.85 'sD3 * K4 (J) /4.10 4 D 3- 1.1 D 1 * K5 (J) /4. 0D 1150 0 0NTINU E

C
C ALL FUNCT3 (V,CONW AL,F,IN)

C
D0 160 J=1,IN

K6 (J) = B* F (J)
160 ONTINUE
C
C
C

DETERMINE THE NEW CONCENTRATION OF THE IODIN E HYDROLYSIS SPECIESC .IN TRE LIQUID 05 INE W ALLJ AND CHECK ERROR
C

* 0 0 100 J= 1,I3
. 3B (J) =CO N W A L (J,IQ) * 1. 6D 1 * K1 (JJ /1. J5D2+ 6. 6 56 D3 * K 3 (J) /1. 2 9 25D 4 +
1

2.8 5610 4*K4 (J) /5.6u3 D4-9.00 00* K5 ( J) /5. 001 + 2. 0 000= K6 (J) /5.5 01

4

4
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B(J) = ABS (K 1 (J) /3. 6D2-1.2 8D2*K3 (J) /4.27 5D3-2.197 D3 * K4 (J) /7.5 24 D4 *

1 + K5 (J) /5. 0 D 1 + 2. 0 000 * K 6 (J) /5.5D 1 ) /H
TOL (J) =& BS (EB (J) *TOLER)
DELT A (J) = 0. 84 * (TOL (J) /R (J) ) * * 0. 25

100 C ONTINU E
C

0 0 5 00 Ja1,IN

IF (R (J) . GT. TOL (J) ) GOTO 900
.

500 00NTINUE
C

00 510 Ja 1,IN
CO N U AL (J ,IQ) = WB (J)

510 00NTINU E
C '

C D ETERMINE THE EQUILIBRIUM CONCENTR ATION OF EQUATION 23, 24 AND
C 25 FOR THE CILINDRICAL PIECE OF THE W ALL
C

B B=- 1. 0 D0 0- (CO NE AL (2,IQ) + CONE AL ( 1, IQ) ) * RK4
0 =COME AL( 2,IQ) *CONB AL (1,IQ) *BK4-CONW AL(7,IQ)
D =-B B/ [2. 0 D0 0 * RK 4)
E = ( ( BB * *2. 0D0 0-4. 0 000 *RK4 *C) * * 0. 5 D00 ) /( 2.0 D10* RK 4)
V=D-E

C
I F (v .GT. 1.0 0-18 . A ND. t .EQ. 0.0 00 0) GO TO 575
E ALCOM (1) =CONW AL(1,IQ)
3 ALC05 (2) = COMB AL(1,IQ)
C ALL ITTER (W ALCON, RKE,C,V)

C
575 00N E AL (7,IQ) =CONU AL (7,IQ) +V

00N E AL (1,IQ) =CO'4W AL (1,IQ)-7
00NW AL (2,IQ)=CJNE AL(2,IQ)-V

C

IF (IN .EQ. 4) Gotu 600 .

C
R R= CON U AL (6,IQ1 +CO NW AL (5, IQ) +RK5
S=-R K5 *C0"B A L (3,IQ) +CONW AL (6, IQ) * CON W AL (5,IQ)
N = (- RR+ (3 > * RS-4.0D00* s) * * 0.5) /2.0D00
00Nv1L (5,IQ) =CONW AL (5,IQ) +5
30TO 605

*
C
600 5= (RKS*CONW AL(3,IQ)-C9NW AL (6,IQ) *CONW AL (5,IQ)) /(CONWA L(5,IQ) +R KS)
C

i 605 00NuaL (6,IQ) =CONW AL (6,IQ) +5
00NW AL (3,IQ) =CONW AL (3,IQ)-M,

C
- IF (IN . !Q. 4) GOTO 615

C
U=CONW AL(8,IQ) *CONW AL(5,IQ)-RK 6
7 7=CONW AL (8,IQ) +CONW AL (5,IQ)
I= (- 77 + (77 *V7-4.0 000 *0) * * 0.5) /2. 0 000
IONW AL (5,IQ) = CONE AL (5,IQ) +1
00NW AL (8,IQ) =CONW AL (8,IQ) +1

C
615 I=I+1

ICLD = TOLD + R
C

;I21=CO NU AL (1,IQ)
D EL= DELTA (1)

C
IF (IN .!Q. 1)GOTO 905

C
D O 5 20 J= 2,IN

IF (DEL .LT. DELT A (J)) GOTO 520
DEL =D ELT A (J)

*

520' 00NTINUE
C-

,

i
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30T0 905,

C
C DETERMINE NEW 5?EP SIZE
C
900 D EL= DE LTA (J)
C
905 . IF (D EL .GT. Q) GOTO 910*

HNEE=Q*H
3 0TO 1000

C
910 IF (D EL .LT. 4. 0)GOTO 920

HNEV=*.0D00*H-
3 0TO 1000

C
920 -HNEW= DEL *H
C
C C HEC K N EW STEP SIZE WITH 5AZ AND SIN STEP SIZE
C
1000 IF (HNER .LT. H5AI) GOTO 9 30

HNEB=HHAI
C ~

930 IF (HNEW .LT. HEIN) GOTO 1111
LEF T= B-TO LD-H N EW

C

IF (LEFT .GT. 0.0) GOTO 5000
HNEH=B-TOLD

C
5000 H=HNEW
C

I F (T OL D . G E. B) GOTO 999
30TO 1

C
* C

1111 W RIT E (4 0,21) HNEW
999 R ETURN

END

e

s

.

0
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C******==*********************==************************************** *

C
C S UBROUTINE POOL
C
C- FRIS SUBROUTINE DETERRINES THE CONCENTR ATION OF THE ICDINE
C HYDROLYSIS SPECIES IN THE SU5P POOL. A RU NG E-KU TT A-F ELH BU BG
C. 5 (4) B00 TINE IS USED TO INTEGR AT E THE IODINE HYDROLYSIS ,

C R EACTIONS. THIS SUBROUTINE IS CALL FROS THE WALL-SPR AY
C R OUTIN E.
C
C**********************************************************************
C

S UBROUTINE P00L (CO MPOL,1, B, HMI N. HM AI,II, TOLER)
C

I5PLICIT DOUBLE PRECISION (A-H,K-3)
IMPLICIT INTEGER (I-J)

C
D IRE NSION CONPOL (8) , CC (7) , K1 (7) , K2 (7) ,I 3 (7) , K4 (7) , K7 ( 7) , K 6 (7) ,,

; 1 TOL (7) , DELTA (7) ,2 (7) ,CCB (7) ,F (7)
C
21 FOR5 AT (' STEP SIZE BELOB HMIN ' E 15. 7),

C
H=1.0D-2
2 = 1. 00- 1
PTOL D= 1

C
C B EGIN THE BUNCE-KUTT A-FELEBURG ROUTINE
C
C O ALC ULATE K' S
C
2 00 31 Ja1,IN

CC (J) = CON POL (J)
31 20NTINUE .

C
C ALL FUNCIN (CC,CONPOL, F,IN)

C
DO 41 Jal,IN

K1 (J) = H* F (J)
41 CONTINUE *

C
DO 51 J=1,IN

CC (J) = CON POL (J) +K1 (J) /4. 0D00
51 CONTINUE
C

ALL FUNCIN(CC,CONPOL, F,IN)
C

D O 61 J = 1, I3
K2 (J) = H* F (J)

61 C ONTIN U E
C

30 81 Js1,IN

CC (J) = CON POL (J) *3. 0 000 * K 1 (J) /3. 2D 1 * 9.0 D 00 *K 2 (J) /3. 2D 181 0 0h TINU E
C

C ALL FU NCT N (CC,CO MPOL, F,IN)
C

DO 91 J=1, IN

K 3 (J) = H* F (J)
91 00NTINU E
C

DO 111 J=1,IN

CC (J) = CO M POL (J) * 1. 9 32D3 * K 1 (J ) /2.197 D 3- 7. 2 D3 * K2 (J) /2.197 D 3
1 + 7. 29 6D 3 * K3 (J) /2.19 7D 3 -

.

__ - _ _ - - - _ - _ _ _ _ _ - _ _ - - - _ _ _ _ _ _
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111 20NTINUE
C. ,

C ALL FUNCT N(CC,CONPOL, F,IN) .
.- Ct

00 121 J=1,IN
K4 (J) =R* F (J)'

121 00NTINU E
C

*
00 131 J=1,IN

CC (J1 =CONPOL (J) + 4. 3 902*K1 (J) /2.16 02-8. 000 0* K2 (J) +7
'

-1 3. 68 D3 *K3 (J) /5.13D2-8.4 5 D2 * K4 (J) /4.10 4D J'
131 -:0NTINUE
C

C ALL FCNCTI(CC,COMPOL, F,IN)
C

00 141 Jet,IN
K5 (J) = H* F (J)

141 00NTIN UE
; C

Do 151 Jm1,IN

CC (J) =CO N POL (J)-8. 0 D00* K 1 (J) /2. 7D 1 + 2.0 D00 *K 2 (J) -
1 . 3. 544D3*K3 (J) /2. 565D3 +1.85 9D3 *K4 (J) /4.10 4D3-1.101 *K5 (J) /4.0D1-151 00NTINUE.

C'-
3 O ALL FUNCTI(CC,COM POL, F,II)

C
00 161 J=1,IN

K6 (J) = N* F (J)
,

161 00NTINUE
C
C DETE25INE THE NEN CONCENTRATION OF THE IODINE HIDROLISIS SPECIESC IN THE SU5P POOL AND CHECK ERROE
C

a 00 101 J=1,IN

CCB (3) =CONPOL (J) +1.6 01*K1 (J) /1.3 5D2 +6. 6 56 D3 *K3 (J) /1. 282504+
1

2.8 561De *K4 (J) /5.643 D4- 9.0D 00* K5 (J) /5. 0D 1+ 2. 0 00 0* K5 (J) /5.5 D1
.

R(J) = ABS (K1 (J) /3. 6D2-1. 28D2*K3 (J) /4.27 5 D3-2.197D3 * K4 (J) /7.5 24 04
1

4

+ K5 (J) /5. 0D 1 + 2. 0 D00 * K 6 (J) /5.5D 1) /H'

TOL (J) = ABS ICCB (J) *TOLEE)
DELTA (J) =0. 84* (TOL (J) /R (J) ) ** 0.25,.

101 00NTINU E
C

00 5 01 Jal,IM
IF (R (J) .GT. TOL(J)) GOTO 901'501 00NTINUE

C
,

D O 511 ' J= 1,IN
COM POL (J) =CC3 (J)

511 00NT INU E4

C
4

C D ETERMINE THE EQUILUBRIUS CONCENTRATION OF EQUATIONS 23, 24 AND
C 25

-Ca

B B=- 1. 0 00 0- (CO NPOL (2) + CON POL (1)) * RK4 ~
.

C =CO MPOL (2) *CONPOL (1) *BK4-CON POL (7)'

D == 8 8/ (2. 0 D 0 0 *RK 4)
;

E = ( (BB a *2. 0 D0 0-4. 0 D00 *EK4 *C) ** 0. 5 0001/( 2.0 D0 0* RK 4)V=D-E
*

C'
666 ,IF(Y .LT. 1. 0 0-18 . A M D. T .NE. 0.0D00) CALL ITTER (CONPOL,RKE,C,7)'

C

* 0NPOL (7) =CONPOL (7) +f'

; COMPOL (1) =CONPOL (1)-7
<

C ON POL (2) = CO NP OL (2) -F*'
C

= IF (IN . EQ. 4)',0T0 601i
i

*
4

i

-J

d

- - = - - _ - _ - - - - -
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C
R R=COMPOL (6) +CONPOL (5) +RKS *

S=-RK58COM POL (3) +CONPOL(6) * CON POL (5) .
s = (- RR + (RR* RR-4.0 D00 *S) * * 0.5) /2. 0D00
20NPOL (5) =CosPOL (5) +M
30To 606

C
601- 5= (R K5 *CO M POL (3) -COM POL (6) *c03 PO L (5) ) /(CONPO L (5) +R K5)
C -

606 O ONPOL (6) =C05 POL (6) +5
COM POL (3) =CO MPOL (3)-5

C
IF (IN .ZQ. 4) GOTO 616

C
'

U =CO RPOL(8) *COM POL (5) -RK6
7 7=C05 POL (8) +COMPOL (5)
I = (- YY + (VT * V Y- 4. 0 D 0 0 *U) * * 0.51 /2. 0 D 00
;0NPOL (5) =CONPOL (5) +I
00NPGL (8) =CONPOL(8) +I

C
616 P TO LD= PTO L D+ H

D EL= DELTA (1)
C

IF (IN . EQ. 1)GOTO 906
C

DO 521 J=2,IN
! IF (DEL .LT. DELI 1(J)) GOTO 521

DEL =D ELT A (J)
521 00NTI3UE
C

30TO 906
C
C D ET EREINE NEW SIEP SIZE
C .

901 D EL= DE LTA (J)
C
906 If (D EL .GT. Q) GOTO 911

H NES =Q* H
3 0TO 1001

C
*

911 IF (D EL .LT. 4. 0) GOTO 9 21
H NE 7 =4. 0D 0 0* H
3 0T0 1001

C
921 HNEW= DEL *H
C
C ; HECK 3EV STEP SIZE WITH 5AI AND SI5 Sr!P SIZE
C
1001 IF (H3EW .LT. SHAI)GOTO 931

HNEW=65AI
. C
'

931 IF (H5EW .LT. HEIN)GOTO 1112
L EFT =B- PTO LD-H N EW

'

- C
'

IF(LEFT .37. 0.0)GOTO 5001
E NE W=B- PT OLD,

C
5001 H=RNEW
C

'
I F ( PTOL D . G E. B)GOTO 998

; 3MO2
C
C
1112 3 RIT E (4 0,21) HN EV
998 BETURN *

END

l

.

I

.
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C*********************************************************************
C,

C SUBROUTINE FUNCTM
C '

C ISIS SUBROUTINE C05TAINF THE DIFFERENTI AL-EQUATIONS (KINETIC R AT!
C EQUATIONS) TO BE INTEGRATED. THIS SUBROUTINE IS CALLED FROM THE
C R U5G E-K UTT A-FELHBU RG INT EGRAZION ROUTIM E IN THE KIN ETIC, D80P,
C S PR A Y 150 WA LL-S PR AY 50DELS.

* C
C**********************************=***********************************
C

SUBROUTINE FUNCTN ( W , W O LD , F, I5)
C

I5PLICIT DOUBLE PRECISION ( A-B,K-Z)
15PL I"IT . INTEG ER (I-J)

C
D I5E NSION W (8) , WOLD (8) , F (7)

C
I F (I M . ZQ. 5) G OTO 5

C
3 (5) =JOLD (5)

3' 3:0) = WOLD (6)
C

R K1 = 3. 0 00 0
BKR1=4.4D12
R K2 0 =2. 5D0 2

'

R K 21= 1. 2D0 2
RKR2=3.000s
R KP 3=9. 35 0- 8

C

' R 1=R K1* W (1)
RR1= RKR 1* W (2) *W (3) * W (5)
R20 = RK20* W ( 3) * *2.0D00
2 21= BK21* W (3) *W (6)

-

R R2 = BKR 2* W (4 ) * W (2) * * 2. 0 D00 *W (5) * * 2.0 D00
R P3= RK P 3* W (5) * W (2)

C

F (1 ) =-31 + R R 1 + 5.0 0- 1 * R P 3
F (2) *R 1-BR 1 * 2. 000 0* (32 0+R 21) /3.000 0-2.0 000 *R R2-R P3
F (3) =R 1-BR 1-8 20-R 21 +3.0D0 0*RR 2,

f (4 ) = (R 20 + B 21) /3. 0 000 -BR2
'C

IF (I3 .EQ. 5) GOTO 10
C

F (5) =0.000 0
3 0T 0 11

C
10 F (5) =R1-BR 1 +B20 +B21-3.0D00*BR2-4.0 000*R P 3
C
11 F (6) =0.0D00

F (7) =0. 0D0 0
C

R ETU RN
C

END

. i

)

*

1

l

|

- . _ _ _ _ - _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ . . _ - - - - ._- -
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C********======***************==*******************===*****************
C

.
C S UBROUTINE ITTER
C
C f BIS SUBROUTINE FINDS THE ROOT TO THE QU ADRATIC EQUILIBRIUM
C EQUATION FOR THE FORMATION REACTION OF TRI-IODIDE. I3- (EQUATION
C 2 3) . A SECANT 5ETHOD IS THE SOUTINE USED TO FIND THE ROOT. THIS

<

C 5 ET HOD IS CALLED WHENEYER THE QU ADRATIC FOR50LA RESULTS IN LESS
C THAN APPROII5ATELY THREE SIGNIFICA3T FIGUR ES. THIS SUBROUTINE

*

C IS CALLED BY THE PROGRAMS KI3 ETIC, DHCP, SPRAI AND WALL-SPRAY.
C
C*********=*********==************************====*********=**********
C

S UBROUTINE ITTER (WOLD,RK4,C,7)
C

IMPLICIT DOUBLE PRECISION (1-S,L-Z)
IMPLICIT INTEGER (I- K)

C
D IRE NSION 30LD (7) , W (7)

C
PO=1.0D-16
Pl=1.0D-18

C

20=C-BK4* PO* P0-PO*R K4 * (WOLD (1) + WOLD (2)) -P0
5 31=C-RK4* Pl* P1-P1*RK4* (WOLD (1) * WOLD ( 2)) -P1
C

N ES= P1-Q 1 * ( P 1- PO) / (Q 1-QO)
C

C HECK = A BS (NEV-P1) /P 1
C
11 IF (CHECK .LT. 1. 0 D-4) GOTO to
C

PO*P1
20=Q1 -

P 1 = N EW,

GOTO 5
C
10 V=NES
C

R ETU R3
*

C
END

.

0

1

. .w ,4 -e . . , , , , ,- - - ~ . . g , w y ---w-,f- _v ,o
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Wall-Spray Model salnple input:.

A = 0.0 COISP = 0.0
B = DURTM = 10 CHSP = 1.0 x 10-9
HMIN = 1.0 x 10-10 CIO3SP = 0.0.

HMAX = 1.0 x 102 CI3SP = 0.0
IN = 4 PRESS = 1.0

TOLER = 1.0 x 10-3 CDIAM = 3.13
TEMPL = 298 HEIGHT = 15.4
TEMPG = 298 FLRAT = 37.0

,

DIAM = 0.1 WFRAC = 0.05

SAD = 0.1 WHT = 3.3

CI2G = 1.0 x 10-7
CI2SP = 0.0

CISP = 0.0

CHOISP = 0.0

m

4T 4 T84FEIT583 0F TOS GSS 298.00 9000555 EdLf189
TEE f tSCOSITT OF TBS LIOGIS (CF) * 9.097J3348*00
TAS TISCOSIT T nF TAS GAS ft F) * 9.9030370s-01
TSE F8873f EOS COEFFICIRET IS = 0.04014142002
TBS DSBSITT OF TER LEQOID (gas /CC) = 0.99491008*00
TBS D8pSITt OF Tat CSS (G8S/CCI * 8.18029498-02
TBS DIFFWSIOB CofFFICIIst FOR TSB S AS (SQ CS/38Cle 0.0040764B-01
TBS DIFFSSI0B CotFFICISBT 708 T4R LIOW10 (10 Cs/Sacle 0.12904379-04
TER G41-SIDS na SS TB4 BSFtt COEt ?ICISBT (C R/ S IC) * 8.19279400002<

TBS LIQtID-SIDS e453 flatSFEB Cof7FICitet (Cs/StCle 6. 25534508*00
135 OVER&LL 1I0019-3198 NASS TEROSFSS C08FFICIssf (Ca/SEC)= 0.04100248-04
TSB T01588 FOR Oct 900F (LITERS)* 4.S2360005-64
TS8 $90F ACE 18 84 F08 093 D80F (30 Cap e 0.31416006-03
f at IIFOSSBS tis 3 F00 T98 D50F !$ (S ECl = 0 39040628001
TSS SET EOLDS SO FS BA FOR TES 980F e 0. 2 $ 377 34 t* 03
Tgt Tsaetg8L ftLOCITF OF TSB DEOF (CS/SBC) = 0.39430098003
Tet sesass OF $e075 Is TBS Cosf afgegeT IS 0.47232220607
TSt 980F FL8I (55 50 B0 0F pt0FS/SQ CE SIBI' m 0.02473538003
TBS COSTRI8etet 90L888 (LITERS) * 9.935SISet*06

L
TSB Destge OF OWTBe LOOFS = 154

TES ISET!aL CDBCESTS ATIOS !# TRS SAS OF 0.10000003-06 (AOLBs/L!tSO)Te8 DeBSTIOS OF Te8 SFett (885) 0.1000000t*02
TOS 90LWet OF LIgeID Sreatto (LIT 8aSi 0.3000000se03
RBD & SFtat FLOW 8478 0F 0.3000000te02 (LITraS/elst
758 I8ITIAL CoscastsaT10e OF TBS LIOSBs (a0LeS/LITsep 8

32 e 0.0000000s*00
I-* 9.0000000t*00

50I e 0.00000008000
IO 3- = 0.0000000s000

se = 0.10000003-08
IO- e 0.00000003000
I I- e 0.00000009000

f as Fis4L CotC89T94f103 0F 10stes (I23 Is T98 4AS IS 6. 84832$40-01 (80LSB/ LIT 88)
TOS 888888 0F NetBS CF 100155 (123 08a0909 IS * 8.19330278-01Tat scopa OF G8483 0F 109188 8850988 IS e 0.20777562001

, Tet Flp4L C08Ctef t4TIce OF TWE LIQSIB IS (EC1BS/LITite *
I2 * 9.5054648B-06
I- e 0.43413048-04

30I = 0.19079078-05
30 3- e 0.60402638-OS

se e 4.10000004-00
t o- e 0.49696448-10
I l- e 0.76307498-07

0

. _ . . _ _ _ _ _ _ _ _ . . _ . _ _ _ _ . . __ _ _ . _ . . _ _ _ _ _ _ _ _ . . _ _ _ _ _ . . _ _ _ __ _ _ _ _ _____ _ . _ _ _ . _ _ _ _
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PFFFFFFFFFFFFFF 00uc00000 301BBBBBB88R S!$555$$5555555 000000000 ,F FFF FF F F FF FF FF F 000000000 R38983593835 $!S$5%S$%S$$$ 000000000
F FFF FF FFFF FF FF F 000000000 Basstestasse $$$$$%5555%55 000000000
FFF 000 000 tes e ts S*S 600 000
FFF 000 000 300 s aa S!S 000 000
FFF 000 000 Ret see $*5 000 000
FFF 000 000 asa s ee $!SSSSSSS 000 000000
FFF 000 000 SSB 30s $!5555555 000 000000
ffF 000 000 888 Rat S!SSSSSSS C00 000004
7 FFF FFF FFF FF 000 000 3 8 B0a sema tat SSS 000 000 000
FFFFFFFFFFFF - 000 000 330RRatasteE SSS 000 000 000

,

I FF F FFF F FF FF 000 000 messesassean $$5 040 000 0004

1 FFF 000 000 Ret tas $55 000000 640
FFF 000 000 300 att SSS 040000 000
FFF 000 000 BBS see SSS 600000 000
SFF 000 000 age Ret $!S SSS ese 00 0
FFF 000 000 00s sat S55 SSS 90s 809
FFF 000 000 885 Bat 5!S SSS 900 000
FFF 000000000 Bas age $$5555555 000000000

t FFF 000000000 esa nas SSSSSS$$$ 000000000
* 7FF 000000000 381 S ea 555555555 000000446

000000Dece90 84&a&4844 TT1TTTTTTTTTTTT
Cet0909000e9 &&&&44485 TTITTITTTTTTTTT
E B00DDeeGe 90 844444444 TT1TTTTTTTTTTTT
Dee Dae att AAA TTT
eDe ses 444 484 TTT
00s Dee 444 444 Tff,

i CDs ese att 444 TTT
! DDD De s AR4 &&4 TTT

Det eDe 58 1 484 TTT
ese DOS 544 884 TTT
D9e DDD A44 &&& TTT
Dee DDs AAA 14& TTT
999 OOD 488&&448&&44444 TTT
see D00 eaa&&ta&&&&4484 TTT
B00 00s 444&a44444A&&&& TTT
Dee Det aan att TTT
See ete att 444 TTT
ese est 484 884 TTT
C00E00080800 184 484 TTT
seDe000000Ds &&& 841 TTT
e D0D e0 sD90 D0 Ata &&& TTT

-

i

)

Files BSE t a FORSO.e4T( 6452.2 32 ] Create 4s 09-Dec-te 87:27:00 (OSS) FFlatees 09-Dec-04 17932:29
08888 setteness /F111s F09T /C0 fit $s t /8F4CIses t /LlaITl2M

e

CosC88Ta4Tt05 0F TBf st0FS
e f it t 32 I- Ini t IO3- a* 10- 13=
8 .0000 0000000 .000000 0D * 00 .00000 0096 00 .0000000000 0 .000000CD604 . 3 0000000-0 0 .00000009*t0 .00004ee8000
t .650410 30-08 .68190 390-0S .53 74071>04 .5199992>e4 .3 3910 34D-06 . 8000000>0s .11720S30-4% .2 797023>06
2 .1341621D*06 .67 359960-05 .5126789>04 .507467 70-44 .324062t9-06 .3000000s-te . lMl462>es .26504019-44w

3 . 9952 4310000 .66530 7 30-05 .52709999-04 .50 304000-4 4 .3167 2 410-06 .1000000e-08 .19 51724 >45 . 2 594 40SP46
4 . 26G3 24 80* H .457106 20-OS .52 314 75>04 4946M 2s-8 4 .31260519-06 . I t00000e-00 . It 4 M4 28-OS .2!)Se lte-M
S .3254052D.00 .6409957s-05 .5l04244>04 .4942564D-4 4 .306 740 4>06 .10000000-00 .1131614>45 .24a54S20-66# 6 . 3904 86 2D*00 .6409749 FOS .51372 90>44 40 990060-0 4 .300904 99-06 .10000000-0 0 .192164 9 pes . 24 32504>44
7 .41556723*00 .6 330432>05 .50906 M>04 .40$56900-9 4 .295 9599>06 .30000000-08 .19 9 9724>e5 .3300$048-06
8 .5 206 40 3D * 00 .4 23199 80-8 5 . 50 44 364 D-04 . 44 9 26 8 50-0 4 .2e9 510 4D-06 . 6 0000000-e s .114 9962 >45 . 2 3 294 760-06
9 .585729 30600 .61744400-05 .49901699-04 .47697849-04 .28391499-M .10000000-00 .14920550-95 .22 79747>46

le .6S0010 3e*00 .60977SID-85 .4952 Me>04 4727 89 50-4 4 .2 79 412 4>06 . 00000000-40 .1042 30S>e5 . 22 30199>06
il .7 tSD99 4e*00 .6021924e-05 .49048 4SPO4 46 044S ID-0 4 .273 9 21t>M .10000000-4 0 .1972600>05 .2102409e-46
12 . 7809 72 4e.00 .5944 9510-05 .40616 82>04 4442752D-4 4 .24784139-06 .1000000e-40 .10621189-0S .2131741>46
13 .e460 5348*00 .587202h0S .48 966659-44 .4600090D-04 .2626S429-06 .10000049-08 . le!3300b-05 .30996419-46
le .9 91134 4D*00 .S7995390-OS .477200S>e4 4 5592499-0 4 .25754138-06 .40400449-4 0 .194 3062>09 .30444 319-46
15 .9 7621550*00 .S 72704 64 e5 .4 7276310-44 .45119200-4 4 .2525 3 9 40-06 .10000040-0 0 .14 34392e-05 2004 9170-06
16 . 00 4129 7s*01.S65545 4D-0S .46 4 35458-04 .44 764 8 3D-4 4 .2476 0 9 20-06 . 0 000000 0-0 0 . 5024979FeS .19M 6e le-M
17 . 3104 3 70e *0 6 . S$04440s-05 . 46 39 74S >04 44 3S94 60-4 4 .242 7 9 S 1> 06 .1000000 >00 .19 856229-45 .1914 8150-06
le . 9171419e001.SSl44See-eS .45962 31>04 .43953260-04 .23799 31D 06 .10006049-40 .1986322>95 e le72397e-06
19 .12MS40e*49 .54434Sie-0S .4SS300SF04 4354 9554-04 .2333 9 390-06 .00000000-04 .997e792>06 elellSISe-M
20 . 5 301621e601.5 3770See-05 .45 90065>04 .4 31e0 3 3s-0 4 .2207 85 40 06 . 3 8e00000-40 .98 70931 pH . 3 791454>06
2 8 . 3 3667020000 .5 3094See-05 .44674 838-04 .42 7496 00-0 4 .22419619-06 . 9 000404>00 .97076400-44 . 3 7S2240F06
22 . 54 3 9 70 3e001.524262WOS .44250473-04 .42 35336e-44 .219 75140 06 .00000000-00 .96M92t>06 .1713 739>46
23 .8 49606 4ees t .S1765750-05 .4382960s-04 .4 99S96 39-4 4 .3153958>06 .10000000-48 .9604774 >06 .1676857>06
24 . 3 54194 5080 9 .5 911294e-85 .4 3 411750-04 41544 390-4 4 .211110 89-06 . 3 8000040-0 0 .9S tilt 9FM . te 3414 t>46<

1

25 . M2 7026064 9 .50467740-45 .4 2 996698-44 4 9 8 79469-0 4 .204 90 tt>06 . 3 0000049-0 0 .94 20 997>06 . 96029 76FM
26 l692907D*01 .4963404e-el .42544498-04 441934 3e-04 .2427669D-06 .30000048-40 .9339770>e6 e tS47$49e-44
27 . 3 7S714 90 0 06 .4 9199900-OS .421751S>04 44449719-0 4 .9 98 70 S1> 06 .19400000-08 .92S19960-06 .3 5 32847>46 .
28 . t02226 9e *01.4 057712> 09 .4 9 7606 70-04 4003050s-04 .1947 0 700-06 .4000000>00 .91644 379-M .1999454>e6
29 .1847JS 00604 .4796160s-05 .4136S040-04 .39649000-44 .190 79 91s-06 .0000000e-40 .9477933>e6 .1445S44>46,

30 .19S2431e*49 .473S350s-eS .40944 279-04 .3927M JD-44 .14695270 06 .1000000e-0 0 .49910050-46 . 44 32964>#4
38 .24 875120605 .467S2S t>05 .44566 34e-04 .34 099950-44 .1431754>06 .300000e>44 .09462$2>es e l40103SD-46

j 32 .308259 3e*01.44 506S0-85 .40 87127>04 .34520790-44 .3 79465 7e-06 .19400040-se .ee2 9374>e6 . t M97679-44
33 .31476740401.455780WeS .39 779049-04 . 3e 860 9 50-0 4 .17502 3 00-06 . 3 840004>0 0 .4 7 M4729-06 .19 39 049>$6
34 . 221275Se*01.4499293D-05 .39 30960s-04 .3 7794029-0 4 .17224 770-M .90000040-40 .0433046>e6 . 3 549969>06

e

i



166

E5 'tttitite*04 "ttett400-05 *f9986894-09t 4446 8 40-0$ * t600 f 06 4-ot * tst f0 toc-0 6 * t90 t t tis-09 '83000006-00 85961654-09 * ltf69 850-09
* f f 096 t06-0 6 * t95f 6064-09 * l0000004-ot '* ettilf 04-09 'lif t6 f 68-09

89 * Ctet6t se'01 * tillet59-09*

tt * t9016690*06 * s tf6ttte-05 'ttelett e-OD * t9 tit 9 te-0 4 '65450 ttE-09 *l0000004-03 *0 ttit658-09 ' 4 865 E4 tO-09
tett8098-09 *t9Ltoite-et *t9060008-09 '84000006-09 *00050f00-09 '

tt * tt af 046c*04 't 2 865428-05 '' tit 05lle-09 * t90080 lO-09
ttieltse-05

E6 ESt9 690E*0B "

* t5% tt 9!e-09 'l0000006-0 0 "009t f 9t e 09 ' t t ele tte-09
43000000-09 * 0ttf%tse-09 * 8 890tt60-09
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Appendix F
0

LIST OF SYMBOLS

A Input starting time for all numerical models
,

a nth root of a cot (a ) -- (Nsh-1) = 0n n 3

B Input stopping time for KINETIC and DROP models

BWR Boiling Water Reactor

C Concentration of a species

C Concentration of a species in the gas phase
8
C ncentration of a species in the gas phase at the interfacegi

C Concentration of a species in the liquid phase1

Cli Concentration of a species in the liquid phase et the inter-
face

cc Cubic centimeter

CDIAM Containment diameter in the SPRAY and WALL-SPRAY models,

meters

CHL Containment of hydrogen ions, H+, in the liquid for the DROP,

and KINETIC models, moles / liter
"HOIL Concentration of hypoiodous acid, HOI, in the liquid for the

KINETIC and DROP models, moles / liter
CHCISP Concentration of hypoiodous acid, HOI, in the spray solution,

for the SPRAY and WALL-SPRAY models, moles / liter

CHSP Concentration of hydrogen ions E* in the spray solution for
the SPRAY and WALL-SPRAY models, moles / liter

CIL Concentration of Iodide, I , in the liquid for the KINETIC and
DROP models, moles / liter

CISP Concentration of Iodide ion, I~, in the spray solution for the
SPRAY and WALL-SPRAY models, moles / liter.

C103L Concentration of Iodate ion,105 in the liquid for the KINETIC
and DROP models, moles / liter.

C103SP Concentration of Iodate ion, 105,in the spray solution for
the SPRAY and WALL-SPRAY models, moles / liter.

C12L Concentration of molecular iodine, 12, in the liquid for the
KINETIC and DROP models, moles / liter.

C12SP Concentration of molecular Iodine, 12, in the spray solution
for the SPRAY and WALL-SPRAY models, moles / liter.,

cm Centimeters

e

_ _ - _ - _ _ _ . _ _ _ _ _ _ _ . _ . - _ _ _ . - - _ . .-
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COIL: Concentration of ' Hypo-lodate ion, 01 , in the liquid for the
*KINETIC and DROP models, moles / liter.

! COISP Concentration of Hypo-Iodate ion, 01~, in the spray solution
for the SPRAY and WALL-SPRAY models, moles / liter.

cot Cotangent ,

cP Centipoise -i

..]
CPU Central Processor Unit

"

CSE Containment Systems Experiments

d Drop diameter

D Diffusion coefficient for the gas .g
D Diffusion coefficient for the liquid
i

| DENGAS Density of air,'' gas /cc-

DENLIQ Density of water, gas /cc
DIAM- Drop dianeter, cm

'

DURTM Duration of spray, min

E Spray removal efficiency

| exp exponential

EXPTM Exposure time, seconds e

F Flow rate
2

| FLRAT Flow rate, liter / min
.

| g ' Acceleration of gravity
,

h Drop fall height

H+ Hydrogen ion
~

i HEIGHT Drop fall height, a

| HMAX Maximum step size for the RKF numerical integration routine
!

. HMIN Minimum step size for the RKF numerical integration routine

HOI Hypoiodous Acid; ;

IN Number of equations to integrate. 4 for: buffered solution; 5'

for unbuffered solution

L- Iodide

| I2 Molecular Iodine

II Tri-Iodide

| 105 Iodate ion
*

! K -Kelvin *

| k Reaction rate constant for equation 1. (i < 0: reverseg
i reaction, i > 0: forward reaction)
: *

i

- _________._____.____._____._.____ _ _ ___._ _ _ _ _______. _ _ _ _ . -
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a

_Kg Equilibritan constant for equation i.g
k Gas side mass transfer coefficientg

K Overall gas side mass transfer coefficient;. go,

a i Liquid side mass transfer coefficientk

Kio, Overall liquid side mass transfer coefficient
'

k ,,, Average mass transfer cofficient for a falling liquid filmi

i Ln Natural logarithm

i Log Base 10 logarithm

M, . Molarity, moles / literi

M,_ Molecular weight of species a

) b Molecular weight of species bM

] M Mass transfer rater

; A Mass transfer flux to the dropN

| N ,w Mass transfer flux to the liquid on wallsA

N "Best Number"D

N Reynolds numberre
01~ Hypo-Iodate ion,

OH~ Hydroxide ion

,

p Pressure

i P Partition coefficient
i

PRESS Pressure, ata

PWR Pressurized water reactor
'

Distance from the outer radius of the dropr

R. Reaction rate
s Seconds

I- see Seconds
*

Sc Schmidt ntsaber

t Time
'

t* Contact time for each element in a drop
i t,- Exposure time of a drop

~

i

t /2 Half lifej 1
'

T Temperature
*

! TEMPG Temperature of the gas, K
TEW L Temperature of the liquid, K

TOLER~ Relative error control for k'J routine
1 o

__- ___-__ __-- _ _ _ _ -_ _ _ ___ _ _ _ - _ - _ = _ _ _ - _ _ _ _ _ _ __ _ _ _ _ - .
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TRMVEL Termi tal s i.oc ty of.a drop,, m/sec '

,
u Velocity < vector >

'
v Velocity -

' '
'

g Terminal settling velocityv
.

j V Containment volume

VISGAS Viscosity of the gas phase, cP ^

i VISLIQ Viscosity of t e liquid phase, cP

WFRAC Fraction of spray flow rate which flows down the wall4

! WHT Wall height, meters

f

. WOLD (1) Concentration of 12 in RKF routine, moles / liter4

WOLD (2) Concentration of I~ in RKF. routine, moles / liter
WOLD (3) Concentration of HOI in RKF routine, moles / liter
WOLD (4) Concentration of 105 in FJF routine, moles / liter

: WOLD (5) Concentration of H+ in RKF routine, moles / liter
' -

WOLD (6) Concentration of OI~ in RKF routine, moles / liter
| WOLD (7) Concentration of 15 in RKF routine, moles / liter
.

1 Removal rate constant
.

2t 4 D t,/de
t

i a Thickness of water on the walls
f

| 0 Collision integral
|' ep Density

p Viscosity

V Nable operator
'

A2 Laplacian operator

i

!
;

i.

.

:
i

i *

!

!
i

9

,

,
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A new model has been developed for predistJng the rate at which gaseous molecular iodine
is absorbed by water sprays. The mode}# sNa quasi-steady state mass transfer model thati

includes the iodine hydrolysis reactions. The parameters of the model are spray dropa

size, initial concentration of the gjiis and liquid phases, temperature, pressure, buf-
feredorunbufferedspraysolutiongsprayflodrate, containment diameter and drop falli

'

height. The results of the modeljwere studied %ider many values of these parameters.,

Plots of concentration of ioding species in the arop versus time have been produced byF varying the initial gas phase c6ncentration of mo hcular iodine over the range of1x 10 5 moles / liter to 1 x 19p o moles / liter, a bhffered pil of 7 or 9, and a drop sizeof 1000 microns.
f.[

*

,

Resultsfromthemodelare/domparedtoresultsavailabkefromtheContainmentSystems
Experiments at Pacific Northwest I.aboratory. The diffcNence between the model predic-
tionsandtheexperiment$1datarangesfrom-120%to68%withtheclosestagreceent7.7%. Th~e new spray model is also compared to previouslyjexisting spray models. At
highconcentrationsof[gaseousmolecularlodine, the new shray model is considered to be
less accurate than tly previous models. At

lowconcentratiy$oftheiodinehydrolysis
s, the new model predictsresults that are closer to the experimental data. Inclusionlobeimportant

reactionsisshown/kpraysformostconditionsfor determining the remova - of molecular lodine fromgas phase by water '
.
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