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ABSTRACT 

A new model has been developed for predict ing the rate at which 

gaseous molecular iodine is abs orbed by water sprays • . The model is a 

quasi-s teady state mass transfer model that includes the iodine hydroly-

sis  reactions . The parame ters of the model are spray drop size , ini tial 

concentration of the gas and liquid phas es , temperature , pressure , buff-

e red or unbuffered spray solut ion, spray flow rate ,  containment di ame ter 

and drop fall height . The results of the model were s t udied under many 

values of these parameters . Plo ts  of concentrat ion of iodine species in 

the drop versus t ime have been produced by varying the initial gas phase 

concentration of molecular iodine ove r the range of 1 x 1 0-5 moles/li ter 

to 1 x 1 0-1 0  moles/ li ter and a drop size of 1 000 mi crons . 

Re sults from the model are compared to result s  available from the 

Containment Sys tems Experiments at Pacific Northwest Laboratory .  The 

difference be tween the model predi ctions and the experimental data 

ranges from - 1 20 . 5% to 68 .0% wi th the closest agreement 7 . 7% .  The new 

spray model is als o compared to previ ously exi s ting spray models . At 

high concentratio�s of
.

gaseous molecular iodine , the new spray model is  
·� 

cons idered to be less accurate but at low concentrations , the new model 

predicts resul ts that are closer to the experimental dat a .  Inclus ion of 

the iodine hydrolysi s  reactions is  shown to be a feature impo rtant to a 

model intended for determining the removal of molecular iodine over a 

wide range of condi tions . 
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CHAPTER I 

BACKGROUND 

1. Iodine and Nuclear Reactor Accidents 

Radioactive isotopes of iodine are produced in abundance within the 

reactor cores of nuclear power plants. Much concern has been placed on 

the possible release into the atmosphere of radioactive iodine under ac­

cident conditions. Iodine can be inhaled or ingested and is quickly ab­

sorbed into the bloodstream. Once in the body, iodine concentrates pre­

ferentially in the thyroid gland, which is apparently the only tissue in 

the human body that uses iodine .l As a result, the radiation dose to 

the thyroid is likely to exceed by far the dose to the rest of the body 

and is likely to affect more individuals than any other health effect 

from a nuclear reactor accident. l 

In a nuclear reactor, fissionable isotopes such as uranium-235 and 

plutonium-239 interact with neutrons resulting in a release of energy 

and the formation of fission product fragments. As can be seen in Fig­

ure 1, iodine ( atomic number 53 ; mass numbers from 1 25 to 1 33 ) is an 

abundant fission product, and iodine can exist in a number of radioac­

tive st'ates; the most important is iodine- 1 3 1 .  Radioactive iodine emits 

beta particles and gamma photons that can cause severe health effects. 

There are several basic types of nuclear power plant designs. One 

classification (the most important in the United States) is the light 

water reactor . The two different types of light water reactors are 

pressurized water reactors (PWRs) and boiling water reactors ( BWRs ) . In 
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PWRs , the pressurized cooling wat er is  not allowed to boil in the re­

actor core , but BWRs operate at lower pressure and have a different core 

des ign whi ch allows the water boi l .  Powe r generation sys tems f o r  both 

of these reactors are similar to those in other thermal electri cal 

generating plant s .  Heat is produced and i s  used to generate s team whi ch 

turns the turbine to generate electrici ty . In the case of a nuclear re­

actor , heat is produced by the fission process . 

One serious accident sequence pos tulated that could result in re­

l ease of iodine into the atmos phere is a "loss of coolant accident . "  

For example ,  in the des ign basis accident sequence for a boiling water 

reactor , the recirculat ion sys tem piping connected to the reactor ve ssel 

is presumed to break on the suction side of the pump , ( s ee Figure 2)  and 

i t  is assumed that the emergency cooling water sys tems do no t func­

tion .  The reactor control rods would be inserted to shut down the re­

acto r ,  but heat would still be produced , due to decay of radionuclides 

in the reactor (decay heat ) , at an ini tial rate equivalent to approx­

ima tely 7% of the normal operating power . The decay heat generation 

rate slowly decreases with time af ter reactor shutdown , but enough heat 

would be produced in the short term to boi l  off the water and expos e  the 

fuel rods to air .  Wi thout res toration of core cooling water sys t ems , 

the fuel rods would eventually ove rheat and fracture , releas ing the 

fiss ion produc t s . The fission products have a pathway into the primary 

containment (drywell ) via the fractured cooling water pip�. The 

pres sure in the drywell would increase and eventually the primary 

3 
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containment would fail. The fission products would then be able to 

escape into the secondary containment or reactor building and from there 

into the outside atmosphere �nd expose the environment to radioactive 

iodine. 

To minimize the release of radioactive iodine to the environment 

under the conditions of the design basis accident, all light water reac­

tors have a containment water spray system . The spray systems are lo­

cated outside of the reactor vessel and inside the primary containment 

for both PWR and BWR designs. Figure 3 show s the location of the con­

tainment sprays for the BWR Mark I containment design .3 The purposes of 

the spray systems are to remove the heat and thereby lower the pressure 

within the primary containment and to remove airborne fission pro­

ducts. As indicated, the BWR spray systems employ ordinary water taken 

from the pressure suppression pool. Models that predict the rate of 

iodine removal by the containment sprays are necessary for rational 

design of spray systems and for predicting the behavior of existing 

spray systems under accident conditions. 

2. Existing Spray Models 

In the past, most PWR containment spray systems used an aqueous so­

dium-thiosulfate solution . The reaction that occurs between sodium­

thiosulfate and iodine is: 

(1 ) 

This reaction is very fast, essentially instantaneous. However, sodium­

thiosulfate has been found to be unstable in a radioactive atmosphere, 

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

longer used. 

The spray solutions now used for PWR spray systems are, for the 

most part, sodium hydroxide-boric acid solutions, while ordinary water 

is used in BWR spray systems . The chemical reactions that occur in 

these solutions are not as fast as the reactions for sodium-

thiosulf ate. The existing model� for the removal rate of iodine is 

first order and can be expressed by: 

dC 
dt = -A.C , 

where 

C concentration of iodine in the gas phase, 

t time, 

A. = washout rate constant. 

Integrating: 

C = C exp( -A.t) 0 

where C0 is the initial iodine concentration. 

The washout rate constant is defined as: 

where 

F P E 
v 

F = spray flow rate, 

cl 

(2) 

(3) 

(4) 

P = -- = iodine partition coeff icient for iodine between water and cg 
air (related to Henry's coef f icient) , 

V = containment volume, and 

E removal eff iciency . 
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The removal efficiency is defined as : 

and 

E = 1 - I: 
6NSh2exp (-ft2 �) 

------------------ for a stagnant drop model , 
a�(�� + NSh(NSh� 1 ) ) 

E = 1 - exp�- 6kg t e ]for a stagnant film mode l , 
d(P + k /k� ) . g 

E 
6 k h 
--�g-- for a gas phase controlling resistance model • 

p v d g 

In these equations , 

kg = gas film mas s  trans fer coefficient , 

k� = liquid film mass t ransfer coefficient wi t hout reaction , 

te = drop expos ure time , 

d = drop diameter , 

D1 liquid diffusion coefficient , 

� 4Dl te /d 2, 

h = drop fall height , and 

0, 

vg terminal sett ling velocity of t he drop. 

Equations 4 and 8 result in a was hout rate cons tant : 

6 k F h 
). = g 

v v d g 

8 

( 5 )  

( 6 )  

(7) 

(8) 

(9) 



Us ing this equation for the removal rate cons tant, the equat ion for the 

concent rat ion in the gas is: 

C = C0 expl:6 ;sv: : tj · (10) 

The property P is ref erred to as an "effective " part ition coef-

fi cient because it relates the t otal concent ration of species containing 

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

"ef fec tive" partition coeffici ent for aqueous iodine is defined as: 

p = 

[!2 (l iquid ) ]  + [I2(react ed ) ]  

[12 (gas}] (11) 

where the square bracke ts represent the concentration of the species . 

A model often used today referred to as the " realistic" mode ll+ is 

the well-mixed drop model wi th a parti tion coefficient of 100,000; this 

appears to give sat isfactory results (see Figure 4 for comparison to ex-

i s t ing data) . The maj or problems wi th the "realistic"  model are that it 

does not describe the iod ine hydrolysis reactions, it does not deal with 

the liquid phase concentrat ion ,  and it uses an effective partition coef-

ficient . The effective partition coef ficient is that it lumps the 

effects of the react ions into a single· cons tant . The effects of the 

kinetics on the rate of mass t ransfer, under all conditions, are no t 

cons tant (see Chapter 3) . The temperature of the spray solution , the 

init ial concentration of the spray solut ion, the pH of the spray 

solution, and the contac t time of the individual drops all wi ll signifi-

cantly affect the rate of mass trans fer . Therefore , a different effec-

tive partition coefficient is required for each condi t ion which migh t 

9 
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exis t .  For these reasons, the "reali s tic"  model wi ll predi ct the same 

removal rate for an ini tial concent ration in the liquid of moleclar 

iodine of zero and for an ini tial concent ration in the liquid near 

equi librium . 

The bes t available experimental resul t s  that migh t be used in an 

effort to j udge the efficacy of the " realis tic" model are the reusl ts 

obtained in the Containment Sys tems Expe riments (CSE) which are 

di scus sed in Chapter 7 .5 Briefly, these experiments are large scale 

containment sys tem tes ts in which one of the goals of the tes t s  was to 

determine the rate of removal of gaseous molecular iodine by water 

sprays . Some of the experimental runs used re ci rcula tory sprays . For 

example, the thi rd s pray period for CSE experiment A-4 is for a recir­

culatory spray . The da ta show desorp tion of iodine from the spray 

soluti on .  The so-called "realistic"  model would predict that iodine is  

s till being removed from the gas phase . 

The obj ectives of this work are to develop a new model for the ab­

sorption of gaseous molecular iodine by water droplets  which includes 

the iodine hydrolys is reactions and to  determine if  and under what con­

ditions,the iodine hydrolys is react ions influence the rate of mas s 

transfer . The parame ters of the model are the ini tial gas phase concen­

tration of molecular iodine, the init ial concentration of the iodine 

species in the liquid (including pH), the gas phase temperat ure, the 

liquid phase temperature, the pressure, the diame ter of the drople ts, 

the s pray flow rate, the spray time, the containment diameter and the 

containment height (drop fall height). 
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CHAPTER II 

MASS TRANSFER 

1. General Mas s Trans fer wi th Reaction 

Mass trans fer be tween two phases occurs because of a chemi cal po­

tent ial driving force between the bulk of each phase and the inter­

face . 6 When the chemi cal potential driving force is greater in the gas 

phase than in the liquid phase ( see Figure 5) , the component being 

absorbed dif fuses through the gas film to the interface of the drop 

whe re equi librium is achieved .  Thi s phenomena is usual ly ref erred to as 

the " gas-f ilm resis tance " , which sugges ts a stagnant gas film of fini te 

thickness through whi ch the soluble gas is trans ferred by molecular di f­

fusion .? The transferring species then diffus es from the liquid int er­

phase to the bulk of the liquid.  A concent ration gradi ent exi s t s  in  the 

liquid phas e ,  j ust as in the gas phase ,  and this is referred to as the 

" li quid-f ilm resis tance " , sugge st ing a stagnant liquid film of fini te 

thi ckness at the int erface . The bulk liquid may be completely mixed and 

thus have a uni form concent rat ion , or it  migh t be stagnant wi th the con­

cent ration of the transferring species decreasing as the distance from 

the interf ace increases , or the bulk liquid could be partially mixed . · 

When chemi cal reactions occur in the bulk liquid , the concentration of 

the di f fusing species can be reduced ( or even elimi nated) by the reac­

tions . This can give a higher driving force due to the lower concentra­

tion of the transferring species in the bulk liquid . 

12 
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Compli cations can occur when determining the effect of the chemi cal 

reactions on the mass transfer rate . As the transferring s pecies dif-

fuses through the liquid, that species is partially or pos s ibly to tally 

removed from the liquid by the chemical reactions . The rate of mas s  

t ransfer may be increased further because the concentrat ion gradi ent 

driving force at the interface becomes s teeper (see Astarit a6 or 

Dankwerts7 for more de tails ) .  On the other hand, if the reaction in the 

liquid o ccurs very slowly, it might not affect the rate of mass  trans-

f er. A fast reaction in the liquid will increase the rate of mas s  

t ransfer t o  a greater extent by removing the diffus ing s pecies from 

wi thin the liquid film. A ins tantaneous react ion that occurs on the 

surface completely eliminates the contributi on of the liquid phase to 

the rate of mas s  transfer.  

The uns teady-s tate differential equation for di f fusion wi th simul-

taneous reaction of the diffus ing species is : G 

( 1 2 ) 

Thes e terms represent the relation 

molecular transport = conve ction + accumulation + reaction rate, 

where 
2 2 2 

62 = Laplacian ope rator = a2/axl + a2Jax2 + a2/ax 3 
V Nabla operator = 01 a/axl + 02 a/ax2 + 03 a/ax3 · 

u = velocity <vector), 

C concentration of the di f fus ing species, 

t = time, and 

R = react ion rate . 
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For the penet ration theory in one-dimension in spherical coordinates , 

this equation reduces to : 6 

(13) 

Where r is the dis tance from the outer radius of the drop .  

For the film theory (which assumes steady state in the film) in one-

dimension , the uns teady-s tate dif fusion equation reduces to 

Dt[a2c + 1 a
a
c]= R , < 14) 

ar2 r ij 

These equations can be solved analytically for simple kine tics . In 

general , the solution involves solving a series of differential equa-

tions for all species present . 7 For the complex dif ferential equations 

resul ting from the iodine hydrolysis reactions (see Chapter 3 ), an anal-

ytical solution for the uns t eady-s tate dif fusion equation with reac tion 

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

When mas s trans fer occurs between two phases, the resis t ance to 

diffusion of bo th phases will influence the rate of mass trans fer .  I f  

one phase ' s  contribution t o  the overall resis tance i s  much smaller than 

the contribution.of the o ther phase, the ef fect of the phase, with the 

smaller resistance, may be ignored because it will no t significantly 

affect the overall rate of mass transf er .  The overall mass transfer 

resis t ance is the sum of the two resis tances . For a soluble gas 

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

drop:8 

where 

Mr = rate of mass trans fer, 

kg gas-side mass transfer coefficient, 

k� = liquid-side mas s trans fer coefficient with no react ions, 

Cg concentration in the bulk gas, 

Cgi concentration in the gas at the interface, 

c1 = concentration in the bulk liquid, 

eli = concentration in the liquid at the interface . 

Using a partition coefficient P 

Solving for Cgi: 

16 

(15) 

(16) 
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Substituting into Equation 1 6 ,  one obtains: 

where 

K . = ___ 1 __ _ lov 1/ko + P/k 1 g 

where Klov is the overall liquid-side mass transfer coefficient. 

( 1 8) 

( 1 9) 

(20) 

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 2 5°C: 

kg 10 . 75 em/sec, 

k� 0.25 em/sec, 

p = 86 •. 8' 

_1_ 
= 

_1_ + 86.8 
K1 0 .25 10 . 75 ' ov 

Klov = 0 . 0826  em/sec. 

This indicates that there is significant resistance to mass trans-

fer in both phases when no reactions occur . The chemical reactions that 

occur in the liquid (see Chapter 3, AQUEOUS IODINE CHEMISTRY) will tend 

to decrease the significance of the liquid phase. 

17 



CHAPTER III 

AQUEOUS IODINE CH EMISTRY 

• 
The chemistry of aqueous iodine has been studied in depth by Bell, 9 

Sellers ,lO and Eigen . ll The true reaction mechanisms of iodine and 

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

are the best equation available for a mass transfer with reaction 

model: 9 

kl 
HOI + I- + a+ , 1) 12 + H20 * (2 1) 

k_l 

k2o k21 
+ 3H+ ' 

IOj" + 21-2) 3HOI �2 
(2 2) 

k3 
3) 41- + 02 + 4H+ + 212 + 2H20 , (2 3) 

k4 
4) 12 + I- * 13 (2 4) 

k_4 

ks 
H+ + or- , 5) HOI * (25) 

Ls 

k6 
H+ + OH- • 6) H20 * (2 6) 

k_6 

Note that this treatment essentially considers iodine hydrolyses as a 

two step mechanism given by equations 2 1  and 2 2 .  The other equations 

give terms related to this assumed two step process. 

The kinetic rate equations developed for the chemical equations 

above are: 

18 



d[I2]/dt = -k1[I2J + k_l[I-][HOI][H+] + 0.5 k3[H+][02][I-] 

-k�[I2][I-] , 

d[I-]/dt = k1[I2]-k_1[I-][HOI][H+] + (2/3) k20[HOI]2 

+ (2/3) k21[HOI][OI-]-2 k_2[I03][r-]2[a+]2 

-k3 [H+][02][I-]-k�[I2][I-] , 

d[HOI]/dt = k1 [I2]-k_1[I-][HOI][H+]-k20 [HOI]2 

-k21[HOI][OI-] + 3 k_2[I03][I-]2[s+]2 , 

d[I03]/dt = (1/3) k20[HOI]2 + (1/3) k21[HOI][OI-] 

-k_2[I031[r-J2[a+J2 ' 

d[I3]/dt = �[I2][I-]-k_�[I3] + k3[s+][02][I-] , 

d[H+]/dt = k1[I2]-k_1[I-][HOI][H+] + k20[HOI]2 

+ k21[HOI][OI-]- 3 k_2[I03][I-]2[a+]2 

-k3[H+][02][I-] • 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

The s toichiome t ry of Equations 21 through 26 are not represented in the 

Equati ons 27 through 31 because Equations 27 through 31 are derived from 

experimental obs ervations . 9 Equation 32 was derived by incorporating 

the individual rate expressions used by Bell . 9 

The first reaction has been as signed a pseudo firs t order rate 

cons tant for the forward react ion and a third order rate constant has 

been ass igned to the reverse reaction. This reaction is  fas t and come s  

t o  equilibrium i n  a few s econds ( see Table 1 for rate cons tants ) . There 
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Constant 

kla 

k-1 

k2Q 

k21 

k-2 

k3 � 

k4 

k-4 

Table 1 .  Values of rate of 
equilibrium constants 

(Bell9 ) 

Temperature 
(oC) 

20 

20 

25 

25 

25 

25 

25 

25 

25 

25 

25 

Value 

3 s-1 

4 . 4  x 1 01 2 �2 s-1 

250 }rl s-1 

1 20 �1 s-1 

3 x 1 08 �4 s-1 

3 . 47 5  x 1 0-4 �2 s-1 

3 x 1 06 �1 s-1 

4 x 1 03 s-1 

736 

2 .  3 x 1o-11 

1 . 00 6  x Io-14 

aThe value of k1 was calculated by Eigen 
and Kustin,ll who assumed that Kl = 6 .8 x 
Io-13 M2 . 
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is  a pH dependency since hydrogen ions (H+) are formed and the ext ent of 

the reaction varies greatly wi th the pH of the soluti on.  The exi s tence 

of hypoiodous acid , HOI , has no t been prove n ;  however , HOI is thought to 

be formed .9 

The s econd reac tion has been assigned a two term rate equation in 

which bo th expressions have a second order rate constant for the forward 

reaction and a f i f th order rate constant for the reverse react ion . The 

second reaction is much slower than the fi rst reac tion and comes to 

equi librium in a period of time varying from approxima tely fif teen sec­

onds to well over one year depending on the pH. As in the first reac­

t ion , the higher the pH, the faster the reaction rate.  

The third reaction is irreversible.  The concentration of  oxygen i s  

as sume d  t o  be cons tant and is related t o  the concentration o f  oxygen in 

the gas by a Henry's coefficient . A pseudo second order rate const ant 

kp3 , can then be ass igned to this reaction : 9 

kp3 = k3 [02] (3 3) 

In this third reaction , molecular iodi ne is a product , and the react ion 

is also pH dependent • . At a low pH , the equilibrium shi f t s  to the right , 

result ing in the product ion of more molecular iodine . But the produc­

tion of molecular iodine by this reaction is small .  Therefore , the 

third reaction als o  produces more beneficial effects , at a high pH , by 

producing molecular iodine than at a low pH. 

Reaction four involves the forma tion of tri-iodide. This reaction 

is very import ant because it is essentially instantaneous and removes 

·21 



molecular iodine from the solution .  A second order rate constant is as­

signed to the forward reaction and. a fi rst order rate cons tant is as­

s igned to the reverse reaction.9 

Reaction five is the di s sociation of hypoiodous acid , and reaction 

six is the di s soci ation of wate r .  Bo th reaction five and six are essen­

tially ins tantaneous . 

The mos t  important reactions are the firs t and the fourth re ac­

tions . Both of these reactions remove molecular iodine from the solu­

t ion , and by lowering the concentration of molecular iodine , the con­

centration driving force for mass trans fer increas e s . 

The mos t  important species bes ides molecular iodine is the hydrogen 

ion concentration . Overall , the removal of molecul ar iodine from solu­

tion is increased when the pH of the solution i s  high and i s  decreased 

when the pH is low.  All of the reactions except reaction four contain 

terms involving the hydrogen ion concentration. 

At a high pH, the combined result of all reactions is to deplet e 

the concentrat ion of molecular iodine in solution .  As a resul t , the 

concentration driving force for mass trans fer is increas ed , and the mas s 

t rans fer rate is increased . It is also very de sirable to have the pH 

buf fered because suf f i cient hydrogen ions are produced that otherwise 

would cause the pH to drop very qui ckly to a point where the reac tions 

would es sentially s top . 

Li t tle information is avai lable concerning the temperature depen­

dencies of these reactions . For reacti ons 1 through 3, no experimental 

inf ormat ion is available for the temperature dependencies . The 
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temperature dependence upon the equilibrium constant s for reactions 4 

through 6 are : 9 

Ln K4 = 37 27 . 86/ T - 1 1 . 6 326  + 0 . 0 1 9 22 1 2  T ( 3 4 )  

Log Ks = 2800 . 48 + 0 .7 335 T - 80 670 . /T -1 1 1 5 . 1  ( Log T) ( 35 )  

Log KG =  -4 . 0 9 8  -3 245 . 2/T + 2 . 2367 x 1 05 /T2 - 3 . 984 x 1 07 /T3 ( 3 6) 

+ ( 1 3 . 9 57 - 1 26 2 . 3 / T  + 8 .5 64 1 x 105JT2 ) Log DENLIQ 

where DENLIQ, the dens i ty of water which was derived by a nume rical fit  

to experiment al dat a 17 is given by : 

DENLIQ = 6 . 0 25 1 1 47 x 1 0-9 T3 -9 . 1 3 2906 4 x 1 0-6 T2 

+ 3 . 57 357 2 X 10-3 T + 5 . 8 35882 X 10-1 , and 

T = temperature, K. 

( 37)  

A numeri cal model whi ch s imulates the iodine hydrolys i s  reactions 

has been developed ( see Appendix B ) . The model uses a Runge-Kutta­

Felhburg (RKF) algorithm12 whi ch numerically integrates the kine tic rate 

equations 27 through 3 2  as a function of t ime .  Figure 6 shows the algo­

rithm for the kinetic model . Input s  to the model are : 

1 )  temperature of the solution , 

2 )  ini t ial concentration of all s pecies in the solution, 

3 )  whether buffered or unbuf fered ( see Appendix A,  Numerical Tech­

nique ) , and 

4 )  simulation t ime . 

Out put from the model produces one file and one plo t .  Fiie FOR50 . DAT 

contains the concentration of all species as a function of t ime ( see 
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A, 8, HMIN, HMAX, IN, TOLER. 

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

UPDATE 

SPECIES 

CONCEN­
TRATION 

REJ,ECT 

Figure 6. Kine tic Model Flowshee t .  
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Appendix B for a sample out put) . Thi s  file is  used to make a plo t  of 

concentration of all species in the liquid versus t ime . 

Figures 7 through 1 5  show the chemi cal kine tics as a function of 

time for ini tial concentrations of molecular iodine of 1 .0 x 10 -3 to 

1 . 0 x 10-10 moles/ li ter and the �ni tial concentration of the other 

species were zero . These plot s  were produced by numerically integrat ing 

the iodine hydrolys is reactions ( see Appendix A for a description of the 

numerical technique) . The fifteen-s econd t ime scale was chosen as the 

maximum drop lifetime because fifteen-seconds is the maximum t ime a drop 

would experience in a containment saf ety spray sys tem ( f or longe r 

reaction times see Reference 9 ) . 

These plots  show that the concentrat ion of molecular iodine 

decreases as the conversion of molecular iodine increases . For example , 

with an ini tial concentration of molecular iodine of 1 x 1 0-3 moles/ 

li ter and wi th a buffered pH of 9 . 0 ,  Figure 7a , the equilibrium concen-

tration of molecular iodine is by a factor of approximately five less 

than the ini tial concentration.  At an initial concentration of  mole-

cular iodine of 1 x 10-10 moles /li ter and a buffered pH of 9 . 0 ,  Figure 

14a , the equilibrium concentration of molecular iodine is almo s t  seven 

orders of magni tude less  than the initial concentrat i on . The leveling-

off of the change in the concentration of molecular iodine that occurs 
l 

before 5 seconds is due mainly to the equilibration of the first 

reaction. The effects of the second reaction are not as obvious , but 

af ter the plateau has occurred , the concentration of molecular iodine i s  

s till dropping and the concentration o f  iodide , I- , is increas ing due to 
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Figure 7. Res ul t s  of Kine tic Model. Ini t i al concent ration of mo lecular 
iodine 1 .0 x lo-3 moles/li t e r. 

( a )  Buf fered pH of 9 . 0 .  
( b) Buf fered pH of 7 . 0 .  
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(a) Buf fered pH of 9 . 0 . 
(b) Buffe red pH of 7 . 0 .  
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Figure 1 0 .  Res ul t s  of Kinetic Model. Ini tial concentration of molecu­
lar iodine 1 .0 x 1 0-6 moles/lit er. 

( a )  Buffered pH of 9 . 0 .  
( b )  Buffered pH of 7 . 0 .  
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Figure 1 1 .  Resul t s  of Kine tic Model . Ini tial concentration of molecu­
lar iodine 1 . 0 x 1 0-7 mole s/li te r . 

(a ) Buffered pH of 9 . 0 .  
( b )  Buf fered pH of 7 . 0 .  
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Figure 1 2 .  Res ul t s  of Kinetic  Mode l .  Ini t i al concentration of molecu­
lar iodine 1 .0 x 1 0-8 moles/li t e r .  

( a )  Buffered pH o f  9 . 0 .  
( b) Buf fered pH o f  7 . 0 .  
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Figure 1 3 .  Resul t s  of Kinetic Model . Ini tial concentration of mo lecu­
lar iodine 1 .0 x 1 0-9 mo les/liter.  

( a )  Buffered pH of 9 . 0 .  
( b) Buffered pH of 7 . 0 .  
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Figure 1 4 .  Resul t s  of Kinetic Model . Ini tial concentration of molecu­
lar iodine 1 .0 x l o- 1 0 moles/li t e r .  

( a )  Buf fered pH o f  9 . 0 .  
( b )  Buf fered pH of 7 . 0 .  
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the se cond react ion. The second reac t ion equilibrates very slowly and 

this equilibrium is shown in the figures provided by Reference 9 .  

In Figures 7 through 1 4 , part a is for a buf fered pH of 9 in the 

liquid while part b presents the resul ts  for a buffered pH of 7 .  Com­

paring the two parts ,  the conve rsion of molecular iodine for the same 

initial concentration is much great er for the pH 9 solutions than for 

the pH 7 solutions . For a pH of 7 and a high concent rati on o f  mo lecular 

iodine (above 1 . 0 x 1 0-7 moles/li ter ) ,  the fraction of  molecular iodine 

conversed is small but as the ini tial concent ration of mo lecular iodine 

decreases , the conversion of molecular iodine increas e s . At an initi al 

concen tration of molecular iodine of 1 . 0 x 1 0-1 0 moles/ liter ,  the 

concentration of molecular iodine , at equilibrium , decreases by five 

orders of magni tude for a buffered pH of 7 . 0 as opposed to a decrease o f  

7 orders o f  magni tude for a buffered pH o f  9 . 0 .  

Figure 1 5  represents resul ts calculated for an unbuf fered solution 

of pH 9 . 5 and an ini tial concentration of molecular iodine of 1 . 0 x 

1 0-6 moles/li t er . The plot ted results show qui te clear ly the effects o f  

the enormous quantity of hydrogen ions produced , such that the pH very 

quickly drops from i ts initial value to a pH of approximately 6 ,  and the 

reactions es sentially ceas e .  

A few important conclusions can b e  drawn from obs erving the plo ts 

of the iodine hydrolysis reactions and cons idering their effects on the 

rate of mas s trans fer : 

1 )  For a solution that is buf fered a t  a high pH , the reactions greatly 

increase the rate of mass  transfer by decreas ing the concentration 
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of molecular iodine in the liquid . This increases the concent ra­

tion driving force for mass t rans fer , thereby increasing the over­

all rate of mass transfer.  

2) For a solution that is buf fered at a low pH , the reactions will 

also increase the rate of mass transf e r ,  but the increase will be 

much less  than for a buf fered high pH . 

3 )  For a solution that is unbuffered at  essential ly any pH , the pH 

will almo s t  immediately drop to a value at which reactions ceas e ,  

and the reactions , therefore , will not have any subs tantial further 

ef fect on the rate of mass transfer.  
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CHAPTER IV 

DROP MODEL 

The drop model simulates a single dropl et suspended in a gas con­

taining mole cular iodine for a specified amount of time . This model is 

us ed to calculate the rate of mas s trans fer for one drop and the concen­

tration in the drop as a function of time . Water drops fal ling in air 

are essential ly stagnant (non-ci rculating) if their diame ter is les s 

than 30 microns . l 3 Drops greater than 1000 microns are significantly 

non-s pherical , and drops break-up before they reach a diame ter of 10 , 000 

microns . l 3 Safety spray sys tems in nuclear reactors have droplet mass 

medium diame ters ranging from 700 microns to 1500 mi crons . s Ac cording 

to Clif t l 3 these drops are in the diameter range of non-spherical drops , 

with the bulk of the drop well mixed. Thus an approach was chosen such 

that the assumptions for the drop model are : 

1) each drop has a completely mixed bulk liquid , 

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

phase , 

3) molecular iodlne ( 12 } is the only species which trans fers in or ou t 

of the drop , 

4) reac tions occur in the bulk of the liquid , 

5 )  drops always fall at their terminal velocity , 

6) the drop has a cons tant surf ace area and cons tant volume at al l 

times , 

7 )  the gas phase concentration i s  always cons tant ( quasi-s teady 

state ) ,  and 
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8) there is no transfer of heat or water be tween the drop and the gas 

phase .  

The assumption o f  no heat transfer is mad e  t o  make the model 

reflects only the mass transfer and the iodine hydrolysis reactions . 

Heat transfer .will occur if there exis t s  a temperature dif ference 

between the gas and liquid phases . Heat transfer would be important 

under certain conditions but consideration of it would add unne cessary 

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 nex t s tep . 

The drop is compos ed of water which may be unbuffered or buf fered 

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

would not change the iodine hydrolysis reactions . The gas phase is 

as sumed to be a mix ture of air and mol ecular iodine ( Iz ) .  A two re-

sis tance model is used for the mas s transf er rate:8 

where 

M r 

� = rate of reaction, 

kg = gas phase mass transfer coefficient, 

k� = liquid phase mas s  transfer coefficient wi thout reaction, 

Cg = concentration of molecular iodine in the gas phase, 

( 38) 

( 39) 

Cgi = concentration of the transferring species ( molecular iodine ) 

in the gas phase at the gas-liquid interphas e, 

c1 = concentration of the transferring species in the liquid 

phase, 
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c1i = concentrat ion of the trans ferring speci es in the liquid phase 

at the gas l iquid interphase . 

Using an overall mas s  transfer coefficient , the ma s s  trans fer rate 

may be wri t ten as : 

* 
M

r = K
lov ( Cl - C l ) (40) 

where 

and 

Klov = the overall mas s  transfer coeffi cient bas ed on the liquid 

phas e ,  

* 
C 1 = the equili brium concentration of the transferring species 

corres ponding to the interphase li quid-phas e concentrat ion, 

c1 the concent ration of the transf erring species in the bulk 

liquid , 

_l_ = .L + !... 
K o k lov k

1 
g 

(41 )  

where PC is the partition coefficient ( related t o  a Henry ' s  coeffi-

ci ent ) .  

The gas phase mas s trans fer coeffi cient is de termined by a correla-
. 

tion given by Cli f t l 3  for drops in free fall in air.· and wi th diameter 

greater than 300 mi crons : 

where 

kg ( Sc ) 2 / 3 = o . a 3 (�p
/
p
g

)l
/4

g
l /4vl / 2d-l /4 

kg gas phase mass  transfer coefficient , 

Sc = Schmidt number , Sc = A. / Dg , 

v = kinematic vi s cos i ty , v = l.l /p , g g 

l.l g 
= vi s cosity of the gas , 

p
g 

= dens i ty of the gas , 
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Dg di f fus ion coe fficient , 

�P = density of the liquid phase minus the dens i ty of the gas 

phase , 

p g = dens ity of the gas phas e ,  

g accelerat ion of gravi ty , and 

d drop diameter.  

This equation can be  rearranged as: 

kg =  0 .8 3  (�p /p g) l / �g l/ � (P gf� g) l/ 6Dg2/ 3d- l / � ( 43 )  

The diffus ion coefficient i s  es t imated by a binary gas sys tem o f  

air and molecular iodine . The mutual di ffusion coefficient for a binary 

gas at low pres sure is : l � 

where 

0 . 00 1 8 58T3 / 2 ( 1 /Ma+l /Mb ) l / 2 
Dg = 2 em/sec  

P Pab Qd 

Dg mutual diffusion coefficient for a binary gas , 

T = tempe rature , 

Ma = molecular weight of component a ,  

Mb = molecular weight of . component b ,  

p = pres sure , atm 

oab = Lennard-Janes force cons tant for the binary mixtu re , and 

od collis ion integral . 

( 4 4 )  

There are very few successful at temp ts t o  correlate the ins ide the 

drop liquid phase mass trans fer coeff icient . This lack of co rrelations 

could be due to the inconsis tant expe rimental results  caused by surface 

impurties and other experimental problems . For this s tudy , the liquid 
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phase mas s  trans fer coefficient is  approximated by using concepts 

Higbies penetration theory . 

The liquid phase mas s  trans fer coefficient is de termined by Higbies 

penetration theory which leads to the following equation for droplets : 6 

where 

(45)  

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

a gas phas e : t* = d/u ( assumed} ] , 

d = drop diameter,  

u = veloci ty of  drop , 

n = 3 . 1 4 15  • • •  , and 

o1 = liquid diffusion coefficient . 

Higbies penetration theory was first applied to the liquid phas e 

mass trans fer coefficients be tween gas bubbles and bulk water for short 

periods of t ime . As a water drop falls through ai r ,  the water ins ide 

the drop ci rculates causing continual renewing of the surf ace . Garner 

and Lane l S  have observed circulation within a drop as it falls in a 

gas . Previous ly reported s tudies l 6 , 1 7 have shown appreciably greater 

abs orp tion rates of a gas by water drops than predi cted by theoreti cal 

rates of mass transfer in stagnant drops ; the difference due to circu­

lat ion wi thin the drops . The experimental re sults  of Garne r and Lane l 5 

for C02 absorption from a gas into liquid water drops agree reasonabl y 

well wi thin the values us ed in this study based upon the Higbies pene­

tration theory . The penetration theory is only one approach for vi sual­

izing the mass  trans fer resistance in a liquid film. Other theories or 

correlations could be used which would give slightly diffe rent value s 
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for use in these models , but the liquid .side coefficient s used in this 

s tudy are believed to be approximately correct and rep resentative of 

values observed experimentally under similar condi tions . 

The liquid phase diffusion coef ficient is determined by Wilke and 

Chang: 1 '+  

where 

Dl liquid diffusion coef ficient , 

VA = 71 . 2  for molecular iodine , 

T = temperature , 

MB = 1 8 . 0 1 5 , 

� =- 2 . 26 ,  and 

� 1 = vis cosity of the liquid. 

Making these subs titution , the liquid di ffusion coefficient is 

(4 6) 

(4 7) 

The partition coefficient is de termi ned by a fourth orde r nume rical 

fit to the data presented in Table 2 . 1 8 

Table 2. Part ition coefficient of molecular 
iodine as a function of temperat ure 

Temperature 
( K) 

292 
325 
359 
365 
4 24 

Mole cular Iod ine Pa r t i t io n  
Coefficient 

108 . 
29 . 7  
1 1 . 6  
10 . 9  

5 . 1  

The fourth orde r  numerical fit to this da ta resul ts in : 
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P = 9 . 98 1 4 7  x 1 o-1 t4 - 1 . 5730 1 2 1 x 1 0-3 T3 + 9 . 2 78567 6 
(48)  

x 1o- 1  T2 - 2 . 4 288388 x 102 T + 2 . 38 24847 x 104 

where T is the ab solute temperature,  K .  

The density , DENGAS , and the vi scosity , VISGAS , of the gas phase 

are determined by a fourth order numerical fit to experimental dat a l 9  

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

nENGAs = 8 . 289 2005 x 1o- 1 6 t4 - 4 . 26 56962 x 1o- 1 2 T3 

+ 8 . 0 228283 x 10- 9 T2 - 6 . 8 3 25529 x lo- G  T 

+ 2 . 6 1 2939 1 x 1 0- 3  gm/cc , 

(49)  

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

vrsGAS = -2 .87 1 3 1 9 3  x 1o-1 s t4 + 1 . 690946 3 x 1 o-1 1 t3 

- 4 .0 1 5 468 x 10-a t2 + 6 . 5 6 79429 x lo-s T 

+ 1 . 95 2369 1 x I o-3 , 

where T is in K .  

The viscosity of the liquid, VI SLIQ , is determined by a fourth 

( 50) 

order numerical fit to experimental da ta for water .20 The express ion 

for the viscosity in centipoise is : 

vrsLIQ = 1 .86628 6 6  x lo-a t4 - 2 . 6 33 39 5 x 1 o-s t3 

+ 1 . 3970607 x 1o-2 t2 - 3 . 30 74806 T 

+ 2 . 95586 6 6  X 1 02 , 

where T is in K .  

( 5 1 )  

The density of the liquid, DENLIQ , is determined by a third order 

fit to experimental data for wa ter .20 The numerical fit results in 

DENLIQ = 6 .025 1 1 4 7  x I o-9 t3 - 9 . 1329604 x I o-6 T2 

+ 3 . 57 35 7 2  x lo-3  T + 5 . 8 35882 x 10- 1  gm/cc , 

43 

( 5 2) 



where T is in K. 

The Reynolds number of the drop is determined by a corre lation by 

Clift . l 3 The first s tep is: 

where 

N = 4 p llp g d 3 I 3lJ 2 
D g g (5 3) 

Nn "Bes t Number" ( 3Nn/4 is cal led Galileo number or Archimedes 

number) , 

p = density of the gas, g 

llp ( density of the liquid -- density of the gas ) ,  

g = acceleration o f  gravity, 

d = diameter of the drop, and 

lJ = vis cosity of the gas . g 

The Reynolds number can then be calculated by: 

where 

-1. 81391 + 1 . 346 71 Log 1 0 N
D - 0 . 12427 ( Log 1 oND) 2 

+ 0 .006 344 ( Log l oND) 3 , 

NRe is the drop Reynolds number • 

( 54) 

The terminal velocity, TRMVEL, can then be determined from the drop 

Reynolds number: 

where 

TRMVEL = NRe l.lg/d p g 

l.l g viscosity of the gas, and 

p
g 

density of the gas . 

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

EXPTM = HEIGHT/TRMVEL , 

where HEIGHT is the drop fall height .  
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The drop model is a quasi-s teady state algor ithm ( see Figure 16 for 

DROP MODEL flowsheet ) .  The algori thm i s :  

1) determine the number of moles of mo lecular iodine that are trans­

ferred to the drop from the gas phase ,  

2 )  cal culate the concentrat ion of molecul ar iodine in the liquid drop , 

3 )  determine the concentration o f  all species in the liquid drop due 

to the iodine hydrolysis reactions , and 

4 )  loop back to 1) until droplet fall t ime is  reached . 

The input parame ters for the drop model are : 

1) ini tial gas phase concentration of molecular iodine , 

2 )  ini tial liquid phase concentrat ion o f  all iodine hyd rolysis 

species , 

3 )  whe ther the liquid is buffered o r  unbuf fered ( see Appendix A for 

the Numerical Technique ) ,  

4 )  tempe rature of the liquid , 

5 )  temperature of the gas , 

6 )  pressure , 

7 )  ave rage drop surface area diame t er ,  

8 )  average drop volume diameter , 

9 )  exposure time , and 

1 0 )  relative error cont rol ( see Appendix A fo r the Nume rical Tech­

nique ) . 

The output of the program is compri sed of three files and two 

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

cal culat ions for the run . File FORSO . DAT contains the concent rat ion of 
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NO 

INPUTS: 

TEMPG, TEMPL, PRESS, DIAM, SAO, CI2G, 

WOL0(1 ) ,  WOL0(2), WOL0(3), WOLD(4), 

WOLD(S), WOLD(&), WOLD(7), A, 8, HMIN ,  

HMAX, I N ,  TOLER. 

CALCULATE: PROPERTY (EQN) 

VISLIQ(51 ) ,  VISGA$(50), PC(48), OENLIQ(52), 

OENGAS(49), DIF LIQ(47), OI FGAS(44), NRE(54), 

TRMVEL(55), KL120(45), K12G(43), KLOV(41 ), 

RK4(34), RK6(35), RK8(36). 

DETERMINE THE NUMBER OF MOLES OF 

MOLECULAR IODINE TRANSFERRED AN D 

THE NEW CONCENTRATION OF MOLECULAR 

IOOI �E IN THE DROPS. 

DETERMINE THE CHANGE IN THE CONCEN­

TRATION OF EACH IODINE HYDROLYSIS 

SPECIES. ACCORDING TO TH E REACTIONS, 

IN EACH DROP. 

UPDATE 

SPECIES 

CONCEN­

TRATION 

REJECT 

ORN L-DWG 84-661 1  ETD 

Figure 16 . Drop Model Flowsheet . 
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the drop as a function of time and is  used to develop the plot of · con­

centration in the liquid versus t ime . FORS l .DAT contains the gas phas e 

concentration , numbe r  of mo les of molecular iodine removed per step and 

the total number of moles removed as a function of t ime . This file is 

used to develop a plot of the number of moles removed as a function of 

t ime ( see Appendix C for sample output files and for the FORTRAN pro­

g ram) . 

The resul ts of this model are shown in Figures 17 though 28 for 

cases involving initial concentrations of molecular iodine in the gas 

phas e from 1 .0 x l o-S to 1 . 0 x 10-10 moles/ l i ter , a drop diame ter of 

1000 mi crons , and a temperature of 298 K. Figures 17 through 22 

represent the results for cases wi th a buffered pH of 9 . 0 ,  and Figures 

2 3  through 28 are for the cas es wi th a buf fered pH of 7 . 0 .  For each 

f igure 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 t ime . If one compares the number of 

moles of molecular iodine removed per drop for a pH of 7 with the numbe r  

o f  moles removed f o r  a buff ered pH of 9 ,  it is seen that drops wi th a pH 

of 9 remove approximat ely one and a half times to f ive times as �uch 

iodine from the gas phase as drops with a buf fered pH of 7 .  
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Figure 17 . Resul t s  of Drop Model . Ini t ial concentration of molecular 
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( a )  Concentration in the liquid drop as a function o f  time . 
( b )  Number of moles of molecular iodine t ransf erred as a funct ion o f  

t ime . 
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( a ) Concentration in the liquid drop as a function of time . 
( b )  Number of moles of molecular iodine transf erred as a function o f  

time . 
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Figure 22 . Results of Drop Mode l .  Ini tial concent ra tion of molecular 
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( a )  Concent rat ion in the liquid drop as a function of time . 
( b) Number of mo les of mo lecular iodine transferred as a function of  
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Figure 23 . Res ults of Drop Model .  Initial concentration of mo lecular 
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Figure 24 . Re sults of Drop Mode l .  Ini tial concent rat ion of mo lecular 
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( a )  Concentration in the liquid drop as a function of time . 
( b) Number of moles of molecular iodine trans ferred as a functi on o f  
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Figure 25 . Re sul t s  of Drop Mode l .  Ini tial concentration . of mo lecular 
iodine in the gas phase of 1 .0 x 1 0-7 moles/liter and a buf-
fered pH of  7 . 0 .  

( a )  Concent rat ion i n  the liquid drop as a function o f  time . 

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

t ime . 
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Figure 26 . Results  of Drop Model.  Ini tial concent rat ion of  molecul ar 

iodine in the gas phase of 1 .0 x 1 0-8 moles/liter and a buf-

fered pH of 7 . 0 .  
( a }  Concentration in the liquid drop as a funct ion o f  time . 

( b) Number of moles of molecular iodine t ransferred as a funct ion o f  

time . 
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Figure 27 . Results  of Drop Model . Ini tial concent rat ion of molecular 
iodine in the gas phase of 1 .0 x 1 0-9 mole s/liter and a buf­
fered pH of 7 . 0 .  

( a ) Concentration in the liquid drop as a function of time . 
( b) Number of mo les of molecular iodine transferred as a function o f  

time . 
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Figure 28 . Results  of Drop Model.  Ini tial concentration of  mo lecular 
iodine in the gas phase of 1 .0 x 1 0- 1 0 mo lesili ter and a 
buf fered pH of 7 . 0 .  

( a )  Concentration in the liquid drop as a func tion o f  time . 
( b) Number of mol es of molecular iodine trans ferred as a function of  

t ime . 

59  



CHAPTER V 

SPRAY MODEL 

The spray model is an expans ion of the single droplet model int o a 

spray system. The drop model is expanded to be appli cable to a system 

of many drops suspended in a gas during the period of the drop fal l  

time . The as sumptions f o r  the spray model are : 

1 )  each drop has a completely mixed bulk liquid , 

2 )  resistance to mass trans fer exi s ts in both the gas phase and the 

liquid phas e ,  

3 )  molecular iodine ( 12 )  is the only speci es  tha t  transf er s  ( has vol-

ati l i ty )  in or out of the drop , 

4 )  reactions occur in the bulk of the liquid , 

5 )  each drop falls at i ts terminal veloci ty , 

6 )  eve ry drop falls the same height , 

7 )  each drop has a cons tant surface area and constant volume at al l 

t imes , 

8 )  there are n o  interactions be tween drops , 

9 )  for the lifet ime o f  a drop , the physi cal characteristics o f  the ga s  

phase remains cons t ant but the gas phase concentrat ion can change 

slowly in a stepwise fashion over several drop lifetimes , 

10) there is no trans fer of heat or water be tween the drop and the gas 

phase ( see Chapter 4 ,  DROP MODEL) , and 

1 1 )  the containment height is the same as the drop fall height . 
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These as sump tions are the same as for the drop model except for as-

sumptions 6 ,  8 ,  and 1 1 .  Both as sumpti ons 6 and 8 deal wi th the rela-

t ionship each drop has wi th the other drops and therefore woul d no t be 

present in a s ingle drop model . As sumption 1 1  is needed to calcul ate 

the containment volume , CVOL , by : 

CVOL = � CDIAM2 HEIGHT/4 .0 , ( 5 7) 

whe re 

CDIAM = containment diame ter , and 

HEIGHT = drop fall height . 

Since all drops are as sumed to fall at the same velocity and fall 

the same height , their exposure time will be the s ame . The total dura-

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

by : 

N = total spray t ime 
drop expos ure time (58)  

The sp ray model . determines the to tal volume and surf ace area of  all 

of the drops suspended in the gas at any ins tant . The surface-to-volume 

ratio of one large drop having thi s volume and surf ace area wi ll no t be 

the same as the surface-to-volume ratio for the small drops , and the 

l arge drop would have to be signi ficantly non-s pheri cal . Neve rtheless , 

the total volume and surface area is used to s i mulate one large non-

spherical drop in which the drop model is applied to thi s large drop for 

N t imes . The algorithm used is ( see Figure 29 for s pray model flow-

s heet) : 

1 )  de termine all physical properties for the gas and liquid phas es , 

2 )  determine the number of loops required , ( N ) , 
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INPUTS: 
TEMPG, TEMPL, PRESS, OIAM, SAO, CI2G, 

C12SP, CISP, CHOISP, COISP, CI03SP, CI3SP, 
CHSP, A, HMIN, HMAX, IN, TOLER, 
FLRAT, OURTM, CDIAM, HEIGHT. 

CALCULATE : PROPERTY (EQN) 
VISLIQ(51 I, VISGASI501, PCI481, DEN LIQ(521, 
DENGAS(49), DIFLIQ(47), DI FGAS(44), NREI541, 
TRMVEL(55), KLI20(48), KI2GI43l, KLOV(41 ) ,  
RK4(34), R K5(35l, RK8(381, I LOOP{58). 

DO I, FOR I LOOP NUMBER OF TIMES. 

SET DROP CONCENTRATION EQUAL TO I NPUT 
SPRAY CONCENTRATION. 

DETERMINE THE NUMBER OF MOLES OF 
MOLECULAR IODINE TRANSFERRED AND 

THE NEW CONCENTRATION OF MOLECU LAR 
IODINE IN THE DROPS. 

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

UPDATE 
SPECIES 

CONCEN­
_ TRATION 

REJECT 

Figure 29 . Spray Model Flowshee t .  
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DETERMINE THE CHANGE IN THE CONCEN­
TRATION OF EACH IODINE HYDROLYSIS 
SPECIES, ACCORDING TO THE REACTIONS, 
IN THE SUMP. 

UPDATE 
SPECIES 

CONCEN-

Figure 29 . 
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3 )  determi ne the total surf ace area and total volume for all of the 

drops in containment , 

4) execute the drop model for the large drop wi th surf ace area and 

volume equilvalent to these quantities for the actual sys tem : 

a)  determi ne the number of mo les of mo lecular iodine that are 

transferred to the large drop from the gas phase ,  

b )  calculate the concentrat ion of molecular iodine in  the large 

liquid drop , 

c)  determine the concentration of al l species in the large liquid 

drop due to the iod ine hydrolys is reactions , 

5 )  calculate the new gas phas e concent rat ion,  and 

6 )  loop t o  step 4 until N loops have been completed . 

A FORTRAN program that implements this algo rithm is lis ted in 

Appendix E .  Input parame ters for the spray model are : 

1) ini t ial gas phas e concentration of molecular iodine , 

2) ini tial liquid phase concentration of all iodine hydro lys is 

s pe cies , 

3)  whether the liquid phas e is buf fered or  unbuf f ered ( s ee Ap pendix A ,  

· Numerical Technique) 

4) temperature of bo th gas and liquid phas es , 

S)  pressure , 

6 )  average drop surface area di ame ter , 

7 )  average drop volume diameter , 

8) spray time , 

9 ) spray flow rate , 

10) drop fall height , 
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1 1 ) containment diameter,  and 

1 2 ) relative error control ( see Appendix A ,  Nume rical Technique) . 

Output f rom the program comprises four files and f our plots . File 

FOR2 2 . DAT contains a summary of all of the condi tions and calculat ions 

of the run . File FORSO . DAT contains the concentration of the drops when 

they have fallen a di s tance equal to their input fall height and i s  used 

to create a plot of the concentration in the liquid drops- versus time . 

File FORS l . DAT cont ains the gas phase concentration of molecular iodine , 

number of moles removed for each individual group of drops and the total 

number of moles removed versus time . FORS l . DAT is used to create a plo t  

o f  concent ration o f  molecular iodine removed versus t ime , and a plot of 

the number of moles of iodine versus time . File FOR5 2 . DAT cont ains the 

concentration of the sprayed solution collected in the sump , and is used 

to  creat e a plot of the concentration of iodine in the sump versus time . 

A series of computer runs was performed for initial concentrations 

of molecular iodine in the gas phase from 1 x l o-S through 1 . 0 x 

10- 1 0  moles/ l i ter for 10  minute sprays time s .  Resul t s  for the cases 

wi th a buf fered pH of 9 are shown in Figures 30 through 35 and resul t s  

f for the cases wi th a buffered pH o f  7 are shown i n  Figures 36 through 

4 1 . The common input s  to the computer program for the cas es whose 

results are shown in these figures are : 

1 )  the initial liquid phas e  species concent rations are all zero except 

for the hydrogen ion concentration ,  

2 )  all o f  the spray solutions are buffered a t  pH 9 o r  pH 7, 

3) the temperature of the gas is 298K and the temperature of the 

liquid is 298K, 
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Figure 30 .  Re sults of Spray Model.  Ini tial concentration of mo lecular 
iodine in the gas phase of 1 x 1 0-5 mo les/lite.r and a buf­
fered pH of 9 . 0  in the liquid phas e.  

( a ) Concentration of mo lecular iodine in the gas phase as a function o f  
time . 

( b )  Number o f  moles o f  mo lecular iodine trans ferred as a function of 
time . 
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Figure 30 . ( continued ) .  
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Figure 3 1 . Results of Spray Mode l .  Ini tial concentration of molecular 
iodine in the gas phase of 1 x 1 0-6 moles/l i ter and a buf-
fared pH of 9 . 0  in the liquid phase . 

· 

( a) Concent rat ion of molecular iodine in the gas phase as a function o f  
t ime . 

( b )  Number o f  moles o f  molecular iodine transf erred a s  a funct ion of 
t ime . 
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Figure 3 1 .  ( continued ) .  
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Figure 32 . Resul t s  of Spray Mode l .  Ini tial concentration of molecular 
iodine in the gas phase of 1 x 1 0-7 mo les/li ter and a buf­
fered pH of 9 . 0 in the liqui d phase. 

( a) Concentration of mo lecular iodine in the gas phase as a funct ion o f  
t ime . 

( b )  Number of mo les of mo lecular iodine transferred a s  a function of  
t ime . 
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Figure -32 .  (continued ) .  
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Figure 33. Resul t s  of Spray Mode l .  Ini tial concentration of molecular 
iodine in the gas phase of 1 x 10-8 moles/liter and a buf­
fered pH of 9.0 in · the liquid phas e .  

(a) Concentration of molecular iodine in the gas phase as a function o f  
time . 

(b ) Number of moles of molecular iodine t rans ferred as a function of 
time. 
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Figure 34 . Res ul t s  of Spray Model .  Ini tial concent ration o f  molecular 
iodine in the gas phase of 1 x 1 0-9 moles/liter and a buf­
fered pH of 9 . 0  in the liquid phase.  

( a) Concent ration of molecular iodine in the gas phase as a funct i on o f  
time . 

( b )  Numbe r  of moles of molecul ar iodine t ransf erred a s  a funct ion of 
t ime . 
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Figure 34 . ( continued ) . 
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Figure 35 . Resul t s  of Spray Mode l .  Ini t ial concentration of molecular 
iodine in the gas phase of 1 x 1 0- 1 0  mo le s/li ter and a buf­
fered pH of 9 . 0  in the liquid phase.  

( a) Concentration of molecular iodine in the gas phase as a functi on o f  
time . 

( b )  Number of moles of molecular iodine transferred as a funct ion of 
t ime . 
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( c ) Concentration of iodine species in the liquid drops as a funct ion 
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( d )  Concentrat ion o f  iodine species i n  the sump as a function o f  time . 

Figure 35 . ( continued ) .  
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Figure 36 . Resul t s  of Spray Mode l .  Ini tial concentration o f  molecular 
iodine in the gas phase of 1 x 1 0-5 mo les/li ter and a buf­
fered pH of 7 . 0 in the liquid phase. 

( a )  Concentration of molecular iodine in the gas phase as a funct ion of 
time . 

( b )  Number  of moles of molecular iodine trans ferred as a funct ion of 
time . 
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( c ) Concentration of iodine species in the liquid drops as a function 
of t ime . 

( d) Concentration of iodine species in the sump as a fu�ction of time . 

Figure 3 6 . ( continued ) .  
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Figure 37 . Re sults  of Spray Model. Ini tial concent ration of molecular 
iodine in the gas phase of 1 x 1 0-6 mo les/l iter and a buf­
fered pH of 7 . 0 in the liquid phase. 

( a) Concent rat ion of molecular iodine in the gas phase as a function o f  
time . 

( b )  Number o f  mo les of molecular iodine transferred as a function of 
time . 
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Figure 37 . (continued ) • . 
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Figure 38 . Resul t s  of Spray Model . Ini t ial concentrat ion of molecular 
i odine in the gas phase of 1 x 1 0-7 moles/ liter and a buf­
fered pH of 7 . 0 in the liquid phase .  

( a) Concentration of molecular iodine in the gas phase as a funct i on o f  
t ime . 

( b )  Numbe r  of moles of molecul ar iodine t rans ferred as a funct ion of 
t ime . 
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{ c ) Concentration of iodine species in the liquid drops as a funct ion 
of time . 
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Figure 38 . { continued ) .  
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time . 
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time . 
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Figure 39 (continued). 
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iodine in the gas phase of  1 x 1 0-9 moles/li ter and a buf­
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( b )  Numbe r  of moles of molecular iodine trans ferred as a funct ion of 
time . 

86 



O R N L-OWG 84-6571 ETD (Pa" B)  

'1  

1 -a 

1 -.:.1 

1 

1 -
-v 

1 � --,.. 
1 

] 
(c) 

,. 0 
, :; 

zs CJ '  _ o  
� ­a: c::: �­z-
t5'� z 0 C,.) !3 

'o 

.. 

.,� 

: 

: 

L 
: 

(d) 

0 . 0  75. 0  150 . 0  

LEGEND 
c - CONCENTRAT I ON Of Iz 
o - CONCENTRAT I ON Of I-
� - CONCENTRAT I ON Of HO I 
+ - CONCENTRAT I ON Of I O; 
x - CONCENTRAT I ON Of I;  
<> - CONCENTRAT I ON O f  0 r ·  

LEGEND 
b - CONCENTRAT I ON Of I z 
o - CONCENTRATI ON Of r 
� - CON CENTRA! I ON Of HO I � � - CON CENTRA! I ON Of I m 
x - CON CENTRA! I ON Of I ;  
<> - CONCENTRAT I ON OF 0 r ·  

225 . 0  300. 0  375. 0  iSO.O  525 . 0  

T I ME l SEC l 

_, 

� 

600. 0  

( c )  Concentration o f  iodine species i n  the liquid drops a s  a function 
of t ime . 

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

Figure 40 . ( continued ) . 
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Figure 4 1 . Resul t s  of Spray Model . Ini tial concentrat ion of mo lecular 
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fered pH of 7 . 0  in the liquid phase. 

{ a)  Concentration of molecular iodine in the gas phase as· a funct i on of 
t ime . 

{ b )  Number of moles of molecula r  iodine transf erred a s  a function of 
t ime . 
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( c ) Concentration of iodine species in the liquid drop s  as a funct ion 
of t ime . 

( d )  Concentrat ion of iodine species in the sump as a funct i on of time . 

Figure 4 1 .  ( continued ) .  
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4 )  the pres sure is 1 atmos phere , 

5 ) the drop surface area diameter is 0 . 1  centimeters , 

6 )  the drop volume diameter is 0. 1 centime ter , 

7 )  the spray time is  10 minutes , 

8 )  the spray flow rate is 37 li ters/minute , 

9 )  the drop fall height is 1 5 . 4  meters , and 

10)  the containment diame ter is 3 . 3  me ters. 

These inputs were arbi trarily chosen , but are within the range · of 

condi tions that are likely to be encountered in potential reactor acci­

dent systems. 

For these input parameters , Figu res 30 to 41 show the results of 

these series of runs. Part a of each Figure shows the concentration of 

molecular iodine in the gas phase as a funct ion of time. For the condi­

tions of these tests , the gas phase concentration does not change very 

much. (Thi s  resul t is only valid for the condi tions 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  orde r removal (a cons tant 

amount of molecular iodine is being removed between each t ime s tep) .  

This i s  because the gas phase concentration of molecular iodine i s  re­

maining relatively cons tant . (Again this is only t rue for these condi­

tions. ) Part  c of each Figure shows the concentration in the drops when 

they have fallen a dis tance equal to their fall height . These plots 

show that the concentration in the drops is not changing ve ry 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 
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collecting in the sump at the bottom of the containment . The concentra­

tion of molecular iodine in the sump decreases slowly wi th t ime because 

the solution is becoming slightly more diluted f rom the slightly lower 

concent ration 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 Digi tal Equi pment Corporation PDP-10 takes ap­

proximately 6 seconds of central processing uni t ( CPU) time for every 

minute of simulation.  The CPU time depends upon the concentration of  

molecular iodine , the pH of the solution, whether i t  is buf fered or 

unbuffered , and the error tolerance . For these simulations of  10 

minutes of problem time , each run takes approximately 1 minute of CPU 

time. 
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CHAPTER VI 

WALL-SPRAY MODEL 

The wall-s pray model calcul ates the removal of mo lecular iodine 

from the gas phase by a spray sys tem and by contact with the we tt ed 

walls of the cont ainment . 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 verti cal walls of the cont ain­

ment are cut into several hori zontal cylindri cal pi eces in which mo le­

cular iodine is absorbed by the water flowing down the walls . The 

effect of variat ion in width is neglected within each cyl indrical piece , 

and then the molecular iodine is reac ted wi th the water in each piece . 

The height of each piece or section of the wall is determined by the 

drop exposure t ime and the velocity of the water on the walls . For thi s 

model , the percent age of water that flows down the walls mus t be known 

or estimated . 

The assump tions for the wall-spray model are exactly those for the 

spray model plus assumptions for the wal l .  These as sump ti ons are : 

1 )  each drop has a completely mixed bulk liquid , 

2 )  resis tance 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 ( Iz ) , 

4 ) reacti ons occur in the bulk of the liquid , 

5 )  each drop falls at its terminal veloci ty , 
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6 )  eve ry drop falls the same height , 

7 )  each drop , at all times , has a cons tant surface area and cons tant 

volume , 

8 )  there are no interactions between drop s , 

9) for the lifetime of a drop , the gas phase remains cons tant but the 

gas phase concent ration can change slowly over seve ral drop life­

times , 

1 0 )  there is no trans fer o f  heat o r  wat er betwe en the drop and the gas 

phase ( see Chapter 4 ,  DROP MODEL) ,  

1 1 ) the fluid in each cylindrical piece or slice of the wall i s  well 

mixed , 

1 2 )  reactions occur i n  the bulk liquid o f  each slice , 

1 3 ) water only enters on the wall at the top , and 

1 4 )  water only exi t s  the wall at the bo ttom where it  runs int o a sump . 

The boundary condi tions for the wall are defined at the extremes of the 

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

1 )  at y = 0 and at all values of x ,  the concentration of molecular io­

dine equals the concentration of molecular iodine in the liquid 

drop when it s trikes the wall , 

2 )  a t  x = 0 and a t  all values o f  y ,  the concentrat ion o f  molecular io­

dine in the liquid on the wall is equal to the interphase equilib­

rium concentration of molecul ar iodine in the gas , and 

3 )  at x = o and at all values of y ,  a [ Iz ] / ax = 0 ,  (assume no diffusion 

into the wall ) . 

The calculations for mas s  trans fer to a falling l iquid film are 

outlined in Treybal . a One assumpt ion in the outline by Treybal8 is that 
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no chemi cal reactions occur in the liquid. The concentration prof ile , 

CA(x) ( shown in Figure 42 ) ,  is non-linear in shape ( s lope is a function 

of  the di s tance from the interface) . The mass trans fer coefficient is 

proportional to the slope of the concentration prof ile at the inter-

face . The local mas s  transfer rate can be expressed by : 

( 5 9) 

whe re 

NA = mas s  transfer flux acros s the
· 

interface of species A,  

diffus ivity of  the transferring species in the liquid , 

concentration prof ile of the trans ferring speci es in the 

x di rection, 

k
1 = local mas s  transfer coefficient , and 

CA L = average bulk concentration of the trans fe rring species 
, 

af ter the water on the walls has Fallen a di stance L ,  

the height of  each hori zontal piece . 

When reac tions occur in the liquid , the concentrat ion profile , in 

the liquid will change . This will change the mass trans fer coefficient 

in the liquid . Therefore , the assumption that the reactions induce a 

small error in the wall film mas s transfer rate is made . Howeve r ,  since 

the trans fer to the wall is only a small fraction of the total iodine 

absorption , small errors in this part of the wall-spray model wi ll be 

insigni ficant . A more elaborate simulation of the transfer of iodine to 

the falling liquid film is not justified . 
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The average mass trans fer flux for the wall li quid film,  Na w' is , 

defined as : B 

N
a , w 

= k1 , av ([ I; ] - [ I2 ,B J ) M  = 
u�IS ( [ I� , B ] - [ I� ] ) ( 60) 

where 

k1 , av 3 the average liquid mass transfer coefficient , 

[ Ii ] = the concentration of molecular iodine at the interf ace , 
1 2 

[ I  B ) = concentration of mo lecular iodine at the bot tom of the 2 , 
wall , 

[ I2 , s ] = the average bulk concent rat ion of molecular iodine , 

[ I� ] = the ini tial concent ration of molecular iodine in the 

liquid , 

uy average veloci ty of the liquid down the wall ,  

IS = liquid thickness on the wal l ,  

H = wall height , and 

i ( [ I  1 -- [ I2 a 1 >m = logari thmi c ave rage concent rat ion gradi ent . 2 , 
Valves for k 1 and for the other parame ters can be obt ained as fol-

, av 

lows : B 

k = < 6 n1 r /rr P 1 15 H) 1 I 2 , 1 , av 

r = mas s  rate of flow ,  

Tr = 3 . 1 4 1 5  • • •  

P 1  = density of water ,  

g acceleration o f  gr avi ty ,  

� = vi scosi ty of wat er , 1 
lly = ( r /p 1 15 )  , and 

( 6 1 )  

( 6 2 ) 

( 6 3) 
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1 
Equation ( 60 )  can be s olved by iterating for [ I2 ,B ] :  

( ( [ I; ] - [ I� ] ) - ( [ I; ] - [ Ii , B] ) )  u 6 1 
k ---�---�----- = -=t-=- ( [ I2 , B ] - [ I� ] ) • 1 , av Ln( ( [ I! ] [ 1� ) / ( I! ] - [ Ii ,B] ) )  

1 Since all variables are known except for [ I2 , B ] ,  one can iterate for 

1 . 
[ I2 , B ] ,  the concentration of molecular iodine at the bot tom of each 

( 64 )  

( 6 5) 

segment . Once [ Ii , Bl is known , one can calculate the mo les of mo lecular 

iodine transferred to the drop . 

The algorithm for the wall spray model is ( see Figure 43 for Wall-

Spray Model Flowsheet ) : 

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

both the s pray and the wall s ection , 

2 )  determine the number of loops , N ,  for the s pray section of the pro-

gram , 

3 )  determine the number of pieces into whi �h the wall will b e  broken,  

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

and for a wall sli ce , 

5 )  execute the drop model until the drop reaches the wall ,  

a) determine the number of moles of molecular iodine that are 

t rans ferred to the large drop from the gas phase ,  

b )  calculate the concentration of molecular iodine in the large 

liquid drop , 
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Figure 43 . Wall- Spray Model Flowshee t .  
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Figure 43 . ( continued ) .  
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Figure 43 . ( cont inued) . 

100 

ORNI.-DWG 84-961 2  ETD (Pan C) 

DETERMINE NEW 

STEP SIZE 

(SMAI.I.ER) 



c )  determine the concent ration of all species in the large liquid 

drop due to the iod ine hydrolys is reactions , 

6 )  s tore the concentration o f  the drop ( to be used a s  the ini tial con­

centration of the liquid of the wal l ) , 

7 )  continue execution of the drop model unti l  the drop has reached the 

fall height , 

8 )  exe cute the wal l  model for each section used t o  represent the wall,  

9 )  execute the kinetic model on the liquid in the sump , 

1 0 )  determine the total number of moles o f  mo lecular iodine t rans ferred 

to the liquid and calculate the new gas phase concentration , 

1 1 ) loop back to 5) until the spray part of the model i s  fini shed , 

1 2 ) execute the wall model on the water that remains on the wall , 

1 3 ) exe cute the kinetic model on the liquid in the sump , 

1 4 ) determine the total number of moles removed and the new gas phase 

concent ration of molecular iodine and , 

1 5 )  loop back number to 1 2  until all of the wat er has flowed off the 

wal l .  

A FORTRAN program wi th thi s algori thm i s  shown i n  Appendix F .  

Input paramet�rs for this model are the s ame as those for the spray 

model wi th the addition of two more parame ters for the wall section of 

the model . The inputs are : 

1 )  ini tial gas phase concentration of molecular iodine , 

2 )  ini tial l iquid phase concentration of all iodine hydrolys is  

s pecies , 

3) whether buf fered or unbuffered , 

4 )  temperature o f  both gas and l iquid phases 
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5 )  pressure , 

6 )  average drop surface area diameter,  

7)  average drop volume diameter , 

8 )  spray time , 

9 )  spray flow rate , 

1 0 )  drop fall height , 

1 1 )  containment diameter , 

1 2 )  relative error control ( see Appendix A ,  Numerical Technique) ,  

1 3 )  percent age of s pray flow rate whi ch flows down the wall ,  and 

1 4 )  height of the wall .  

A series of computer runs were performed for ini tial concentrations 

of molecular iodine in the gas phase of 1 .0 x 10 -7 to 1 . 0 x 

10- 1 0  moles/liter for 10 minute spray times for and a buf fered pH valves 

of 9 ;  the resul t s  are shown is Figures 44 to 45 . The specific input 

parameters used for these runs are : 

1 )  ini tial liquid phase concent rations are all zero except for the hy­

drogen ion concentration , 

2 )  all spray solutions are buffered , 

3 )  temperature of the gas is 298K and the temperature of the liquid i s  

298K,  

4 )  pressure is 1 atmosphere , 

5 )  drop surface area diameter is 0 . 1 centimeters , 

6 )  drop volume di ame ter is 0 . 1  centimeter,  

7 )  spray time is 10  minutes , 

8 )  spray flow rate is 37 li ters/minu t e ,  

9 )  drop f all height is 1 5 . 4  meters , 
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Figu�e 44 . Resul t s  of Wall-Spray Model .  Ini tial concentration of 
molecular iodine in the gas phase of 1 x 1 0-7 moles / l i ter 
and a buffered pH of 9 . 0  in the liquid phas e  • .  

( a) Concentration of molecular iodine in the gas phase as a funct i on o f  
time . 

( b )  Numbe r  o f  moles of molecular iodine transferred a s  a function of 
t ime . 
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( c ) Concentration of iodine species in the li quid drops as a funct ion 
of t ime . 

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

Figure 44 . ( continued ) .  
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Figure 45 . Re sults  of Wall-Spray Mode l .  Ini t ial concent rat ion of 
molecular iodine in the gas phase of 1 x 1 0-1 0  mo l e s / l i t e r  
and a buffered p H  o f  9 . 0 in the liquid phase • . 

( a) Concent ration of mo lecular iodine in the gas phase as a funct ion o f  
time . 

( b ) Numbe r  of mo les of mo lecular iodine transferred as a funct ion of 
time . 
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Figure 45 . ( continued ) .  
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1 0 )  containment diame ter is 3 . 3  me ters , 

1 1 ) the percentage · of spray that flows down the wall is 5% , and 

1 2 )  the wall height is 3 . 3  me ters . 

The output parame ters provided by the wall spray model are the same 

as those calculated by the spray model . If one compares the results of 

the spray model to those of the wall-s pray model , one will find that 

there is not much difference in the calculated number of moles of mole­

cular iodine removed from the gas phase and that mos t  of the plot ted 

results are nearly the same . These results show that the removal of 

gaseous iodine by the water on the wall is approximat ely as important as 

the removal of gaseous iodine by the s pray drops . But wall spray model 

requi res much more CPU time than does the spray model and yet does no t 

predict signifi cantly different results from the spray model . There­

fore , it is sugges ted that the spray model can be used in mos t  cas es for 

predicting the absorption of gaseous iodine by water sprays . Neverthe­

less , there are probably times when the results of the two models would 

differ significantly such as for cases in whi ch the wall surface area is 

very large . 
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CHAPTER VII 

EXPERIMENTAL DATA 

The experimental dat a  used to  compare wi th the resul t s  of the spray 

model are from the Containment Sys tem Experiments ( CSE ) . S Experimental 

runs A-3 ,  A-4 ,  A-6 ,  A-7 ,  and A-8 of thi s series are large scale spray 

sys tem tests to determine the effectiveness of a spray sys tem for 

removing ai rborne fission products . The resul t s  of these tes t s  are 

reported in terms of the gas phase elemental iodine concentration versus 

time and als o  in terms of the liquid phase elemental iodine concentra­

tion versus t ime . The parameters for the spray experiments are the 

spray flux , the drop size , the gas phase temperature , pre s s ure , and 

humidi ty , and the liquid spray compositi on .  The physical dimens ions of 

the CSE ves s el are li s ted in Table 3 and are shown in Figure 46 . Since 

these tests were made in realis tic and not ideali zed equipment and con­

d i tions , the liquid and gas flow pat terns are complex and no t well 

characterized . The resul ts from the new spray model will be compared 

wi th these resul t s , but no bet ter than approximate agreement can be ex­

pected . This data , however , can still provide a means for useful and 

meaningful evaluat ion of the spray model . 

The CSE ves�el is a large scale ves sel ( s ee Table 3 and Figure 

4 6 ) . The overall dimens ions of the ve s s el are 20 . 34 me ters high and a 

diameter of 7 . 62  meters . The ves sel has a drop fall height of 1 5 . 4 

meters . The overall volume of the ve s sel is 7 5 1 cubic meters . 

The tes ts varied the temperature , pressure , pH of the drop , s pray 

noz zl e configuration and drop size . The condi t ions for run A-3 are a 
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Table 3· . Physi cal condi t ions common to all spray 
experiments ( Hi llardS ) 

Volume above deck "including drywell 

Surf ace area above deck includ ing 
drywell 

Surface area/volume 

Cross sect ion area,  main ves s e l  

Volume , middle room 

Surface area , middle room 

Volume , lower room 

Surface area , lower room 

Total volume of all rooms 

2 1 ,005 f t3 595 

6 , 1 40 f t2 569 

0 . 293 ft- 1 0 . 9 58 

490 f t2 45 . 5  

2 ,089 f t3 59 

1 , 36 3  f t2 1 2 7 

3 ,384 f t3 96 

2 , 0 57 f t2 19 1 

26 ,477  f t3 7 5 1  

9 , 560 f t2 888 

m3 

m2 

m-1 

m2 

m3 

m2 

m3 

m2 

m3 

m2 To tal surf ace area , all rooms 

Drop fall height to deck 33 . 8  f t  10 . 3  m 

Drop fall height to drywell bo t tom 

Surface coat ing 

Thermal insulation 

so . s f t  15 . 4  m 

All interi or surfaces 
coated wi th phenolic 
paint .a 

All exterior surface s 
cove red wi th l-in.  
fiberglas s insulati on .b 

aTwo coats  Phenoline 30 2 over one coat Phenoline 300 
primer . The Carboline Co . , S t .  Loui s , Mis souri . 

b k = 0 . 02 7  Bt u/ (hr) ( ft 2 ) ( ° F/ f t )  at 200° F ,  Type PF-6 1 5 , 
Owens-Corning Fiberglass Corp . 
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Figure 46. Schematic diagram of containme nt arrangeme nt used in CSE 
spray tests (Hillards ) . 
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temp erature of 298K, 1 atmos phere of pressure , pH of 9 . 5  and a drop dia­

meter of 1 2 10 mi crons . For all of the tes ts ,  the spray solution tem­

perature was at 25° C ,  and the solutions we re all buf fered . For run A-4 ,  

the condi tions were the same as for A-3 except for a higher spray flow 

rate and a di fferent spray noz zle configuration. Run A-6 increased the 

temperature of the gas to 39 7K and the pressure to 3 a tmos pheres . Run 

A-7 changed the pH to 5 ,  lowered the temperature to 394K and rai sed the 

pres sure to 3 . 4 atmospheres . Run A-8 changed the drop diame ter to 7 70 

microns . See Figure 46 for spray noz zl e arrangements , Table 4 fo r spray 

nozzles used , Table 5 for the atmospheric conditions , Table 6 for the 

spray flow rates and solutions used in the tes t s  and Table 7 for the 

timing of the spray periods . 

The experimental procedure for the molecular iodine spray abs orp­

tion tests involved first heating the containment vessel wi th s team 

until the speci fied temperature was reached . A flask containing 

molecular iodine traced with 1 curie of iodine- 1 3 1  was heated elect ri­

cally . Ai r  was pass ed over the flask to release mo lecular iodine . 

Samples were t aken prior to turning on the sprays to determine how 

molecular iodine behaves wit hout sprays . Af ter the first  spray period 

of each run was s tarted , many s amples were taken from the gas phase , 

f rom the liquid in the sump , from the wall trough and from the spray 

drop collectors . When the fi rst spray period was ended , mo re samples 

were t aken t o  det ermine how molecular iodine act s .  A second , third , and 

somet imes a fourth spray period were used wi th many samples taken from 

the gas and liquid phases . The gas phase concentrations were de termined 

by Maypack s amplers (s ee Figure 47 ) ,  and the liquid phase concentrati ons 
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Table 4 .  Noz zles used in CSE spray experiments 
( HillardS ) 

No z zle type : 
Noz zle characteris tics : 

Runs A3 ,  4 ,  6 ,  7 

Spraying Sys tems Co .  3/4 - 7G3 
Fog type , full cone 

A3 A4 ,  
Number 3 1 2  

6 ,  

Layou t Triangular Square 

7 

gride 
-; D • a.v,.,.. ���•r,...co Spacing 1 0  f t  5 in.  6 ft apart 

apart 

� Pressure 40 psid 40 psid 

_, Rat ed flow 4 gpm · 4 gpm 

MMD 1 2 10 ll 1 2 1 0  ll 

(] 1 . 5  1 . 5  g 

Run A8 

Noz zle type : 
Noz zle characteris t ics : 

Spray Sys t ems Co . 3/8 A 20  
Fine atomi zat ion, hollow cone 

Number used 1 2  

� 
Layou t Square grid 

Spacing 6 ft apart 

Pressure 40 psid 
'-.... �- .,. Rated flow 4 gpm 

MMD 770 ll 

(] 1 . 5  
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Table 5. Atoms pheric condi tions in CSE spray 
experiments ( HillardS ) 

Containment ves sel 
insulated 

Fo rced ai r circula­
tion a  

Start o f  1s t spray 
Vapor tempe rature, 

oF b  
Pres sure, psia 
Relative humidity, % 

End of 1st spray 
Vapor temperature, 

oF b 
Pressure, psia 

Start of 2nd spray 
Vapor temperature, 

o F b 
Pres sure, psia 

End of 2nd spray 
Vapor temperature, 

o F /) 
Pres sure, psia 

Start of 3rd s pray 
Vapor temperature, 

o F b  
Pres sure, psia 

Start of 4 th s pray 
Vapgr temperature, 

O F  
Pressure, psia 

End of 4 th spray 
Vap9r temperature, 

o Fb 
Pressure, psi a  

Run 
A3 

No 

Yes 

77 

14.6 
70 

77 

14.6 

77 

14.6 

77 

14.6 

77 

14.6 

Run 
A4 

No 

Ye s 

77 

14.6 
88  

77 

14.6 

77 

14.6 

77 

14.6 

77 

14.6 

Run 
A6 

Yes 

No 

255 

44. 2  
100 

2 29 

38.6 

237 

40. 8  

202 

29.5 

2 3 3  

40. 7 

Run 
A7 

Yes 

No 

2 48. 7 

50.0 
100 

2 34.5 

44. 4 

240 

46.0 

20 3 

36 

2 30 

41.8 

232  

42.4 

19 2 

32.7 

aFan withou t duct loca ted in bot tom of drywe ll. 
2400 f t 3 /min discharge. 

Run 
A8 

Yes 

No 

250 

50. 7 
100 

2 4 3  

48.2 

243 

2 4 3  

188 

34.1 

218 

3 2. 2  

247 

52. 4 

175 

32. 4  

bAverage o f  5 thermo couples located a t  various eleva­
tions and rad ii. 

aNo fourth spray. 
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Table 6 .  Spray flow rates and solu tions 
used in CSE experiments ( Hi llardS ) 

Run Run Run Run Run 
A3 A4 A6 A7 AB 

1 s t  spray 
Tot al flow rate , gpm 1 2 . 8  4 9  49 49 50 
Volume sprayed , . gal 128 490 490 490 1 50 
Spraying pressure , 40 40 40 40 40 

psid 
Solution a a b () b 

2nd spray 
Tot al flow rate , gpm 1 2 . 8  4 9  5 0  48 . 5  50 
Volume s prayed , gal 385 1 480 1 500 1 4 5 5  1 850 
Spraying pres sure , 40 40 40 40 40 

psid 
Solu tion a a b () b 

3rd spray 
Tot al flow rat e ,  gpm 1 2 . 5  4 2  1 6  45 . 5  47  
Volume s prayed , gal 735 1 890 960 2 7 30 2820 
Spraying pressure , 40 29 4 36 . 5  3 6 . 5  
Solution d e e e e 

4th spray 
Tot al flow rate , gpm g g g 48 . 6  50 . 4  
Volume s prayed , gal g g g 2428 2 5 20 
Spraying pres sure , g g g 40 40 

psid 
Solution g g g 

aFresh , room temperature . 525  ppm boron as  H3 B 03 in  
deminerali zed water.  NaOH added to pH of 9 . 5 . 

bFresh , room t emperature . 3000 ppm boron as H3 B 03 in 
deminerali zed wat er.  NaOH added to pH of 9 . 5 . 

CJFresh , room temperature . 3000 ppm boron as H3 B03 i n  
demi neralized water.  No NaOH added . pH 5 .  

dFresh , room temperature deminerali zed water . 
esolution in main ves sel sump recirculated .  No heat ex­

changer used . 
fFresh , room temperature. 1 wt% Na2 S2 03 , 3000 ppm boron 

as H3 B 03 in deminerali zed water.  NaOH added to pH 9 . 4 .  

gNo fourth spray . 
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Table 7 .  Timing of spray pe ri ods 
( Hillard5 ) 

Time aft er s tart of iodine 
releas e ,  min 

Run Run Run Run Run 
A3 A4 · A6  A7 A8 

Fi rst spray 
Start 40 40 . S  30 30 30 
Stop so so . s  40 40 33  
Duration 1 0  10  10 10  3 

Second spray 
Start 1 40 1 40 80 80 80 
Stop 170  1 70 1 1 0 1 10 1 1 7  
Duration 30 30 30 30 37 

Third s pray 
Start 1473  1 20S 1 S 6 S  1 3 23 200 
Stop 1 S33 1 2SO 1 S 2S 1 383 260 
Duration 60 4S 60 60 60 

Fourth s pray 
Start a a a 1443  1 3SO 
Stop a a a 1 493  1 400 
Duration a a a so so 

aNo fourth spray . 
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Figure 47 . Maypack Sampler. 
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were determined by measuring the amount of iodine- 1 3 1  tracer present . 

For more information see Reference 1 . 

Results of these experimental tes ts are shown in Figures 48 through 

57 and Table 8 .  Table 8 shows the material balance of iodine for all of 

the expe rimental runs . It should be noted in this table that be tween 

25 . 65% and 57 . 58% of the iodine delivered to the cont ainment ves sel is 

unaccounted for and is as sumed to be deposi ted on surfaces . Figures 48 

through 52 show the concentration of elemental iodine in the gas phase 

as a funct ion of time . The data is reported in terms of the half life 

of iodine , defined as 

t l / 2 = - Ln { 1 / 2 ) /A , 

= 0 . 6 9 3 /A , 

where A is the removal rate cons tant . 

{ 6 6 )  

{ 6 7 )  

The reas on the data are in this form i s  because the old spray 

models { Equati ons 2 through 8 of Chapter I ,  Se ct ion B) are in te rms of 

the removal rate cons tant . Figures 53 to 5 7  shows the concent rat ion 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 concentra.tion of 

iodine in , the liquid phas e .  

In these tes ts  there are many processes for the removal o f  mo lecu­

lar iodine from the gas phas e .  In these large scale realis ti c tes ts , 

there are painted surfaces , non-painted surf aces , insulation , sprays , 

wet wal ls , and dry wal ls . All of these features can contribute to 

iodine sorption ,  and heat trans fer 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 approxima te model which accounts for the maj or 
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Table 8 .  Iodine ma terial balances 
( Hi llardS ) 

Run A3 Run M Run A6 Run A7 Run A8 
Location 

Grams 1fl Grams 'fl Grams 'fl Grams 'fl Grams 'fl 
.. 

Ae rosol Gene ration 
. 

Starting material 10 1 . 00 100 .00 10 1 . 50 100 . 00 101 . 00 100 . 00 10 1 . 00 100 . 00 10 1 . 00 100 . 00 
Generation apparatus 2 . 57 3 . 54 1 . 1 3  1 . 1 1  0 . 14 0 . 1 4 1 .06 1 .05 3 .45 3 . 4 2  
Inject ion line 22 . 32 2 2 . 0 9  29 . 32 28 . 9 9  1 . 49 1 . 4 7  2 . 05 2 . 0 3  1 . 6 2  1 . 60 
Injection line 0 . 36 0 . 36 0 . 1 5 0 . 1 5  1 .0 30 1 .0 2  0 . 32 0 . 32 0 . 32 0 . 3 2 

samples 

Accounted for 25 . 25 25 .00 30 . 59 30 . 1 4  2 . 66 2 . 6 3 3 . 4 3  3 . 40 5 . 39 5 . 3 4 
Delivered to con- 7 5 . 75 7 5 .00 70 . 9 1  69 .86 98 .34 97 . 36 97 . 5 7  96 .60 95 .6 1 94 . 68 

tainment ( by di f-
ference ) 

..... Grams %b Grams 1P Grams %b Grams %b Grams 'l.b N 
00 

Con tainment 

Delivered to con- 75 . 7 5  100 . 00 70. 9 1  100 . 00 98. 34 100 . 00 9 7 . 5 7  100 .00 9 5 . 6 1  100 .00 
tainment 

In liquid pools0 45 . 3 2  59 . 8 3  37 . 67 5 3 . 1 1  5 3 . 9 7  54 . 88 39 . 28 40. 26 5 3 . 1 5  5 5 . 59 
( Prior to decon-
tam! nation) 

Samples 0 . 48 0 . 6 3 8 . 87 1 2 . 5 1  0 . 556 0 . 5 7  0 . 59 0 . 60 0 . 88 0 . 9 2  
Purge t o  st ack 0 . 52 0 . 69 0 . 73 1 .03 0 .086 0 .09 0 . 16 0 . 1 7  0 . 1 1  0 . 1 1  
Decontamination 5 . 90 7 . 7 8 5 . 46 7 . 7 0 0 . 8 20 0 . 8 3 1 . 36 1 . 39 1 . 44 1 . 50 
Accounted for 52 . 22 68 .93 52 . 7 3  74 .35 55 .43 56 .37 4 1 .39 42 .42 55 .57 58 . 1 2  
On surf aces (by 23. 52  3 1 . 06 1 8 . 1 8  25 . 6 5 4 2 . 9 1  43. 6 3  56 . 1 8 5 7 . 5 8 40 . 04 4 1 . 88 

d i f ference) 

aPercent of starting mas s .  
bPe rcent o f  delivered mas s .  

0Includes spray solut ion and s t eam condensate . 



phenomena involved and considers only the removal by the sprays . If one 

looks at the drop data , these data are "diffi cult to interpret , not only 

because of sampling inadequacies but be cause the relat ive fractions of 

the various iodine forms and part icle s i zes were changing rapidly wi th 

t ime . " S 

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 i f  all of the processes except for the sprays exerted only a 

small overall effect in the removal of mo lecular iodine from the gas 

phase , then these dat a  would be acceptable from the s tandpoint of us e­

fulness in determining the efficiency of the s pr�y 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 trans ferred to the 

l iquid . Nevertheles s , any iodine that is on the surfaces and is not 

chemi cally held to the walls could be washed off in the sump s . Since 

the sprays were not started at the ins tant the molecular iodine was 

released , a s ignifi cant amount of molecular iodine released into the 

containment may have deposited on the surface s , and subsequently been 

washed off into the sumps or might have been trans ferred back into the 

gas phase later when the partial pres sure of mo lecular iodine in the gas 

phase was smaller than the partial pressure of mole cular iodine on the 

surface s .  The lat ter ef fect could result in an underes timate of the 

removal rate of molecular iodine . 

To remove some of the pos sible sources of error , the comparison of 

experimental results to the results of the spray model wi ll be limi ted 

to the area of the drywell.  The drywell had a cross sectional area of 
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8 . 8 square me ters ( which is a diame t er of 3 . 35 me ters ) ,  a drop fall 

height of 1 5 . 4 me ters , and a volume of 1 3 5 .52 cubic me ters . For 

example , in run A-3 ,  at the s tart _ of the firs t spray period , the ini tial 

gas phase concent ration was approximately 5 x 1 04 mi crograms /cubic meter 

-( 1 . 97 x lo-7 moles/ li ter) and the f inal concentrat ion was approxima tely 

1 . 25 x 104 micrograms / cubic meter ( 4 . 9 2 x lo-B moles/l i ter) . The amount 

of iodine removed from the ga s phase during the firs t spray was 5 . 082  

grams . Also , at  the s tart of  the first  s pray , the concentration of  the 

l iquid in the drywell sump was approximately 4 x 1 04 mi crograms /li ter 

( 1 . 58 x 10-4 moles/li ter) and the ini t ial vo lume was approximately 150 

li t ers . At the end of the firs t spray , the concentrat ion in the drywe ll 

sump was 8 x 1 02 mi crograms /liter ( 3 . 15 x 10 -6 mo les/liter ) , and the 

volume was approximat ely 332 li ters . The number of grams of iodine 

t rans ferred to the liquid in the drywell sump was 13 . 1 5 grams . The 

dif ference be tween the number of grams of iodine removed from the gas 

phase and the number of grams of iodine t ransferred to the liquid phas e 

was -6 . 78 grams . The resul t ing relat ive error based on the gas phase is 

e rror [ gram
� 

removed from gas - grams transferred to liquid] 
grams removed from gas 

X 100% , 

error ( 5 . 082 - 1 3 . 1 5 )  X lOO% ( 5 .08 2) - 1 33 . 4% • 
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Res ults  of the other runs were simi lar wi th more iodine appearing trans­

ferred to the liquid than was removed from the gas . In fact , for many 

cas es the error is much greater. 

Some of the errors noted above may have resul t ed from iodine that 

had deposi ted on the walls before the s prays had s tarted and that was 

subsequently washed of f into the drywell sump . Thi s explanation appears 

feasible , but may not be the total answer since the highes t  concentra­

t ion of molecular iodine in the gas phase was reported to be 6 . 5  x 1 0� 

mi crograms / cubi c me ter ; and wi th a concentration at the s tart of the 

s pray period of 5 x 1 0� micrograms /cubic meter it appears that only 2 . 03  

grams were removed before the firs t spray (from gas above the drywell 

area ) . Another explanation would be that since the volume for this com­

paris on is cons trained to the volume of the drywel l ,  there could be a 

transfer of additional iodine that was previously on the surfaces back 

t o  the gas . Mo s t  likely , however ,  much of the error is simply due to 

error sampling and analytical meas urements in both phases . 
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CHAPTER VIII 

COMPARI SON TO DATA AND OLD MODEL S 

The spray model has been compared to the large scale tes ts from the 

Containment Sys tems Experiment s , S see Figures 58 through 67 . The basis  

for the compari son is the number of  grams of  molecul ar iodine removed 

from the gas phase in the experimental test as opposed to the number of 

grams of molecular iodine that is predi cted to be removed by the spray 

model . Since there is  such a large dis crepancy in the data between the 

gas and liquid phases ( see Chap ter 7 ,  Experimental Data) , only the ex­

perimental data from the drywell will be cons idered in an effort to 

eliminate some of the pos sible sources of error ( see Table 9 for spray 

dis tributions ) .  For run A-3 of the CSE tes ts , the initial conditi?ns at 

the beginning of the fi rst spray are : 

Temperature of the l iquid spray solution = 7 7 ° F  = 298K , 

Temperature of the gas = 77° F = 298K, 

Pressure = 1 atmos phere , 

Drop size = 1 2 10 microns mas s  medium diame ter , 

( ass umed) = 1 2 10 microns average surface area diameter , 

1 2 10 mic rons ave rage volume di ame t er , 

Spray soluti on = buffered pH of 9 . 5 and all other liquid species 

have a concentrat ion of 0 . 0 moles/liter ,  

Spray flow rate = 1 2 . 8  gallons /minute = 48 . 5  li ters/minute ( ful l 

cont ainment ) , 

= 4 . 8  gal lons/mi nute 

(drywell area) , 
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Figure 58 . Resul t s  of Spray Model for CSE run A-3 firs t sp ray peri od . 
Ini tial concentration of molecular iodine in the gas phas e 
of  1. 97 x l o-7 moles/li ter and a buffered pH of 9 . 5  in the 
spray solution .  

( a) Concentration of molecular iodine in the gas phase as a funct i on of 
time. 

( b ) Number  of moles of molecular iodine transferred as a function of 
t ime . 
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period . Ini tial concentration of mole cular iodine in the 
gas phase of 1 . 29 x lo-a moles/li ter and a buf fered pH of 
9 . 5  in the spray solu tion. 

( a ) Concentration of molecular iodine in the gas phase as a function o f  
time . 

( b )  Number of moles of mo lecular iodine transf erred a s  a funct ion of 
t ime . 
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Figure 60. Re sults  of Spray Model for CSE run A-4 firs t  spray period . 
Init ial concentration of molecular iod ine in the gas phase 
of  1. 5 0  x l o-7 moles/ li ter and a buffered pH of 9 . 5  in the 
spray solution.  

( a ) Concentration of molecular iodine in the gas phase as a function of 
t ime .  

( b )  Number  o f  moles o f  molecular iodine trans ferred a s  a func tion of 
time . 
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Figure 60 . ( continued ) .  
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( a) Concentration of molecular iodine in the gas phase as a function o f  
t ime . 

( b )  Number o f  moles o f  molecular iodine trans ferred a s  a function of 
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Figure 6 1 . ( continued ) .  
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Figure 62 . Resul t s  of Spray Model for CSE run A-6 fi r s t  spray period . 
Ini tial concentration of molecular iodine in the gas phas e 
o f  8 . 67 x 1 0-8 moles/li ter and a buf fered pH of 9 . 5  in the 
spray solution. 

( a ) Concentrat ion of molecul ar iodine in the gas phase as a funct ion of 
t ime . 

( b )  Number of moles of molecular iodine transferred as a funct ion of 
t ime . 
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( c ) Concentration of iodine species in the liquid drop s as a funct ion 
of t ime . 

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

Figure 6 2 . ( continued ) .  
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Figure 63 . Resul t s  of Spray MOdel for CSE run A-6 se cond spray 
period . Init ial concentration of mole cular iodine in the 
gas phase of 2 . 0 1  x l o- 9  mole s/ li ter and a buffered pH of 
9 . 5 in the spray solution .  

( a) Concentration of molecular iodine in the gas phase as a function o f  
time . 

( b ) Number of moles of molecular iodine transferred as a funct ion of 
time . 
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Figure 63 . ( continued ) .  
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Figure 64 . Results  of Spray Model for CSE run A-7 first spray period . 
Init ial concentrat ion of molecular iodine in the gas phase 
of 1 . 0 6  x 1 0-7 moles/ li ter and a buffered pH Qf 5 . 0 in the 
spray solution. 

( a ) Concentration of molecular iodine in the ga s phase as a funct ion of 
time . 

( b ) Numbe r of moles of molecular iodine transferred as a function 
of time . 
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( d )  Concentrat ion of iodine species in the sump as a funct ion of time . 

Figure 64 . ( continued ) .  
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Figure 65 . Resul t s  of Spray Model for CSE run A-7 second spray 
period . Initial concentration of molecular iodine in the 
gas phase of 2 . 05 x 1 0-8 moles/ li ter and a buffered pH of 
5 . 0 in the spray solu tion. 

( a) Concentration of molecular iodine in the gas phase as a function of 
t ime . 

{ b )  Number of moles of molecular iodine trans ferred a s  a funct ion of 
time . 
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( d ) Concentration of iodine species in the sump as a funct ion of time . 

Figure 65 . ( continued ) . 
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Figure 66 . Re sults  of Spray Model for CSE run A-8 firs t spray period . 
Initial concentration of molecular iodine in the gas phase 
of 1 . 1 8 x 1 o-7 moles/li ter and a buffered pH of 9 . 5  in the 
spray solu t ion. 

( a )  Concentration of molecular iodine i n  the gas phase as a funct ion of 
time . 

( b )  Number o f  moles of molecular iodine transferred a s  a function of 
t ime . 
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( d )  Concentration of iodine species in the sump as a function o f  time . 

Figure 66 . ( continued ) .  
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Figure 67 . Re sul t s  of Spray Model for CSE run A-8 second spray 
period . Ini tial concentration of molecular iodine in the 
gas phase of 4 . 1 4 x 1 0- 9 mole s/ li ter and a bu�fered pH of 
9 . 5 in the spray solution .  

( a) Concentrat ion of molecular iodine in the gas phase as a function o f  
t ime . 

( b )  Number of moles of molecular iodine trans ferred a s  a function of 
t ime . 
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Figure 67 . (continued ) .  
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Table 9 .  Measured spray liquid di s tribution 
in CSE tes ts ( HillardS ) 

Cross section 
Area , % 
Run A3 
Run A4 
Run A6 and 

A7b 

Run Aifl 

a Measured 

Wall 
t rough 

2 . 0 

0 . 7 

10 . 9  

2 . 1  

"" 6 . 0  

during 

Total spray volume recovered , % 

Main sump 

78 . 5 

62 .8  
68 . 9  
68 .4 

7 3 . 0  

shakedown tes t .  

Dry well 
sump 

19 . 5  

37 . 5  

20 . 2  
28 . 5  

2 1 . 0 

Deck 
dist ribution 

±1 a 
( % ) 

64 . 8  
46 . 7  

46 . 2  

b Measured from liquid level change during run . Normal 
condensation deducted . 
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Spray time = 10 minutes , 

Containment height = 15 . 4  meters , 

Containment diameter = 3 . 3 5 me ters . 

For the First Spray : 

Ini tial concentration of elemental iodine in the gas phase = 

5 x 1 04 micrograms / cubic meter = 1 . 97 x 10 -7 moles/liter , 

Ini t ial concentration of iodine in the drywell sump = 

8 .0 x 1 02 mi crograms /cubic meter , 

Ini tial volume of liquid in the drywell sump = 1 50 li ters . 

Resul ts of the CSE tes ts are : 

Final concentration of elemental iodine in the gas phase = 

1 . 25 x 1 04 mi crograms /cubic me ter = 4 . 92 x 10 -8 moles/li ter , 

Number of grams removed from the gas phase = 

3 . 7 5  x 1 04 mi crograms /li ter * 1 5 . 4  meters * 8 . 8 square 

me t ers = 

5 . 8 2  x 106 micrograms = 5 . 082 grams , 

Final concentration in the drywell sump = 

4 x 1 04 mi crograms /liter , 

Final volume in the sump = 33 1 . 8  li ters , 
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Number of grams transferred to the liquid = 

( 4  x 1 04 micrograms/li ter * 3 3 1 . 8  liters )  -

( 8  x 1 02 mi crograms / li ter * 1 50 liters) = 

1 3 . 1 5 x 106 micrograms = 1 3 . 1 5 grams . 

These calculations show the di screpancy be tween the number of grams 

of iodine removed from the gas phase , 5 .082 grams , and the number 

grams of iodine trans ferred to the liquid , 1 3 . 1 5  grams . Thi s  

discrepancy is discus sed in Chapter 7 .  

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

Final concentration of the gas phase = 

2 . 4 x 1 04 micrograms /cubi c  me ter = 9 . 45 x 10-8 moles/ liter,  

Number of grams of  iodine removed from the gas and 

trans ferred to the liquid = 3 . 54 grams . 

Relative Percent Difference is : 

Gas phase ,  
( 5 .082 - 3 . 54 )  

X 100% 5 .082 
Liquid phase 

30 . 4% , 

( 1 3 · �� -�5
3 • 5 4 )  X 100% = 7 3 . 1%  • 

Table 10 contains the result s  of the comparisons for all of the 

runs . The third or fourth spray periods are not included in the com-

parison because these periods are for a sodium thiosulfate spray 
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Table 10. Comparison of spray .ode l to the CSE tes t s  

C S E  experi.ental re sult s  Spray .adel ' s  �esult s  

CSE Spray Ini t i al gas phase . .  Re lat ive pe rcent 
concent ration Final gas phase Grams reaoved Graas transferred Final gas phase Graas transferred d i f ference between run period 
(110les/ li ter) concentration fro• the gas t o  the liquid concentration fro• the gas the gas phases 

(llOles/li ter) phase phase (•ol ea/ l i t e r) to the liquid 

A-3 1 s t  1 .97 )( 10-7 4 .92 )( 10-8 5 .082 1 3 . 15 9 .50 )( 10-8 3 . 54 30 . 3  
A-3 2nd 1 . 27 )( 10-8 2 . 89 )( 10-1 0  0. 426 4 . 90 1 . 26 )( 10-9 0 . 393 7 . 7  1-' 

U1 A-4 l e t  1 . 50 )( 10-7 1 . 97 )( 10-9 5.082 1 2 . 85 3 . 1 7  )( 10-8 4.07 19 .9  0'\ 
A-4 2nd 7 .88 )( 10-l O  7 . 88 )( 10-1 1  0.0244 1 . 1 24 6 . 6 1  )( 10-1 2 0.0269 -10. 2 
A-6 1 s t  8.67 )( 10-9 2 . 36 )( 10-9 2. 900 1 1 . 10 1 . 40 )( 10-8 2 . 50 1 3 . 8  
A-6 2nd 2 .01  )( 10-9 1 . 10 )( 10-9 0 . 3 1 2  2 . 33 7 . 9 2  )( 10-1 2 0.0688 -1 20 . 5  
A-7 1 s t  1 . 06 )( 10-7 3 .27  )( 10-9 3. 547 8 .08 7 . 3 5  )( 10-8 1 . 1 4 68.0 
A-7 2nd 2.05 )( 10-9 7 . 49 )( 10-1 0  0.0447 1 . 57 2 . 6 2  )( 10-1 0 0.06 1 5  -37 . 6  
A-8 1 s t  1 . 18 )( 10-7 5. 1 2  )( 10-9 3.889 7 . 5 7  5 . 7 7  )( 10-8 2. 1 2  4 5 . 5  
A-8 2nd 4. 14 )( 10-9 2. 1 7  )( 10-9 0.0678 4 . 96 2.89 )( 10-1 3  0. 143 -1 10. 1 



solut ion or for recirculatory spray solut ions . The sodium-thiosulfate 

changes the chemi cal kinetics and therefore , the model deve loped in thi s 

report should not be expected to be valid . Howeve r ,  recirculatory spray 

solutions can be used in the spray model if one knows the concentration 

o f  all of the speci es in the solut ion. The experimental data do not re­

port the concentration of all of the species and since the liquid phase 

data are ques t ionable (di s cussed in Chap ter 7 ) , and any result s  would be 

es sentially meaningless . Therefore no further comparisons were 

a t t emp ted .  

With a high ini tial concentration o f  molecular iodine in the gas , 

such as those seen during the first spray period , the spray model pre­

dict s the number of grams of iodine removed wi thin a relat ive difference 

of between 1 3 . 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 wi thin a relative 

difference of - 120 . 0% to 68 . 0% wi th the closes t result having a di f­

ference of 7 . 7 % . At high concentrations , the model always under­

predi ct s the number of moles trans ferred as indi cated 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 time s when compared to 

the gas phase - dat a .  It should also be noted that the spray model never 

ove r-predi cts the number of grams removed when compared to the expe ri­

mental data for the liquid . 

The only dif ference between the condi tions of experimental runs A-3 

and A-4 is the spray flow rate . The model responds qui te adequately 
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and , in fac t , the di fference in resul t s  decreases slightly . For experi-

mental runs A-6 , A-7 ,  and A-8 ,  �he temperature and pressure of the gas 

are rai sed to approximately 39 7K and 3 atmospheres , respectively . The 

results of the s pray model appear to have larger dif ference wi th the 

experimental data because the spray model does not contain calculations 

for heat t ransf er and the temperature of the drop always �emain at i ts 

ini tial temperature of 298K. The properties of the liquid change wi th 

temperature and the kinetic rate cons t ants will also change . 

In run A-8 , the drop size decreases to 770 mi crons . The model re-

sponds adequately and the error is most likely due to the higher temp-

erature.  It should be recalled that all of these resul ts are produced 

wi th an input that assumes spherical drops . The drops are not spheri-

cal , but no informa tion is available on the actual shape of the drop s . 

Comparing the new model to the previ ous models shows the new model 

has a bet ter correlation wi th the experimental data than do the previ ous 

models . The data and the previous models are in terms of a removal rate 

cons tant and half lives of molecula r  iodine . The removal rate cons tant 

is expres sed by Equation 3 of Chapter 1 ,  Section B ,  repeated here : 

C = C exp ( -A t )  0 
where 

C0 ini t ial concentration of molecular iodine in the gas phase ,  

C = concentration of molecular iodine , 

A removal rate cons tant , and 

t = time . 

Rearranging Equation 3 and solving for the removal rate cons t ant : 

( 3 )  

A = - Ln ( C/C 0) /t • ( 70)  
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The half li fe of molecular iodine is the period of time during which the 

concent ration of molecular iodine in the gas phase decreases to one half 

of its  ini tial concentrat ion. The half life is det ermi ned by rearrang­

ing Equation 3 int o : 

t l / 2  = - Ln ( C/C0) /A = - Ln( 1 / 2 ) /A = 0 . 6 9 3/A 

Us ing these two equat ions , one can comp are directly the experimental 

epray data and the results of the previ ous mode ls in their exi sting 

form . 

( 7 1 )  

Note that the new spray model is not int ended t o  determine a re­

moval rate cons tant because removal rate cons tants tend to smooth out 

the dat a  and can give false impres s ions s ince a logari thm is involved . 

The output of the new spray model is only put into this form to compare 

i t s resul t s  to the resul t s  of the exi s ting models . The correct compari­

son would be to compare the number of moles removed or the resulting gas 

phas e concentration. 

Table 1 1  shows the comparison of the removal rate cons tant for the 

new model to that for the experimental data . As can be seen from Table 

1 1 ,  the new spray model always over-predi cts  the removal rate cons t ant 

( under-predicts the removal rate) for the first s pray period (high con­

centrations of molecular iodine) . The absolute value ·dif ference for the 

new model is from 34 .0% to 89 . 3% wi th an average dif ference of approxi­

mately 59 . 6% .  One should no tice that the se di f ferences do no t have as 

wide a s pread between the numbers as does the difference for the direct 

comp ari son of the number of grams of mo lecular iodine t rans ferred to the 

liquid . This difference is due to the fact that the removal rate con­

s tant is calculated from a logari thm which smooths out the error.  It is 
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CSE 
run 

A-3 
A-3 ...... 0'\ A-4 0 
A-4 
A-6 
A-6 
A-7 
A- 7 
A-8 
A-8 

Table 1 1 .  CO.parison o f  re.oval rate constant for spray -?del against CSE tests 

CSE tes ta resul t s  

Spray 
Ini t ial gas phase 

period concentration Final gas phase 
( moles/ l i ter) concentration 

(moles/ l i ter) 

1st l o 97 X 10-7 4 . 92 x to-a 

2nd 1 . 29 X l(J-8 2 . 89 X l(J-10  
1 s t  l o 50 X 1 0""7 t . 97 x t o-9 
2nd 7 .88 X t o- 1 0 7 . 88 x t o-u 
1 s t  8 . 6 7  X to-8 2 . 36 x t o-9 
2nd 2 . 0 1  X to-9 1 . 10 x t o-9 

1 s t  l o 06 X t o-7 3 . 2 7  x t o-9 

2nd 2.05 X 1 0""9 7 . 49 x 1 o- 1 o  

l e t ·1 . 1 8 X to-7 5 . 1 2  x t o-9 

2nd 4 . 14 X 1 0""9 2 . 1 1  x t o-9 

I ( A
CSB - A 

SPRAY) I 
ani f ference - A ' X 100% . 

CSE 

Removal rate 
constant , A 

(ain-1 ) 

0 . 1 39 

0 . 1 26 
0 . 495 

0 . 0 7 7  

0. 365 
0 . 0 2 2  

0 . 347 

0 . 033 
1 . 08 

0.0 1 7  

Spray 110de l '  s
. 

resul t s  

Half l if e  Final gas phase Removal rate Half l ife 
t l / 2  concentration cons t ant , A t 1 /2 
(min) (moles/l i ter) (ain -1 )  (min) 

5.0 9 . 5o x t o-a 0 . 0 7 4  9 . 5  

5 . 5  1 . 2 6  x t o-9 0.077 9 . 0  

1 . 4  3. 1 7  x to-e 0 . 1 55 4 . 4 7  

9 . 0  6 . 6 1  x t o-n 0 . 1 59 4 . 35 

1 . 9  t . 4o x t o-a 0 . 182 3 . 8  
32 . 0  7 . 9 2  x t o-u 0 . 184 3 . 7 5  

2 . 0  1 . 3 5  x to-a 0.037 18 . 7 

2 1 . 0  2 . 6 2  x 1 o-1 o  0 . 068 9 . 3 3  

0 . 64 5 . 7 7  x 1 0-a 0 . 239 2 • 67 

40 . 0  2 . 89 X l(J-1 3 0. 257 2 . 8 9  

Relat ive percen t 
d i f ferenceQ between 

removal rate 
constants 

47 . 1  

38 . 9  
34 .0 

107 . 0  

50 . 1  

739 . 0  
89 . 3  

107.0 
77 . 4  

1307 .0 



far more realis tic to use the numbe r  of grams of molecul ar iodine re-

moved for comparison. 
.. 

A comparison of the resul t s  of the previous spray models is shown 

is Table 1 2 .  Note that the " realis tic model "  is the name given to this 

model when it was firs t developed for inclus ion in WASH- 1 3 294 and does 

not imply that it is the best model .  

I t  i s  quite obvious that from Table 1 2  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 firs t  spray period and the second spray 

period are the same . The removal rate constant predicted by the old 

models would be the same for the first and second spray periods . The 

new model would predi ct results closer to the spray tes ts than would the 

" realistic"  model for the second spray period. Al though the "realistic"  

model does predi ct close resul ts for  the first  spray period , it  uses an 

effective part i tion coefficient of 100 ,000 . For a drop fall height of 

1 5 . 4  meters , the contact time of the drop wi th the gas phase is only 3 . 9 

seconds ·and the eff ective partition coefficient at the condi tions would 

only be approximately 2200 . An effective partition coef fici ent of  

100 , 000 would not be reached until approximately 10 days a t  a pH of 

9 . 5 .  So this effective partition coefficient of 100 ,000 would not be 

reached until approximately 10 day s at a pH of 9 . 5 .  So this ef fective 

partition coefficient consi sts of a true effect ive partition coefficient 

times an empirical factor . It is believed that this effective parti tion 

coefficient was picked so as to best describe the resul ts for the first 
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Table 1 2 .  Comparison o f  removal rate cons tant for spray model 

CSE Spray Experimental. run 
number period A i -1 . , m n 

number period Experimental 
A-3 

A-4 

A-6 

A-7 

A-8 

1 s t  0 . 1 39 
2nd 0 . 1 26 
1 s t  0 . 495 
2nd 0 . 0 7 7  
1 s t 0 . 365 
2nd 0 . 0 22 
1 s t  0 . 347 
2nd 0 . 0 33 
1 s t  1 .08 
2nd 0 . 0 1 7 

aEquat ion 7 wi th PC = lOs . 
b Equat ion 6 wi th PC = 5000 . 
c Equat ion 5 wi th PC = 500 0 .  
dEquat ion 8 .  

against previous models 

" Realis tic"a StagnantP 
model film model 

A ,  mi n-1 A ,  mi n-1 

"Realistic"a f ilm model 
0 . 102 0 .027 
0 . 102  0 . 02 7  
0 . 39 0 .093 
0 . 39 0 . 09 3  
0 . 34 0 . 202 
0 . 34 0 . 20 2  
e e 
e e 

1 .02 0 .483 
1 . 0 2  0 . 48 3  

e Publi shed results  not found . 

Stagnant<' CSE modeld drop model A ,  min-1 A ,  min-1 

drop model CSE modeld 
0 .053 0 . 109 
0 . 0 5 3  0 . 109  
0 . 1 95 0 . 408 
0 . 1 95 0 . 408 
0 . 235 0 . 365 
0 . 2 3 5  0 . 36 5  

e e 

e e 
0 . 5 27 0 . 9 78 
0 . 5 2 7  0 . 9 78 

New model 
A ,  mi n-1 

New model 
0 .0 7 4  
0 . 0 7 7  
0 . 1 5 5  
0 . 1 59 
0 . 1 8 2  
0 . 1 8 4  
0 .0 3 7  
0 . 068  
0 . 239  
0 . 2 5 7  



spray period . If a si tuat ion would arise for the need of the " real­

istic"  spray model and it did not occur in this s ame vessel used in the 

CSE tes ts and under exactly the same condi tions , the correction factor 

may be wrong . 

The CSE model is a gas-fi lm controlled model and is compared to 

tes ts maybe with a buffered high pH . The controlling resistance to mas s 

t ransfer for iodine would be gas-f ilm controlled under these condi tions 

because the reactions quickly remove the molecular iodine in the 

liquid . However ,  when the pH is buf fered at a low pH or when the pH is 

unbuffered , there will be s ignificant resistance to mass trans fer in 

both phases . BWRs use ordinary water for their sprays , so there will be 

s ignificant resistance to mass transfer is both phases . Therefore , the 

CSE model would give incorrect re sul ts for BWRs and any other sys tem no t 

buffered at a high pH . 

Since the iodine hyd rolys i s  reactions are included in the new spray 

model , they can determine internally when the reactions play an impor­

tant role in the mas s  trans fer,  and the new spray model should be valid 

for any conditions . The new spray model appears to give bet ter results 

at low concentrat ions 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 trans fer co­

efficients , incorrect data for the molecular iodine partition coeffi­

cient , incorrect express ions for the iodine hyd rolysi s  reactions , or 

from incorrect reaction rate cons tants . But much of the difference is  

believed to  be in the experimental spray dat a. 
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CHAPTER IX 

SUMMARY , CONCLUSIONS , AND RECOMMENDATIONS 

1 .  Summary 

A new model has been developed for predicting the rate at which 

gas eous molecular iodine is abs orbed by water sprays . The model is a 

quas i-steady state mass transfer model that includes the iodine hydro­

lys is reactions . The spray model was developed to de termine nume ri cally 

the influence of the iodine hydrolysis reaction on the mass trans fer 

rates . The spray model is used to de termine if inclus ion of a represen­

tation of the iodine hydrolysis reactions increas es 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 parame ters of the spray 

model are the spray drop size , ini tial concent ration of mole cular iodine 

in the gas phase , the initial concentrati on of all of the iodine hyd ro­

lysis species (including pH) , the temperature of the gas , the tempera­

ture of the li quid , the pressure , whether the spray solution is bu ff ered 

or unbuffe red , the spray flow rate , containment diame,t e r ,  and cont ain­

ment height (drop fal l height ) .  

Three other models have also been developed ; these are kinetic,  

drop , and wall spray models . The kinetic model simulates the solut ion 

to the equati ons to the iodine hydrolys is reactions as a funct ion of 

time . The drop model simulates the absorption of gaseous iodine by a 

single water droplet .  The drop model has a mass trans fer wi th reaction 

algorithm and is the base model for the s pray model .  The wall-s pray 
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model contains the spray model algorithm plus a falling-liquid film 

algori thm to s imulate the removal of gaseous iodine by the water on the 

walls . The result s  of the wall-spray model are not s igni ficantly di f­

ferent from the results of the spray model and therefore the signif­

icantly longer computational time necessary to use the wall-s pray model 

is not warranted . 

The spray model shows a di fference of -1 20 . 5% to 68 . 0% compared to 

the measured data of the Containment Sys t ems Experiments wi th the clos­

est result being wi thin 7 . 7% of the expe rimental data .  Some o f  the di f­

fe rence is believed to be due to error in the measured data from the ex­

pe riment caused by the sampling techniques used and the fac t that the se 

tests are large scale with many removal processes occurring s imul tane­

ously . Molecular iodine is abs orbed on paint , piping , insulation and 

particulates as well as on the spray drops . Wi th all of these proces ses 

occurring simul t aneously , i t  is extreme ly difficult to separate the 

contribution of the drops to iodine removal from the overall removed . 

Since li t t eral interpre tation of the experimental data show that twi ce 

as much iodine is t ransferred to the liquid phase as is removed from the 

gas phase , it is obvi ous that there are signif icant experimental errors 

present . 

Other sources for the di fference be twe en the calculated resul t s  and 

the experimental data of error undoubtedly re sult from limitations in 

the spray mode l it self . The spray model does not include any 

representation of enhanced mass transf er during drop formation , and it 

has been shown by Simpson2 l that signif icantly highe r mas s  transfer 

rates do occur during drop formation.  Another source of difficul ty is 
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the unknown sphericity of the drops of the expe riment . The new spray 

model has the ability to handle non-spherical drops , but there is no 

informat ion on the sphericity for the spray drops and Clift l 3  indi cates 

that drops of the size us ed in these tests  are significantly non­

spheri cal . Us ing non-spherical drops would increas e  the rate of mas s  

trans fer by increas ing the surf ace area of the drops . 

The spray model also does no t cons ider heat trans fer. Tempe rature 

changes in both the gas and liquid phases can alter the rate of mas s 

trans fer. The difference in resul t s  be tween the spray model and the ex­

perimental data increas es when the initial temperature of the gas is no t 

the same as the temperature of the liquid . Since there are no heat 

t rans fer calculati ons in the mode l ,  the gas and liquid phases are 

as sumed to remain at the same temperature throughout the simulation. 

2 .  Conclus ions 

In conclus ion , the iodine hydrolys is reactions have a maj or influ­

ence on the removal of gaseous iodine by water droplets . The kine tics 

are influenced mos t  when the water is buf fered at a high pH . Wi th a low 

pH or an unbu!fered solution , the reactions essentially do not occur . 

The pH is the single mos t  important kine t i c  rat e-controlling parame ter 

in the iodine hydrolysis reacti ons . A model for the absorption of gase­

ous iodine by water dropl ets wi ll not be able to re spond accurately to 

the different conditions that can occur if it does not include the io­

dine hydrolys i s  reactions . The new spray model gives bet t er resul t s  

when compared t o  the Containment Syst ems Experiment data for t e s t s  wi th 

low concentrations of molecular iodine but give s worse resul t s  at high 
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concentrations· of molecular iodine than the previ ous models . The new 

spray model is more real i s tic s ince it contains the iodine hydrolys is 

reactions . It also provide s information about the liquid phase and i s  

able t o  handle a much greater range of conditions such as recirculatory 

s prays and unbuffered solut ions . In any conceivable accident , radiation 

would be present and would al ter the resul ts based on hydro lys is alone 

by generating molecular iodine wi thin the drops and by changi ng the pH 

in unbuffered s prays due to the formation of the acid . 

3 .  Re commendations 

It is recommended that all of the mode ls : kinetic , drop , spray , 

and wall-spray models , be tes ted mo re ext ensively . It is recommended 

that both heat transfer and mas s  trans fer during drop formation be in­

corporated into the spray model . l 7  Adding a representation of heat 

transfer would probably make the mo st s ignif icant improvement to the 

models and allow bet ter compari son to exp erimental data taken from tes t s  

in which a temperature difference exi s ts between the gas and liquid 

phases . The mos t  important recommendat ion is that new smaller scale 

tests , which are more� highly contro lled , should be conducted . Presently 

there is a greater need for new data to whi ch the resul ts  of these new 

models could be compared than there is a need for a mo re sophi s ticated 

model .  Smaller scale experimental test s  under be tter cont rolled condi­

tions are sugges ted in which the only process for the removal of gaseous 

iodine would be by water drops or sprays . A small scale drop tes t  could 

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

drop model should be tes ted to see if it is correct . The drop model 
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mus t  simulate a drop falling through gas eous iodine correct ly ; if no t ,  

then bo th the spray model and the wal l-s pray model would be incorrect . 
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APPENDIX A 

NUMERICAL TECHNIQUE 



All of the mode ls involve the iodine hydrolysis reac ti ons and an 

eff icient numerical integrat ion technique mus t  be used . The kine tic 

model numerically integrates the iodine hydrolys is reac ti ons wi th re­

spect to time . The drop , spray and wall-spray models al l contain mas s  

transfer of molecular iodine t o  the liquid and the iodine hydrolys is re­

act ions occurring in the liquid drop . Therefore , in all of the models 

the iodine hydrolysis react ions must be i ntegrated . 

The iodine hydrolys is react ions are integrated by a Runge-Kut ta­

Fe lhburg , RKF ,  5 ( 4 ) order numeri cal integration routine . l 2  RKF 5 ( 4) has 

is a fifth order Runge-Kutta rou tine wi th a fourth orde r routine im­

bedded in i t . The RKF routine is a single s t ep me thod wi th error con­

trol . To save computer calculation time the routine in the model only 

contains the parts of the RKF routine which are neces sary to integrate 

these equations and the absolute error control has been replaced by a 

relative error control to improve accuracy and computer t ime . The error 

cont rol is pos s ible by comparing the di f ference be tween the two 

orders . The model requi res as input the number of equations to inte­

grate . For a buffered solution ,  the re are four equat ions to nume ri cally 

integrate . Equations 24, 25, and 26 are assumed to come to equilibrium 

ins tantaneously and s ince the hyd rogen ion concentrations wi ll no t 

change , one would have to integrate Equations 27 through 30 . For unbuf­

fered solut ions the pH would change , so Equat ion 32 would have to be in­

tegrated , so f ive equations would have to be integrated . Therefore , for 

a buffered solut ion the input parame ter IN would be four and for an un­

buffe red solution IN would be equal to f ive . 
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Other numerical integration rout ines have been tried such as DGEAR 

and DVERK from the International Mathematics and Statistics Library , 

IMSL , and LSODE from Corlib.  Nei ther of the IMSL rou tine s would ge t 

s tarted because the step size would drop below the accuracy of the 

machine . Thi s is mos t  likely due to the complexi ty of the di fferent ial 

equations . LSODE is a Gear ' s  multistep integration routine . Gear ' s  

method works extremely well for the kinetic model.  In fact LSODE works 

better in the kinetic model for longer periods of t ime . This is the 

routine that Be ll9 used. When mass transf er is included this rout ine 

becomes extremely slow, taking almost 10 t imes more computer t ime than 

does the RKF routine . Thi s is because LSODE is a mul tistep me thod and 

each t ime mass transfer occurs a new concentration of molecular i odine 

is  de termined and the sys tem mus t  start over .  So the RKF me thod was 

chosen because error can be minimi zed and efficiency can be achieved . 
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APPENDIX B 

KINETIC MODEL , SAMPLE INPUT AND OUTPUT 



c • • • • •• •• • ••••• • • • •• • • • • •• • • • • • • ••• • •• •• • • ••• • • • • • • • • • • • • • • • • • • • • • • • • •  
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 

K Ili ! TIC !O DEI. 

rt .  P .  ALB E RT 

T BE K ilf Fr iC SI !ULATES T HE AQO ! OU S  IO D.IN ! H YD BO.LY SI S R !ACtlC N S .  
B EIC�IOHS � ,  5 A R D  6 ( EQUATIO N S  2 � ,  25 , . A N D  2 6 )  A B E  A SSU M E �  TO 
C O� !  TO EQUIL I E R I U �  • TB! KI NETIC r!OD E L  NO ! !BI CA l lY I NT E G R AT ES 
E QU A TI O IS 27 T H & OUGH 3 2  W IT H  A R U N G!-KU T T A- P ! L HB UR G 5 ( 4 )  B C U TI NE . 
S UB BOUTI NE f U N CT N  A N D  ITT ! B  A R !  C A LL ED F.BO ! T H IS li A l N  PRO G li A M .  
S UB R OUT IN E  PUN CT N  CCN� A I IS T H E  E Q U A T ION S !0 B E  I NT E GR A T E D . 
S UB R OUT IN E IT� ER PIIDS TH E R O O T  TO T BE !QUILIBBI U "  E C O AT I C N  OP 
E Q UlTI O I  2 �  BY J S !Cl iT M ET HO D .  T BI S  P ROG &l r!  IS D E S I GN E D  TO R U N  
0 111 l PD P- 1 0 C O ! E UT ! B  ! UT S HOU L D  B E  E ASI L Y  CO I V !B T ! D  'I C  R O N  O N  Atn 
FOR T R A N  CO !P UT !B. 

c • • • • • •• • •• • • • • • • •• •�•• • • • • • •• • • • • • • • • • • • • •• • •• •• • • •• • • • • • • • • • • • • • • • • • •  
c 
c 

c 
c 

c 
c 

c 
c 
1 1  

2 1  
2 2  
2 �  
c 

c 
c 

I !P L ICIT D O U BL E P B ECIS I OB ( 1-H , K-Z ) 
I r!P L lC I T  IliT!G!B (1-J)  

D I!! ! tiS I ON i (8 )  , W O L D ( 8 )  , K 1 ( 7) , K 2 ( 7 )  , K 3 (7 ) , R  (7 )  , WB (7 ) , 
1 D E LT A  C7 ) , i!S ( 7 )  , l  (7 ) , K4 ( 7 )  , K S (7) ,K 6 ( 7 )  , tO L ( 7) 

R !A D .58 , * ) A , B , B!I li , B ! A I , I R 
R E1 D (�9 , * ) TOLEB , T! ! PL 

P' OB ! UT ( '  N 
1 I 0 3-
2, /) 

TI!! 
8+ 

I 2  
IO -

P OB !! JT ( ' ST EP S I2 !  
F OB ! AT ( I5 , 9 D 1 3 . 7 )  
P OB ! JT ( I6 )  

E ELO W STEP � IH ' , D 1 5 .7 )  

W RIT ! ( 5 0 ,  1 1 ) 

I­
I J-

H O I  
ST E P  S I Z E ' 

C R EAD Ill INITIAL CO HDITIONS 
c 

D O  2 0  J� 1 , 7 
R EA D ( 5 8 , * ) WOLD � )  

2 0  C ONT INU E 
c 

c 

c 

T OJ. Ds A  
Q = 1 . 0D- 1 
H = 1 . OD- 2 

W RI T E ( 5 0 , 2 2) I , 'I O L D , i CL D ( 1 ) , WO LD ( 2 ) , II OI.D ( 3 )  , W O L D ( 4 )  , wO LD ( S }  , W OLD ( 6 )  
1 , W CLD ( 7 ) , B  

C C ALC OLl � E  � B !  ECU ili B B IU M  CONS 1 A B S 1  K4 , K 5 , K6 
c 

c 

D EBL IQ•6 . 0 25 2 2 �7D- 9 *T ! MP L * * 3-9 . 1 3 2 9 6 0 4D - 6*TE MPL* * 2 + 3 . : 7 3 5 7 2D - 3 * �E M  
1 P t + 5 . 83 5 8 8 S 2D- 1 

R K6 �-4 . 09 8 D0 0- 3 24 5 . 2D 0 0/T ! � PL + 2. 2 3 E3 D 5/ (TE!P L**2 ) - 3 . 9 8 4 D 7 / (T E M PL * *  
13 ) + ( 1 3 . 95 7 D 0 0- 1 2 6 2 . 3 D 0 0/T !!PL +8 . 5 6 4 1 D 5/ ( TE M P L** 2 ) ) * D L CG ( D E B L I Q )  

R K6 = 1 0* *  (.R K6 ) 
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B �5= 1 0 * * ( 2 8 0 0 . 4 8 D 0 0 + 0 . 7 33 5 C O O *!E! P L- 8 06 7 � . 0Dri O IT E � E i 
1- 1 1 1 5 . 1 DOO * D L O G 1 0 (T ! ! El) ) 

c 

c 
B K4 = DEX P ( 3 7 2 7 . 8 6 D O O/T!!PL- 1 1 . 6 3 2 6 t 0 0 +0. 0 1 9 22 1 2DO O* T E M E L )  

W OL D . �8 )  =R K6/VOtD ( 5 )  
c 
C B !G l l  T HE RO IG E-KUtT l- F ! L B EURG B OU ti N !  
c 
c 
C C ALCULATE K ' S 
c 
1 D O  3 C  J = 1 , IB 

W ( J )  = W OLD (J ) 
3 0  C OBT IMU ! 
c 

c 
C UI. P'U IC T11 ( i , iOLD , :P , l l) 

D O  4 0  J = 1 , I N 
K 1 ( J) = 8* 1' (J ) 

4 0  C ORT IXU ! 

c 
D 0 5 0 J a 1 , I B 

W (J ) =W OI. D (J ) + K 1 (J) / 4 . 0D O O  
5 0  C OI T I B O !  
c 

c 
C AL L  l'U BC T J ( i , i OLD , P , I B) 

D O  6 0  J = 1 , l lf 
K2 (J)  = H* P  (J ) 

6 0  C OITI H U E  
c 

D O  8 0  J -= 1 , IM 
W (J ) =WOL D (J ) + 3 . 0 D O O* K 1 (J ) / 3 . 2 D 1 + 9 . C D OO * K2 (J) / 3 . 2D 1 

· 8 0  C CBTIH U ! 
c 

c 
C ALL P U NC T N  ( i , iOL D , P , I ll )  
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KJ ( J) = B* P  (J ) 

9 0  C OBT IB O !  
c 

D 0 1 1 0 J= 1 , I I 
W (J ) = i OLD (J) + 1 . 9 3 2D3* K 1 (J ) /2 . 1 9 7D 3- 7 . 2 D 3 * K2 (J ) / 2 . 1 9 7 t 3 

1 + 7 . 2 9 6 D 3 *13 (J) / 2 . 1 97D 3 
1 1 0 C OIT I B U E  
c 

C AL L  P U IC T B ( i , iOLD , P , I ll )  
c 

D O  1 2 0 J= 1 , I I 
K4 ( J) = B* 'P .(J ) 

1 2 0 C CNT ilfO E 

c 
D 0 1 3 0 J= 1 , I B 

W (J ) =WOL D (J ) + 4 . 3 9 D 2 * K 1 (J ) /2 . 1 6D2-8 . 0DO O * K 2 ( J ) +3 . 6 8 D 3 *K3 { J ) /5. 1 3 D 2  
1 - 8 . 4 5 D 2 *K 4 ( J ) / 4 . 1 0 4D 3 

1 3 0 C ONTI N U !  
c 

C ALL P U HC T J  ( W ,  WOLD , P  , I I) 
c 

D 0 1 40 J= 1 ,  Ill 
KS (J)  = B* P'  (J ) 

1 q 0 C OH'liNU E 

c 
D O  1 50 J= 1 , I lt 
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1 + 1 . 8 5 9 D 3 * K 4  (J ) / Q . 1 0 4D3- 1 . 1 D 1 * K 5  (J) /4 . 00 1  
1 !:  C C ONT I N O E  
c 
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c 
0 0 1 6 0 J• 1 ,  I B  

K6 ( J) = H* F (J ) 
1 6 0 C CB TI N O B 
c 
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�B ( J) = WO L D (J) + 1 . 6 0 1 * K 1 (J ) / 1 . 3 5D 2 + 6 . 656 D 3 * K 3 (J) / 1 . 2 e 2 5 D 4 +  

2 . 8 5 6 1 C 4 *K 4 (J ) / 5 . 64 3 D 4- 9 . 0 0 C O* KS ( J ) /5 . 0 D 1 + 2 . 0 t 0 0 * K 6 (� l /5 . 5 0 1 
B (J ) = 1 BS ( K 1 ( J ) /l . 6 D 2- 1 . 2 8 D 2 * K 3 (J ) j4 . 27 5 D3 - 2 . 1 97 D3 * K 4 (J ) / 7 . 5 24 04 

+ K5 (J ) /5 . 0 D 1 + 2. 0 0 00 * K 6 (J ) / 5 . 50 1 ) / H  
TOL (J ) = 1 1! 5  (i B (J) * T O L ! I )  
D E L T A (J) = 0 . 8 4 * (TOL (J ) /R ( J ) ) * * 0 . 2 5  

1 0 0  C CB T I N O E 
c 

D O  5 C O J= 1 , I B 
Il" ( B  ( J )  •. G'! . 'lOt ( J ) ) GOTO 9 0 0  

S O C  C ON T IN O !  
c 

D O  5 1 0 J= 1 , I B  
iOL �  ( J ) -= i !!  ( J )  

5 1 0 C ON T I N O ! 
c 
C D ET ER M I N E  TB! EQ OI L I B B IO M C O H C ENTB AT IOH S lOB !QU AXIC N S  2 4 ,  2 5  A N D  
c 2 6  
c 

c 

c 

c 

c 

B B=- 1 . 0 DO O- ( iO L D ( 2 ) + i O l D ( 1 ) ) * R K 4  
C =i O L D ( 2 ) * iO L D ( 1 ) * B K 4- iOL 0 (7) 
D =- B E/ ( 2. 0 D O O * B K 4 )  
E = ( ( !B * *2 . 0 D 0 0 -4. 0 DO O * iK4 *C) * * 0. 5 D 0 0 ) / ( 2 . 0 DO O* B K 4 )  
V =D- ! 

I P (V . L t. 1 . 0 D- 1 8 ) C 1 L l  ITT! B ( W OL D , BK 4 , C , V ) 

W OL D t7 ) = W O L D C7 ) +V 
W OL D  ( 1 )  =W O L D  { 1 ) - V 
W OL D ( 2 ) = W O L D ( 2 ) - V  

I P ( I !  . !Q .  4 ) GCTO 6 0 0  
R R= W CL D (6)  +WCLD ( 5 ) + B K 5  
S =- R !S * IIOT.D ( 3 )  + W O l D  ( 6 )  *i O I. C  ( 5) 
M = (- BB + ( B B * B B- 4 . 0 D O O * S ) * * O . S ) / 2. 0 D O O  
W OL D (S ) = W O L D C S ) +! 
G OT O  6 0 5  

6 0 0  � = ( B KS * iO L D ( 3) - i O L D ( 6 ) *W O L D ( 5 ) ) / ( W CL D ( S ) + R K 5 ) 
c 
6 0 5  W OL D (6 ) = WOlD ( 6 ) +! 

c 

c 

W OL D C 3 ) = W O lD C 3 ) - M  

I F (l l  . !Q .  4 ) G CTO 6 1 5 

U =W O LD ( 8 ) * W O LD C S ) - B K 6  
V V= W CL D  ( 8 )  +WOLD ( 5 )  
X = (- V V+ (VV * V V-4. 0 D O O *O ) ** O . S) / 2. 0 D O O  
W OLD ( S ) =W C ID I S ) +X 
W OL D I 8 ) =WOI.C ( 8 ) +X 

c 
6 1 5  I -=I + 1 

T OL D =T O LD + B  
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c 
W R IT ! (S C , 2 2) I , 'IOL D , W OLD ( 1 )  , WO LD ( 2} , W OLD ( 3) , W 01 0 ( 4) , W O LD ( S } , 

1 W O LD ( 6 } , � 0 t 0 ( 7 ) , H  
c 

D EL= t !L TA ( 1 ) 
c 

I P ( I B . !Q. 1 ) G CT O  9 0 5  
c 

D O  5 2 0 J2 2 , I B 
IF ( DEL . 1! . D !LTA (J) ) GOTO 5 2 0  
D! l = D E LT A ( J )  

5 2 0  C OB T I N O E  
c 

G OTO 9 0 5  
c 
C D ET E BRI BE BE i STEP S I Z E  
c 
9 0 0  D !l.= t: !l.'lA ( J )  
c 
9 0 5  I P  (D EL . GT .  Q )  GOTO 9 1 0 

H HE W =Q * B 
G OTO 1 0 00 

c 
9 1 0  I P ,D !L .LT . 4 . 0 ) GOTO 9 20 

H l'J! i =4 .  OD O O* B  
G OTO 1 0 00 

c 
9 2 0 H HE R=DEL* H 
c 
C C HEC K N EW STEP S I Z !  W ITH �AX A ND M I N - ST E P  SI Z E  
c 
1 0 00 I P ( BBE i • LT. B !!A X )  G O'I O  9 3 0  

H HE i =H ! UX 
c 
9 3 0 I P  ( HH ! i . LT .  B !I B ) GO'I C 1 1 1 1  

L EF T =B- 'IO LD- B B !  i 
c 

c 

I P (l. !PT . G 'I. O . O ) G OT O 5 0 0 0  
B N E  i =B- 'I O L D  

5 0 C O H =B H E i  

c 
c 

I P (TCL D . G !. B ) GOT O 9 9 9  
G OT O  1 

1 1 1 1 W BI T ! (4 0 , 2 1 ) B B !i 
9 9 9 W BI TE ( 2 3 , 2 5 ) I , IB 

S TO P  
E ND 
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c • • • • •• •• • •• •• • • • • • • ••• • • •• • • • • • ••• • •• • • • • • •• • • • • • • ••• •• • • • • • • • • • • •• • •  
c 
c 
c 
c 
c 
c 
c 
c 

S UB B OOT IM ! P O N CTN 

T HI S  S U ER O UT IN ! C O N T A I NS T H E D IF F E R E NTI A l  EQ U ATI ON S ( K I N E T IC R A TE 
EQU A TIO NS ) !0 EE I NT E G RAT ED .  !HIS S ODR O O T IN E  IS C A l l ED F S C �  T H E 
R UN G !- K OTT J- F ! lHBU 5 G  I N T E GBATI C N  50UTIN ! IN t H E  K I N E T l C ,  O b O P ,  
S PR A t A H D  i l iL-S P B J Y  M CD E L S .  

c ••• ••••• • •• • •• • • • •••• •• • • • • •• • • ••• • •• • • •• ••• • •• •• • • • • • • • • • • • • • • • • • • • • •  
c 

c 

c 

c 

c 

S UB B CUT IN E  P O H CTN ( i , i CLD , P , I N ) 

I !P LICI T  DOU Et! P B !CISI O R ( A-H , K-Z ) 
I I!!P L ICIT I_lf T E G !B (1-J)  
D l! E NS I CN W (8 ) , iOLD ( 8 ) , F (7)  
I P (I lf  . !Q. 5 ) G CT O  5 

i ( 5 )  =W O LD ( 5 ) 
5 W ( 6 ) = A O LD ( 6 )  
c 

c 

c 

c 

c 

c 

B K 1 = 3 . 0 CO O  
R K B  1 =4 • LI D  1 2 
R K2 0 =-2. 5 0 0 2 
R K2 1 = 1 . 2D 0 2  
B KB 2 =3 . 0 D 0 8  
R KP 3 z9 .  35 D - 8  

:a 1 �  B R 1 *  ti ( 1 )  
R B1 = B K B 1* W ( 2 ) * i ( 3 ) * W ( 5 )  
R 20z B K 2 0* W ( ! ) * * 2. 0 D O O  
B 2 1 = EK 2 1* W ( 3 ) * i ( 6 )  
R R2 = E K R 2 * i (4 ) * i ( 2 ) * * 2 . 0 DO O *i ( 5 ) * * 2 . 0 t 0 0  
R P3 = B K P 3* ll  ( 5 ) * i  C 2 )  

P ( 1 ) =- B 1 + B B 1 + 5 . 0 D- 1 * 5 P 3  
P (2 ) = B 1 -R R 1 + 2 . 0DO O * ( B 2 0 + B 2 1 ) / 3 . 0 t 0 0-2 . 0 D O O *R B 2-R P 3  
P (3 ) =R 1 -B R 1 - B 2 Q- B 2 1 + 3 . 0 D O O *RR 2 
P (4 ) = ( R 20 +B 2 1 ) / 3 . 0 D C C - R B 2  

I F  ( IN . EQ .  S ) GOT O  1 0  

P (S ) =O . OD O O  
G OT O  1 1  

1 0  P (S ) =B 1 -R R 1 +fi 2 0 +B 2 1- 3 . 0 DO O *BB 2-� . 0 C O O*R P 3  
c 
1 1  F (6 ) = 0 . OD 0 0 

P (7)  =0 . OD O O  
c 

B ETU liN 
c 

P! HD 
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C *** *** * * * ** ** * * * * ** *** * ** * * ** * **** * ** ** ** *** * * * * * * *** ** * * * * ** * * * * ** * * *  
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

S DB B O D T IN ! l 'I 'X EB 

T HI S  S O BRO UT I R !  l l N DS THE BOOT TO TH E Q U AD R A T IC EQ U I L lBR I O H 
E Q U A TI O N FOB T HE PO B B A TIO H R E ACTI O N  CP  � H I-I OD I D E ,  I 3 - ( E � O A TI C N  
2 4) . l S E CA N T  BET B OD IS T H E  B O U � I NE US E D  '!0 FI N D  T H E  R C O 'I . T HIS 
f! ET H OD IS C llL ! t  W H E N E V ER TH! CU A C B A T IC. lO Bl! OLA RE S O L 'I S  I N  L ES S  
T HA N  A 2 PR 0 1 I ft A T ! L !  T B � E! S I G N I FIC A NT FI GUR ES . T HI S  S CB R O U !I NE 
IS C ALL ED BY T HE PROGB A�S K I N ETI C ,  D ROP , SPR A Y  A N D i A !L- S P 5 A Y .  

c •• •••• •• • • • • •• ••• •• •• * ***** *** * ** * * ** ** * * *** * ** ** * *** ** * * * ** ** * * * ** ** 
c 

-

c 

c 

c 

c 

S OBROOT IH B  ITT!B (WOLD , BK4 , C , V ) 

I MPLICI T D O O EL !  P B !C IS I O H  ( A - H , L - Z ) 
I MP L IC IT INT E G E R  (I- K )  

D I! E IS I CN W O LD I7 ) , W (7 ) 

P 0= 1 . O D - 1 6  . 
P 1 = 1 . 0D - 1 8 

Q O=C-RK4 * P O * � O -PO *B !t li * ( i O L t  ( 1 )  +W OL D ( 2 ) ) -PO 
5 Q 1=C -R K 4* P 1 * P 1 - P 1 * R K 4 * (i0L t ( 1 )  +W OLD ( �) )  - P 1 
c 

c 

c 

N B i= � 1 - Q 1 * ( P 1- i0) I ( C 1 - CO) 

C BEC K=AES (NBW- P 1 ) /P 1 

1 1  I P  ( CHECK . LT �  l . O D- 4 )  GOTC 1 0  
c 

c 

P O=P 1 
Q O=Q 1 
P 1 = H ! W  
G OT O 5 

1 0  V =H ! i 

c 
R E T U B N  

c 
E ND 
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Kinetic Model sample input : 

A = 0 . 0 

B = 1 5 . 0  

HMIN = 1 . 0 X I o- l o 

HMAX = 1 . 0  X 1 02 

IN = 4 

TOLER = 1 . 0 x 1 o-4 

TEMPL = 298 K 

WOLD( 1 )  = 1 . 0 X 1 o-3 

WOLD( 2 )  = o . o  

WOLD( 3) = o . o 

WOLD( 4 )  = o . o 

WOLD( S) = 1 . 0 x 1 0-9 

WOLD( 6 )  = o . o 

WOLD( 7 )  = o . o 
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APPENDIX C 

DROP MODEL , SAMPLE INPUT AND OUTPUT 



c • • • • •• •• • •• • • • • • • • • ••• • • • • • ••• • •• • • • • • • • • • •• • •• •• • • •• •• • • • • • • • • • • • • • • •  
c 

. 

C D BO P  !O tE L 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

M .  P .  lLB !BT 

T BE tR O P ! O D !L S I ! U l l� ES T EE A ES CB ET C N  O l  ON E DROP S U S P E N D E D  I N  A 
G AS CO RTA IR� I G  MOL !CUlAB I CDI B ! .  t B E  D R OP M O D EL I S  � C U A S I ­
S T! l D Y- ST AT !  M C D ! t  T B l! C OISID !BS T H E M A SS T R A N S FE R  I N TO T H E  
D RO P  A H D  T HE I C Dli E B Y tBOLYS I S  B E I CT C NS i H IC B OC CUR I �  
T HE BUL K L l QDlD 0 �  T B !  DR O P .  A T i C- RES I ST AN C E  M O D E l  
I S  U SED T O  DESCBIB ! T B E  M A SS T iA B S F ! B .  A R O BG E- KU t t A - l El H E O BG 
5 (4 ) !ITBOD IS USED TC IO !!BI CAL LY I ITE G B A� ! THE IC D I !E 
H YD R OLY SIS & ! l CTlOIS . S U BBOD T I I !S P O NC T I  AN D !T IER A B E  C A LL E D 
P BOft T H IS ! A l B  PBO GB l ! . ! HIS ER C G &l !  I S U ES IG I E D  l C  B UN O N  A 
P DP - 10 CO! P UT E B B U T  S H OULD BE EA S i lY CO N V E R T E D  T C  B U N C N  A � Y 
F OBT &A I CO !PUT!i.  

c ••• • •• •• • •• • • •• • • •• • • • • • •• • • • • • •• • • • • • • •• •** • •• •• • •• • •• • • • • • • • • • • •• •• •  

c 

c 

c 

c 

I MPL ICIT D OU Et ! P B !ClS IO B Cl- H , K- Z )  
I MPL IC I T I B T E G EB ( I- J )  

D I ! ! JS I O M  li (8 ) , liO L t  ( 8 ) , K 1 (7) I K 2  ( 7) , IC 3 (7 )  , .a  ( 7 )  I W B  ( 7 ) , 
1 D ! LT A  ( 7 )  , W !S ( 7) , l  (7 ) , K q  ( 7)  , K S ( 7) , K 6  (7)  , ! C L ( 7) 

R EA D  ( 5 8 , * ) A 1 B , B M I N , B ft ll , I B 
R EA D  ( 2 0, * ) T! ! P G , T ! !P L , Dl l !  
B EAD { 4 31 * ) C I 2 G , C HL 
B EA D  ( 4 9 , * ) T C1!B 

1 0  F OB� AT ( 1 l T 1 T E MPEBTU BB O P  TBE GAS 1 , 16 . 2 , 1 D EGB ! S S  K E L V I N ' / 
1 ' T EE VI SCO S ITY O P  T H E  L I QUI D  [ C P ) = ' ,E 1 5 . 7/ 
2 ' T BE VI SCO SI T Y  O F  T B E  G A S ( C P )  = 1 , ! 1 5 . 7/ 
3 ' T H E  PlRTI ! I C I  C C !f F lCI ! NT I S  = 1 , E 1 5. 7 /  
4 ' TBE DE N S I T Y O F  T HE tl QO ID ( G! S / CC) = • , E 1 5 . 7/ 
5 ' T E E DE N S l'fY OF 'I B !  GAS ( G M S /C C )  = 1 ,! 1 5 . 7) 

1 1  F OB M 11' ( 1 T H ! D I FFUS ION C O ! P llC I ! N !  lO B T B !  G A S (S Q  C !/ S EC ) = 1 , E 1 5 . 7  
1 / ' TH E  D I F FUS lCN CO ! P P IC I EBT lOR T H E  L ICUID (SQ C !/ S !C ) = ' , E 1 5 . 7/ 
2 ' T BE GAS-S ID E M I S S  T B AN SPER CO ! l !I ClB B t (Cft/S!C) = ' E 1 5 . 7/ 
3 ' T B E  LI Q O lt-SID! !ISS T B l NS P EB C C E FPI C I E NX ( Cft /S !C) = 1 , E 1 � . 7� 
.4 1 TH !  O V ER A LL L I C D ID-S I D E  ! IS S  TB A H S P EB CCEFP ICIE BT (C � / S E C ) = 1 , E 1 5 . 
51 1/ 1 1 TH ! V C.L O !E POB CB! DROP ( L i tE B S) = 1 , E 1 5 . 7/ 

' 

6 ' T HE SO R P A C! lB ! A  FOB O B !  D B OP ( SQ CM ) = '  ,! 1 5 . 7 /  
7 ' T HE EX POS U R E  TI ! !  l C B  T H E  DRO P I S  (S E C ) = '  , ! 1 5 . 7 /  
8 ' T HE BE Y I C L DS B O ! E ! &  PCB T H E  DBO E = ' , ! 1 5 . 7 /  
g : ' T EE TEB ! IH l.L V EL OCIT Y OP T H E  DBCP (C ! / S !C )  = • , E 1 � . 1 ) 

1 2  P OB ! JT ( ' T B !  CO MC E H'r B A'I lO B OF 'rHE G A S  IS ( l! C L ES/I.l'r E ii )  : ' , ! 1 5 . 7 , / 
1 .  ' T H E  I RITl lL CONC ! B TB AT I O H  OF T H E  DBOP IS ( !!ClE S/ l l T E B )  : ' ) 

1 3  F OR ! JT ( '  1 2  = 1 , E 1 5 . 7/ 
2 '  I - = 1 , ! 1 5 . 7 / 
31 HOI = 1 , E 1 5 . 7 1  
4 '  I O J- = 1 , ! 1 5 . 7 1 
5 1 8+ = • , ! 1 5 . 7 / 
6 1 I C� = 1 , ! 1 5 . 7/ 
7 .  I 3 - = • I ! 1 5 • 7 I )  

1 4  F OB ! UT ( ' T H E  FI B AL C O H C ! N T B I TI O R  C P  T HE D B O l'  I S  { !O l ::E S J I.IT E :S )  : ' )  
1 5  F OB l UT ( 'T H !  IO ! E E li  O P  !C I. E S OP IO C IN !  ( 1 2 )  R !HO V En IS = 1 , ! 1 5 . 7 , / 

1 · ''rH E J O ! B ! B  OP G B A !S OF IC:C I N !  R EM O V E S IS = • , !  1 5 . 7  , / ) 
1 7  P OB H AT ( '  'I I ! ! l!O L ES B !! D PALL B G H T  S 'l .E l'  SI ZE 

1. , / )  
1 9  P' CB! lT ( '  N T�! E I 2  I- BC I 

1 1 0 3- B +  IO- I J- F A I. t  H GH T ' 
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2, /) 
2 1  F OB M JT ( 1 ST EP S I Z E  E EI.OW STEP fti H 1 , D 1 5 . 7 )  
2 2 P' C B ! U  T ( IS , S D 1 3  • 7 )  
2 3  P' O B !! JT ( 4D 1 5 . 7 ) 
2 5 F OB !!  AT (I6 ) 
c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

i BI T ! ( 5 0 , 1 9 ) 
ii BI T !  (5 1 I 1 7 )  

S FA= 3 . 1 4 1 6 t 0 0 * ( D I 1 ! ) * * 2  
V OLD= ( 3 . 1 4 1 6 CO O * D I A ! * * 3. D 0 0 ) / (6 . D 0 0 * 1 . 0 D 3) 

T E !! P G 4 = 'IE M :PG * * 4  
T E l! P G3 = T! r! P G * *  3 
T E l! P G 2='f!f! P G * *  � 

T E!! Pt4=TE f! P l * * 4  
T E!!PLJ•TE !!I P L ** 3 
T !! PI.2=TE !! Pl * * 2  

V SL 1 = 1 . 8 6 6 2 8 6 6 C- 8 * t ! !P t q- 2. 6 3 3 36 9 5 D- 5 *T E ! Pt 3 + 1 . 3 9 7 C E 0 7 D- 2 * 'I E MP L 2  
V SL 2 =- 3 . 3 0 7 4 8 C 6 D C C * 'IE ! PL + 2 . 9 5 5 86 6 6 C 2  
V I S L I Q = V SL.1 +  9Sl 2 

P C1 = 9 . 9 8 1 4 76 D- 7*TE ! Pl 4- 1 . 5 7 3 0 1 2 1 D - 3* T!l! P L 3 +9 . 2 7 8 5 6 7 E C - 1 * t E M P L 2  
P C2 = - 2 . 4 2 E 8 3 S 8 I � * 'I! l! Pt + 2 . 3 S 2 4 8 4 7 D 4  
PC= P C 1 + PC 2  

D BL 1 =6 . 025 1 1 4 7 I- 9 * T E ! J? L 3- 9 . 1 3 2 9  6 0  4 D- 6*T E !PI. 2 
D NL 2 = 3 .  5 7 3  5 7  �D- 3 * T ! !PL +5 . 8 3 5 8 8 8 2 0- 1 

. 

D !HI. lQ= DBL 1 + C BL 2  

V SA 1 =- 2 . 8 7 1 3 29 3 D- 1 5 *T ! !PG 4 + 1 . 69 0 9 4 6 3 D- 1 1 *T !H P G 3- 4 . 0 1 5 4 6 8 D- E * 'IE � P G 2  
V Sl 2 = 6 . 56 7 9 4 � 9 D- S* 'I ! ft P G + 1 . 9 5 2 3 6 9 1 D- 3  
V IS G JS = V S A  1 +  VS A 2  

T r! P= S . 1 78 D- 3 *'f !!!I P G  
O ft! G 1 1 = T !! P * * 3* (- 6 . 1 9 0 4 7 6 1 9 D- 2 ) + 4 . 6 5 7 1 42 8 5 7 D- 1 *'I M I? * * 2  
O M! G 1 2 = T!!P * (- 1 . 30 4 2 3 E C S SD O C) + 2 .3 1 5 4 2 8 57 1 DO O  
0 M! G l= O !E G A 1 + C !! G l 2  

! LW T = 1 / 2 . 9 D 1 + 1 / 2 . 5 3 8 0 9 D 2  

D IF G A S = 1 . 8 5 8 C- 3 *T ! !!I P G * * 1 . S *! L W T* * 0 . 5 / (1 . 0 D C 0 *4 . 4 35 S t O C ** 2 *C M EG A )  

D I FL 1Q = 3 . 9 1 D- 8 *T E!Pt/ V ISLIC 

D NG 1 =8 . 2 8 9 20 5 5 C- 1 6 *T E !!I EG4 - 4 . 2 6 5 6 9 6 2 D - 1 2 * TE MP G 3 +8 . 0 2 2 8 2 8 3 D- S * T E � PG 2  
D NG 2 =-6 . 8 3 2 5 5 2 9 D- 6 * � ! e FG + 2 . 6 1 29 3 9 1 C- 3  
D BN G 1S= CH G 1  +D H G 2  

· G S! 1 =0 . 83 D O O * ( ( D! N ti t - D E H G JS) / D E N G AS ) ** 0 . 2 5 * 9 . 8 1 D 2 * * 0 . 2 5  
G SM 2 = ( V I S G A S / ( 1 . 0 D 2 * D E BG A S ) ) * *- 0 . 1 7 * D IP' G A S * * 0 . 6 7 * D I A M * *- C . 2 5 
K GI 2 =G S I!! 1 * G S ! 2  

H D 1 = 4. D OO *D E NG AS * { D E ! l l Q - D ! H G I S ) * 9 . 8 1 D2 * t 1 AK ** 3 
H D2 = 3 . 0 DO O * ( V I SG A S / 1 . 0 D 2 ) * * 2  
N D= H t 1 / N D 2  

W W= l lOG 1 0  ( B D )  

M BE 1 = (- 1 . 8 1 3 9 1 t00 + 1 . 3 Q 6 7 1 D O O* i W- 0 . 1 2 4 27 D O O *W W * * 2 + 6 . 3 4 4D- 3 * w W * * 3 ) 
N BE= 1. 0 t 1 *  * N B E  1 

T B� V EL= NR ! * ( V I S GAS/ 1 . 0 D 2 ) / (DI A !* D! N G A �  

190 



c 

c 

c 

c 

E XPT != H E IG HT /1 F ! V ! l  

K LI 2 C= ( 4 . 0 D O O *IIPL I C *!iMV ! L/ ( 3 . 1 4 1 � D O O* D IAM) ) * * O . S  

K LO V =K G I 2 * KL l 2C/ (PC * KI.I20+ KGI 2) 

W RI T !  ( 2 2 , 1 0 )  T E ! P G , V I S LI C , VI S G l S , IC , DE N l l Q , D EN G l S  
W RI TE ( 22 , 1 1 )  D IP G AS , tiFL I C , K G I 2 , K1I �O, K L O V , VOLD , S F A , E , N B E , T R M VE L  

C B EA D  I B  I N IT I A L  C C I DI T IC B S 
c 

D O  2 0  J= 1 , 7 
R EA D ( 5 8 , * ) W O l D iJ ) 

2 0  C ONT INO ! 
c 

c 

T OLDsl 
Q = 1 . OD- 1 
H=S . 00- 2  

C C AL C OL A T E  E C U�ti B &IO e C C B S T ANT S K q , KS A � D  K 6  
c 

c 

c 

c 

c 

c 

R K6 =-4 . 0 9 8 t 0 0- 3 24 5 . 2D O O/T ! !PL + 2 . 2 3 E3 D S/ (TBftP L * * 2 ) - 3 . 9 E q D 1 / ( T ! M f L * *  
1 3 ) + ( 1 3 . 95 7 D 0 0- 1 2 6 2 . 3 D 0 0JT ! !!PL+ 8 . 5 6 4 1 D5/ ( 'IE l! P l * * 2 ) ) * I: I CG ( t ! � l iC )  

RK6= 1 0 * * ( R K 6 )  

R K5 = 1 0 * * (2 8 0 0 . 4 8 D 0 0 +0 . 7 33 5D O O *T E !! P L- 8 06 7 C . OD O O /t ! M f l  
1- 1 1 1  � . 1 D O O *D L O G 1 0  ( 'I E !! E l ) ) 

R K4 = t!XP ( 3 7 2 7 . 8 6 0 0 0 /! !  !!PL- 1 1 . 6 32 6 0  C O +p. 0 19 22 1 200 O * 'I EM fL) 

W OtD ( 8 ) =R K 6 / i C ID ( S )  

W RIT E ( 22 , 1 4 ) Cl2G 
W R I T !  ( 2 2 , 1 3 ) il OtD ( 1 ) , W CI.D ( 2) , i OLD ( 3) , iO L D (4)  , W OLD { 5 )  , W C lD ( 6 ) , 

1 iCLD ( 7 )  

C C AL CUL A TE t H E  ! AS S  TB A MSP !R 

c 
C I2 L = W C I O  ( 1 )  
T =TOlD 
W OL D  4 1 ) =CI 2L 
!! OL T &= H*K L C V * ( PC* C I 2 G- iOL D ( 1 ) ) *SP A / 1 . 0D 3  
N l!O L=iOLD ( 1 )  *VCL D 
i OL D ( 1 ) = ( R ! C l+ !C�T i ) / V CLD 

c 
C B EG I J T HE RU J G !-K U7T1- P E1 B B O R G  R O U TI N E  

c 
c · CALC ULA TE K 1 S  
c 

D O  3 0  J= 1 , I ll  
W (J ) = i CLD (J ) 

3 0  C ONTINO ! 
c 

c 
C ALL PO HCT R (W , WOLD , P , I B )  

D O  4 C  J = 1 , I N  
K 1  ( J) = B*P  (J ) 

4 0  C CNT I B O !  
c 

D O  5 0  J:1 , 1 N 
W ( J ) = W CL D ( J ) + K 1 (J ) / 4 . CD O C  

5 0  C ONTIN O E  
c 

c 
C ALL fO NC 'U i ( i , iCLD , l , I I) 
D O  6 0  J = 1 , I B 
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K2 ( J) = B* P  (J ) 
6 0  C OHT I R U E  
c 

DO 8 C  J • 1 , I N 
i (J ) = W OL D (J ) + 3 . 0 D C O * K 1 (J ) J 3 . 2 D 1 + 9 . C D 00 * ! 2 ,J ) / 3 . 2D 1 

8 0  C CHTIN O !  
c 

c 
C ALL PtJ NC t M  ( W , iOLD , P , l lf )  

D O  9 C  J • 1 , I tt 
K3 ( J) = B* l  (J ) 

9 0  C ONT IN O !  
c 

D O  1 1 0 J:a 1 , I !I 
V (J ) = W OL D ( J ) + 1 . 9 3 2D 3 *K 1  (J) /2 . 1 9 1 D 3- 7 . 2 D J * K2 , J) / 2 . 1 9 7 t 3 

1 + 7 . 29 6 D 3 * K 3 (J ) J 2 . 1 9 1 D 3 
1 1 0 C OB 'l i BU! 
c 

C AL L  P O JC T H ( i , i C L D , ! , l � ) 
c 

D O  1 2 0 J= 1 , I ll  
K 4  ( J ) = B* l  (J ) 

1 2 0 C ONT ittU E 
c 

D 0 1 3 0 Js 1 , I ll  
i ( J ) = W OL D (J ) + 4 . 3 9 D 2 * K 1 ( J ) / 2 . 1 6 D 2- 8 . 0DO O * K 2 { J ) + 3 . 6 8 t 3 • K 3 ( J ) / 5 . 1 3 D 2  

1 - 8 . 4 5 D 2 *K � {J ) J 4 . 1 0 4D 3 
1 3  C C OB T I NtJ! 
c 

C ALL PU liC T B  ( i ,  iC.LD , l  , I I ) 
c 

D O  1 4 0 J= 1 , I I  
K S  ( J) = B* P  (J ) 

1 4 0 C OIT IVU ! 
. c 

D O  1 50 Ja 1 , II 
W ( J ) =W CL D (J ) - 8 . D O O * K 1 (J) /2 . 7 D 1 + 2 . DO O*K 2 (J ) - 3 . 54 4 D 3 • K ; ( J ) / 2 . 5 6 5 D 3  

1 + 1 • 8 5 9 D 3 * K 4 ( J )  I q • 1 0 4 D 3- 1 • 1 D 1 * R 5 ( J) 14 • 0 D 1 
1 � C C OB T I B O E  
c 

C ALL PU BC t B ( i , iO.L D , l , l l ) 
c 

D O  1 60 J:a 1 , I ll  
K6 ( J) = B* P  (J ) 

1 6 0 C CB T I H U ! 
c 
C D !T !B ! I B E  THE N E W  CO !IC!BT B lTIO H O F  A LL I OD IN E H Y DB O I Y S I S  S E ECI E S  
C A N D  CHECK ! B B O S  
c 

D O  1 C O J:a 1 , l ll 
WB ( J) =WOLD ( J ) + 1 . 6 D 1 * K 1 ( J ) / 1 . 3 5D 2 + 6 . 656 D 3 * K3 ( J ) / 1 . 2 8 2 5 D 4 +  

2 • 8 5 6  1 I: 4 * K  4 ( J ) I S  • 6 4 3 D  4 - 9 • 0 D C 0 * K5 ( J )  ;5 • 0 D 1 + 2 .  0 t 0 C * K 6 ( J ) / 5  • 5 D 1 
B (J ) = A BS ( K 1  ( J ) / 3 .  6 C 2- 1 . 2 8 D 2 *K 3  {J ) .1 4 . 27 5 1: 3 - 2 . 1 9 7 0 3 * !< 4  tJ ) ;7 . 5 2 4 0 4  

+ !5 4J ) / 5 . 0 D 1 + 2 . 0 D OO * K 6 (J) .1 5 . 5 D 1 ) .1 H 
TOL (J ) =A E S ( i E (J) * ! C l E B )  
DEL T A (J) = O . S 8 DOO* (�O L (J ) /B (J) ) * * 0 . 2 5  

1 0 0  C ONT INU E 
c 

D o  s ea J= 1 ,  1 11  
IP ( B (J )  . G t .  !OL ( J ) ) GOTO 9 0 0  

S O C  C OB T I H D E  
c 

D O  5 1 0 J= l ,I I  
WOLt ( J ) = W E (J) 

5 1 0 C CHTIBU E 
c 
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c 
C D ET ! BHI H E  T H E  !QUILI E B IU ! COHC !Bt B AT ION lOB ! Q U A 1 I C N S  2 4 , 25 A ND 
c 2 6  
c 

c 

c 

c 

c 

c 

B B•- 1 . 0 DO O - ( i O L D ( 2 ) + iG tD ( 1 ) ) * BK 4  
C = WO LD ( 2 ) * i C tD I 1 ) * & K 4- i C L 0 (7) 
D =- ! f/ ( 2 . 0 D O O * B K 4 )  
!= ( ( EB * *2 . 0D 0 0- 4 . 0 0 0 0 * BK4 *C) * * C . S D 0 0 ) / ( 2 . 0 D O O * B K 4 ) 
V =D-! 

I l (V . t 'l .  1 . 0 D- 1 8 ) ClLL ITTER ( iOI. D , Ii K LI , C , V) 

W OLD ( 7 ) =iO tD ( 7 ) + V  
W OL D ( 1 ) =WO lD ( 1 ) -V 
W OL D (2 ) =W O L D ( 2 ) -V 

I P (I J  . !Q. ' ) GCTO 60 0  

B B = WCL D (6 ) + W O t t ( S ) + B K 5  
S =- B !S* WO L D ( � ) + W O L D ( 6 ) * WO L D ( 5 )  
! = ( - iB+ (BB *RB - Q . O D 0 0 * 5 ) * * 0 . 5) / 2 . 0 D C O  
W OLD (S ) = i O tD ( 5 ) + ! 
G OTO 6 0 5  

6 C O  ! =  ( R  lfS *  fiiOL D ( 3 )  -WOL C ( 6 )  *V O L t  ( 5 ) ) I ( i CL D (5 ) + B K5 ) 
c 
6 0 5  W OL D I6 ) = W O �D C 6 ) +� 

W OL D (l ) =W O L D ( 3 ) - � 
c 

I! ( I J  . !Q .  ' ) GC'lO 6 1 5  
c 

U = i O LD  (8) * II O tD ( 5 )  - i K 6  
V V= W CLD (8 ) + W C l D  , 5 )  
I = (- VV + ( V V * V V• 4 . 0 D 0 0 * 0 ) * * 0 . 5) / 2. 0 D 0 0 
i OL D ( 5 ) • W O t D ( 5 ) +1 
i OL D ( 8 ) =W O LD ( 8 ) +1 

c 
6 1 � I =I + 1 
c 

c 

T OLD =TOLD + B  
P BT= 'lOL D* T B ! V E t  
S O! ! CL = SU ! !C L + !OLTi 
C I2 L = V B ( 1 ) 

W R!T ! ( 5 1 ,  2 3 )  'I OLD , S O ! !C
.
L , .P H T ,  H 

W R1T ! ( 5 0 , 2 2 ) I , TOLD , WCLD ( 1 )  , WO LD ( 2 )  , W OLD ( 3) , W C LD ( 4) , W C I D ( 5 ) ,  
1 iOL D ( 6 ) , iC LD ( 7 ) , .P H T  

c 
D !I.= C!LTA ( 1 )  

c 
I ! (I N . EQ. 1 ) G CT C 9 0 5  

c 
D 0 5 2  0 J= 2 , I 11 

IF ( D !L . t t .  O ELTA ( J ) ) GOTO 5 2 0  
DB L zD B LTA ( J )  

5 2  0 C ON'!I H U !  
c 

G O'I O  9 0 5  
c 
C O ET ! B !I HE H E W  STB E 51 2 !  
c 
9 0 0 D !L= t! L 1A (J) 
c 
9 0 5  I P (D !l. . GT .  Q ) GOT O 9 1 0  

B li EV=Q * B 
G OT O  1 0 0 0 
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c 
9 1 C  I F ( D EL .Lt . 4. 0 ) G070 9 2 0 

B HE i = 4 . O D O O* B  
G CTO 1 0 0 0  

c 
9 2 C B HE W = D !L * B  
c 
C C HEC K HEW STEP SIZ E i lT H  !1X A ND � I N  ST E P  SI Z E  
c 
1 C C O  I F  ( BB B i . Lt .  B !A I ) G 0 7 C  9 3 0 

B N! i =H !UX 
c 
9 3 C I F  ( B H E i  . LT. B MI II ) G O T C  1 1 1 1 

L EFT aB- 70LD- B H Ei 
c 

c 

I F (L!FT . G T .  O . O ) GOTC 5 0 0 0  
B BE i =B- TOL.D 

S C C C  B =B N ! W  

c 

I P ( T CL D  . GE. B ) GOT C 9 9 9  
G OTO 1 

1 1 1 1  i BIT ! (4 0 , 2 1 ) B H E i  
S TOP 

c 
9 9 9  W BIT! ( 2 3 ,  2 5 )  I 

G B! S = 25 3 . 8 C 9D C G*S U ! !C L  
c 

W RIT E ( 2 2, 1 5 ) S O ! !OL , GB!S 
W BJ:T E ( 2 2 , 1 4 )  
i RIT E  ( 2 2 ,  1 3 ) W C tD ( 1 )  , li Cl.D ( 2) , W O LD ( 3 ) , iOL D ( 4 ) , i O L D  (5 ) , 'ii CLD ( 6 )  , 

1 i O LD (7 ) 
S TOP 
E ND 
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c ••• • •• • • • •• •• • • • • •• •• • • • • • • ••• ••••• •• • • • • ••• • • • •• • • •• • • • • • • • • • • • • • • • •  
c 
c 
c 
c 
c 
c 
c 
c 

S UB B COTIN E ! U I CTH 

T HIS S O EBO OT l B E  CO RT A I BS T HE Oll l!B E B TI A t  EQ U A TION S ( � IN E 'I lC R A '! E 
E QO A TI O BS )  TO EE I BT ! GBAT E D .  lBI S S O BR O O!INE IS C A l l ! D  f E C �  T H E  
B OH G E- K UTT l- l ! tB EO iG l NT !GiATION B C O T IN E lH 'I B E  K I N E T IC .  D EO P ,  
S PBl ! A ND i l Ll-S P B l !  !ODB lS. 

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

c 

c 

c 

c 
c 

S OBBCO T II !  PO R CTI ( i . W OlO , P , I ll )  

I !PllCI T D OUBl E P i E CISIO B ( l- B , K- Z )  
I !PLIC I T  I IT E G ER C I-J) 

D I! ! lS ICll i ( 8 ) , V OlD ( 8 ) , P (7 )  

I P ( I B  . EQ. 5 ) G CT O  5 

W (5 ) =WOlD , 5 )  
5 W (6)  =V O lD ( 6 )  
c 

c 

c 

. c  

c 

c 

B K 1 = 3 . 0 t0 0  
R KB 1 ='- . 4 D 1 2  
R K2 0 •2 . 5 D 0 2  
R K 2 1 = 1 . 2 D 0 2 
R K B2• 3 . 0 D 0 8  
R KP 3•9 . 3 S D- e  

B 1= B K 1 * i ( 1 ) 
B B 1 = 1iKB l* i 1 2 ) * i ( 3 ) * W ( 5 )  
R 20• iK 2 0 *W ( � ) * * 2 . 0 D O O  
R 2 1 = i K2 1 * i ( 3 ) * i ( 6 )  
R B2= iKR2* W C'- ) * W ( 2 ) * * 2. 0 D O O *W ( 5 ) * * 2 . 0 C OO 
R P 3 = BK P 3* W ( 5 ) * W ( 2 )  

F (1 ) =- R 1 +BR 1 + S . O D- 1 *BP 3 
F (2) =B 1-BR 1 + 2 . C OO O * (B 2 0 + R 2 1 ) / 3 . 0 D O Q- 2 . 0 D O O * R B 2 -& P 3  
F (3 ) = R 1 -B B 1 - Ii � O-B 2 1 + 3 . 0 D O C *BR 2 
F (4 ) = ( B 20 + R 2 1 ) / 3. 0 C O O - F B 2  

I P  ( l B . ! Q . S ) GOTO 1 0  

F ( 5 )  aQ . O D O O 
G OTO 1 1  

1 0  P (5 ) = B 1 - RR 1 +520+B 2 1 - 3 . 0DO O *B R 2-4 . 0 t 0 0 *R P 3  
c 
1 1  F (6 ) =0 . 0D0 0 

P' (7 ) =0 . 00 0 0  
c 

B ETU liN 
c 

EliD 
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c • • • • •• • • • •• • •••• • • • • •• • • • • • •• • • ••• • • • • • • • ••• • • • • • • • •• • • • • • • • • • • • • • • • • •  

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

S O B B C tJ'! lH !  I� T!B 

T HI S  S O BB O OT I H ! l i H DS THE B O OT TO !HE Q U A D BA 7 IC !Q U l L l B B I U M  
E Q'D ITIOH ! O B  T EE lO B M A TI O H  BEACTI C H  C l  'I BI-I ODID ! ,  1 3 - ( E C O A T I C N  
2 4) . 1 S E CA N T  M ET BOD I S  TH E B O O T I NE U S E D  T O  FI N D  T B !  B C C ! . T H I S  
K ET B CD IS C A lL ! t  i B ! J ! V EB T HE CO l t S A ! lC PO BH ULA B E S O L 'IS I N  L E S S  
T HA N  APPBOli ! lTELY T Bi EE SIG N I F I C ANT EI GOB !S . T H I S  S U B B C Uti NE 
I S  C AL L ! D  BY TBE P B O G B A !S KIN !TI C ,  D B OP , S P R A Y  A N D  WA LL- S PiA Y .  

c • • • • •• •• • •• • •••• • • • ••• • • • • • •• • • • •• • • • • • • • ••• • •• •• • • •• • • • • • • • •• • • • • • • •  

c 

c 

c 

c 

c 

S OBBOUT IH I l1T!B (iCLD , BK4 , C , V )  

I ! P L IC I T  D C U E L !  P E !C I S I C H  ( A-H , L- Z )  
I !PL IC I T  I H T ! G ! E C I- K )  

D I !! IS I OH iOL D (7) , W ( 7 )  

P 0=- 1 . 0 0 - 1 6  
P 1 = 1 . 0 D- 1 8  

Q O=C -BK 4 * P O * P O -PO * B K 4 * ( V OL t ( 1 ) +VOL & ( 2 ) ) - P O  
5 Q t= C -BK 4* P 1 * F 1 -P 1 * B K q *  (VO L t  ( 1 )  +V OLt ( �) ) - P  1 
c 

c 

c 

R !i=- i l - � 1 *  (P 1- i0 ) I ( (; 1 - QO) 

C BEC K= I ES ( R !i- P 1 ) /P 1  

1 1  I P  ( CH ECK .L�. t . O D -4) GOTO 1 0  
c 

c 

P 0a P 1 
Q O=Q 1 
P 1 = H !V 
GOTO 5 

1 0  V =l ! i  
c 

B E 7 0 H i 
c 

E ND 
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Drop Model sample input : 

A = 0 .0 

B = 1 5 . 0  

HMIN = l . Q X 

HMAX = l . Q X 

IN = 4 

TOLER = l . Q X 

TEMPL = 298 

TEMPG = 298 

DIAM = 0 . 1  

SAD = 0 . 1  

I o- l o 

102 

1 0-4 

CI2G = 1 . 0 x I o-s 

WOLD( 1 )  = o . o  

WOLD( 2) = o .o 

WOLD( 3 )  = o . o  

WOLD( 4) = o . o 

WOLD( 5 )  = l . Q  X I o-9 

WOLD( 6 )  = o . o  

WOLD( 7 )  = o . o  

PRESS = 1 . 0 
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1--1 
\.0 
00 

r r rr rr r r rr r r r r r  000000000 R BB II R BBRR R R II  2 222 22 222 2 2 2 2 2 2 2 2 2  
r rrrrrrrrrrr rr r  000()00000 I B R R II BBRB R B R  222 2 2 2 222 2 2 2 2 2 2 22 2 
rrrrrr rr rrrr r r r  000000000 Ill B RI IBJIRI IBR I! 222 2 22 222 222 2 22 2 2 2  
rrr 000 000 R ill B B R 2 22 222 22 2 2 2 2  
n r  000 000 JI RB l UI 2 22 2 2 2  222 222 
r r r  000 000 B IB B R R  2 22 2 2 2  2 2 2  2 2 2  
r r r  00 0  000 JI.RB I RR 2 22 2 2 2  
rrr 000 000 B R B  I ll 2 2 2  2 2 2  
rrr 000 000 8 118 B I D  222 222 
nrr rr rrrrrr 000 000 B IIIBIIIIIB R I B I!  222 22 2 
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APPENDIX D 

SPRAY MODEL , SAMPLE INPUT AND OUTPUT 
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V OL D= ( 3 . 1 4 1 6 IO O * D I A 1'! * * 3 . D 0 0) / ( 6. D 0 0 • 1. 0 D 3) 
C I2G l=C I 2 G  

T !8P G4: TE !I P G ** 4  
T E!I P GJ='fE !I PG** 3 
T EM P G 2='IE M PG * * �  

'l' !!Pt4:'fE !I PL * * 4  
T E !IPLJ ='fE ! P L * * 3 
T EM PI. 2=TE t! PL * * 4  

V SL 1 = 1 . 8 6 6 2 8 6 6 D- 8* 'I E l! P l 4- 2. 6 3 3 3 6 9 5 D- 5 *T ! !PL 3 + 1 . 3 9 7 C E O i D- 2 *! E � P L 2  
V SL 2 =- 3 . 3 0 7 4 8 C 6 D O C * 1 E ! PL + 2 . 9 5 5 86 6 6 D 2 
V ISL IQ=VSL 1 + V S1 2 

P C1 = 9 . 9 8 1 4 76 D-7*�E !IP1 4- 1 . 5 7 30 1 2 1 D- 3* TE!I P L 3+9 . 2 78 56 7 E D - 1 * 1 E M P L2 
P C2�- 2 . 42 S 8 3 S 8 t 2*1! l!PL + 2 . 3 82 4 8 47 D 4  
P C= P C 1 + PC 2  

D HL 1 a6 . 02 5 1 1 4 7 D- 9 *T ! � PL3- 9 . 1 3 2 9 6 0 4 C- E*T E ! PL 2 
D NL 2 = 3 . 57 3 �7 2D- 3 * T!!IPI. + 5 . 8 3 5 8 8 82D- 1 
D EB L IQ= DNL 1 + C R L 2  

V S A 1 =- 2 . 8 7 1 3 29 3D- 1 5 *�! !1PG4 + 1 . 6 9 0 9 4 6 3 D- 1 1 *T EM P G 3- 4 . C 1 � � 6 8 D- 8 * !E �PG 2 
V SA 2 =6 . 5 6 7 9 4 � 9 D- 5*�E!PG+ 1 . S 5 2 3 6 9 1 D- 3  
V IS G JS = VS A 1 + VS A 2 

T M P� S . 1 78 D- 3 *1 !!1PG 

O !IEG A 1 =T !I P ** 3 * (-6. 1 9 0 4 76 1 9 D-2) +4. 6 5 7 1 42 8 5 7 D- 1 *TM P * * 2  
O !E G A2=TM P * (- 1 . 30 4 23 8 0 95 D 0 0) + 2 . 3 1 5 4 2 8 57 1 C O O  
O ME G J=O !!G l 1 +0 ! ! G A 2  

M LY T = 1 /2. 9 D 1 + 1 / 2. 5 3 8 0 9 D 2  
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c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

D IP L IQ= 3 . 9 1 D -8 *�!M PL/ V I SLIC 

D BG 1 =8 . 28 9 2 0 5 5 t- 1 6 * T ! ! PG4-q . 2 6 56 9 6 2 D - 1 2 * 1 EMP G 3 +8 . 0 2 2 8 � 8 3 D- 9 * ! E � PG 2 
D NG 2 a- 6 . 8 3 2 5 5 2 9 t- 6 *T ! ! EG t � . 6 1 2 9 3 9 1 C- 3  
D !M G IS = D N G 1 • D N G 2 

G S! 1 =0 . 8 3 D O O * ( ( DE B L I C-DENG !S) / D ! B G 1S ) ** 0 . 2 5* 9 . 8 1 D 2 * *0 . 2 5  
G S! 2 = (VISG 1S / ( 1 . 0 D 2 * D E NG A S ) ) * *-0 . 17* CIP G AS ** 0 . 67 * D I A M * *- 0 . � 5  
K GI2 =GS ! 1  * GS ! 2  

H D 1 • 4. D OO *D ! IG A S * ( C E ! LIQ-D!NG1S) * 9 . 8 1 D2 * t i A� ** 3  
N D2 = 3 . 0 D0 0 * (VISGAS / 1 . 0 C 2 ) * * 2  
R I):II N t 1 /1tD2 
i W = D tO G 1 0  ( M D )  

B BE 1 = (- 1 . 8 1 3 9 1 t0 0 • 1 . 3 q 6 7 1 D O O* i W- 0 . 1 2 q 27 D O C *i i * * 2 + 6 . 3 4 4D- 3 * W i * * 3 )  
lf 8!• 1 .  0 D 1 * * N .B !  1 

T Rlt V  E.I.= NB ! *  ( VISGAS/ 1 .  O D 2 )  I (DI l ! * D !  NG A S) 

! XPT != B EI G BT * 1 . 0 D 2/T B ! V ! L  

K LI 2 0= ( 4. 0 D O O *tiPL I C *T B!V !L/ ( 3 . 1 4 1 5D O O* D l lM) ) ** 0 . 5  

I BC B !T•!XPTB/DL7! + 1 . 0D O O 

K LO V=KGI2 * KLI 2C/ { PC * K LI 2 0 +KGI 2 )  

CCS A= (Cti1!/2. 0 D 0 0 ) ** 2 . 0* 3 . 1 4 1 49 2 6 5D qO 

DP!I !=PLRA !/ VCID 

P LlD i= D PMI N/ ( C CSA * 1. O D 4 ) 

A D 1B Ja6 . 0 D 1/ { !lRT!*PLXDP)  

I LO O i= D OBT!*6 . 0 D 1 / ! l PT ! + 1 . 0DO O 

V OLC CB= AD l B l * B ! IGBT/ 1 . 0 0 1  

V OLS � P LB A 7 * D OiT! 

B Oft D iS= DPBI B * ! l PT!/6. 0 0 1 

C VOt=CC S l * B ! IG BT* 1 . 0 D 3  

i BI T E ( 2 3 , 1 2 ) l lCC P 
i BI T E  ( 22 , 1 0 )  TE � P G , V ISLI Q , V I S G A S , FC , CE N L IQ, D ! N G A S  
W R IT !  ( 2 2 , 1 1 ) DI�GlS , t l�L IQ, KGI 2 , KLI �O, KLOV, VOLD , S F A , E�P I M , N BE ,  

1 TB B V !L 
W BI T !  ( 22 , 3 2 ) B U ! D PS , P L 1 D P , CVO L , IL C C P  
W RI T E ( 22 , 3 4 ) CI2G , D O S7 ! , V C LSP , FL B 1 1 

C D ET !i!IB! TB! ! C O I L I E BIU ! CO B ST A BT S  !OR K 4 , KS A N D K 6  
c 

c 

c 

c 

B K6 =-4 . 09 8 D O O- J 2 q S .  2 D O O/T E ! PL + 2 . 23 63 D 5/ ( T E.!!P L * * 2 ) - 3 .  9 E 4 D 7 /  ( 'I ! M P L * *  
13 ) + ( 1 3 . 95 7 t 0 C- 1 �6 2 . 3 D C C /TE ! PL + 8 . 56 4 1 D5/ ( �! ! P l * *2 ) ) * t l C G ( C E i L I Q )  

B K6 = 1 0 * * ( B K 6 )  

B K5 a 1 0 * * ( 2 8 0 0 . 4 8 D 0 0 +0. 7 3 3 5 DOO * TE ! �L- 8 06 7 C . CD0 0 t T !M P 1  
1- 1 1 1 � . 1 D O O * D LOG 1 0  ( 't ! ! P L ) ) 

B K4 = t!X P ( 3 72 7 . 8 6 D O O /'I ! !PL- 1 1 . 6 3 2 6D C 0 +0. 0 1 9 �2 1 2D0 0*1!! P L) 

T OUT �L= !X P't !/2. 0D 1 
S lA• S P l * HU !! D E S  
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c 

V OL D = IIU 1!5D P S *  VOLD 
T OLD = l  
Q • 1 . CD- 1 

W BI T !  ( 2 2 , 1 3 ) CI2S P , CIS � , C BOIS P , CI 0 3 S P , C B S P , CO ISP , C I 3 S i  
i BIT E (5 0 , 2 2) I , TII!! , iCL D ( 1 ) , W O L D ( 2 ) , i O LD ( 3) , W O L D ( i6) , iOID ( S ) 1 '-' 0LD (6 )  

c 
1 , i CLD C7)  

DO 1 1 0 0  II= 1 , I L C C i  
I l!K= l l! K  +1 . O D O O  
fts 1 .  OD- 2 
TOLD=l 
B=!IiT!! 
C I2 G = ( ( CI 2 G *C V CL ) - S O I! ! C�) /CVOL 
C I2 t =CI 2SP 

c 
C I Bi t ilLIZ! ! 8 !  S P B l !  C i C P S  
c 

c 

c 

W OLD ( 2 ) =CI S P  
W OLD (5 ) =CH S P  
i OLD t4 ) =CI03 S P  
W OLD (7 ) =C I 3 S P  
WOLD (3 ) =CB CI S P  
W OLD (6 ) =C O I S i  
W OL D  (8 ) =BK6 / WOLD ( 5 )  

S O !! l! CL= O. 0 D O O  

C B EG I I  T HE B U BG E- K UTT l- P!L B EU B G  I B ! ! G �IT I CN B O O TI N E  
c 
1 T =T O ID 
c 
C D ET E B!I HE !B! ! AS S  T i A B S P BB T O  T B ! S PB A Y D RO PLET S 
c 

W OL D  ( 1 ) =CI 2L 
M !O L•W OLD ( 1 ) * Y CLD 
l! OLT i=lt.tO V * B * S f l* ( CI2 G *PC- i OLD ( 1 ) ) 1 1 . 00 3 
W OL D ( 1 ) = ( H ! CL + ft0LT B ) / YOLD 

c 
C C ALCULATE K ' S 
c 

D O  3 C  J=1 , I I 
W ( J )  = W OL D  (J ) 

3 0  C OlfTIBO! 
c 

c 
C ALL l"U IC Tll ( i ,  iCLD , l'  , I I) 

D O  '6 0  J = 1 , I B 
K 1  ( J )  = H• P (J ) 

'- 0  C CBT I II U ! 
c 

D O  S C  J = 1 , I B 
i (J ) = W OLD (J ) + K 1 ( J ) / q . QD O O  

5 0  C OB T I B UE 
c 

c 
C ALl. !'O BC T II  ( i , iOLD , P , l l) 

D O  6 0  J=1 , IB 
lt 2 (J ) = B *P ( J )  

6 0  C OliiT lli O !  
c 

D O  8 0  J=1 , IB 
i (J ) = W OL D ( J ) + 3 . 0D O O * K 1 (J ) /3 . 2 D 1 + 9 . C D OO * K2 {J ) /3. 2D 1 

8 0  C CBT IBU E 
c 

CALL l'OICTN (i , WOLD . l , I R )  
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c 
D O  9 0  J = 1 , I H 

KJ ( J) =H* P  (J ) 
9 0  C OI T IB O !  
c 

D 0 1 1  0 J• 1 , I I  
W ( J) = W OLD (J ) + 1 .  9 3 2 D 3 * K  1 (J ) /2 . 1 9 1 D 3- 7 . 2'D 3 * K2 (J) I 2 .  1 9 7 I: 3  

1 + 7 . 2 9 6 C 3 * K 3 (J ) / 2 . 1 9 7D 3 
1 1 C C Oll 'l i H O !  
c 

C ll.L l'O liC Tll ( i , iOl.D , P  , I I) 
c 

D O  1 20 J• 1 , IB 
K 4  (J)  = 8* 1'  {J ) 

1 2 0 C OITilfO! 
c 

D 0 1 3 0 J• 1 , I B 
i (J ) •W OL D (J ) + 4 . 3 9 D 2* K 1 (J) /2 . 1 6D 2- 8 . 0DO O •K 2 ( J ) +3 . 6 8 D 3 *K3 ( J ) / 5 . 1 3 D2 

1 -8 . 4 5 D 2 * K 4 (J ) / 4 . 1 0 4D 3  
. 

1 3 0 C OH T ilfO! 
c 

C ALL :PO HC TB ( i , IICLD ,.l , I Ii) 
c 

D O  1 '1 0 J• 1 , IJ 
K S  (J) = B* P  {J ) 

1 4 0 C CB'f i N O !  
c 

D O  1 5 0 J= 1 , I I 
i (J ) = W OLD (J ) - 8 . D O O * K 1 (J) /2 . 7D 1 + 2 . DO O* K 2 (J) - 3 . 54 4D 3 * K 3 ( J ) / 2 . 56 S DJ  

1 + 1 . 8 5 9 D 3 *K4 (J ) / 4 . 1 0 4D3- 1 . 1 D 1 * K5 - (J) /4 . 0D 1  
1 5 0 C ONTINO! 
c 

C ALL P O HC T I ( W , iOLD , :P , l l) 
c 

D 0 1 6 0 J= 1 , I I 
K 6  { J) = B* P  (J ) 

1 6 0  C OlfTilf O !  
c 
c 
C D ET ! B ! I N E  T H !  COBC ! BT E IT20H O P  A LL I O DI N !  HY DROL Y S I S  S P EC I E S 
C A H D CH ECK ! B B C &  
c 

D O  1 CO J= 1 ,I I 
WB (J) = WO L D  (J) + 1. 6 D 1 * K 1  (J) /1.  3 5D 2 + E. E 56 D 3 * K 3 (J) I 1 .  2 E 2 : D I H  

2 . 8 5 6 1 C 4 *K 4 (J ) /5 . 64 3 D4- 9 . C D O O* KS ( J) /5 . 0 0 1 + 2 . 0 t 0 C * K 6  (J) /5 . 5 D 1  
R (J ) = l ES (K 1 (J ) /3 . 6 D 2- 1 . 2 8D 2 * K 3 ( J ) /4 .27 5 C3-2 . 1 9 7 D3 * K 4 tJ) /7 . 5 2 4 D 4 

1 + KS (J) /5. 0 D 1 + 2 . 0 D C O •K 6 (J ) / 5 . 5D 1 ) / 8 
TOL (J ) = A B S ( i E (J) *'l Ct! &) 
DEL!l (J) = C. 8 4 * (TOL (J) /B ( J ) ) * * 0 . 2 5 

1 0 0 C OBTINO ! 
c 

D O  S C O J= 1 , Ill 
Il' ( B ( J )  . GT .  TOL ( J ) ) G CTO 9 0 0  

S O C  C OII T I I O E  
c 

D O  5 1 0 J= 1 , I I  
iOL t  (J ) = i !!  (J ) 

5 1  C C OBTINO ! 
c 
C D ET .! B l! I tf! TB! !QOIL I E B IO !!  COIIC EB T B AT ION FO R !QOA'!I C ti S  2 4 ,  2 5  A N D 
c 2 6  
c 

B B•- 1 . 0DOO- ( i O L D ( 2 ) +iC lD ( 1 ) ) * B K 4  
C =WOLD { 2) * W O LD ( 1 ) * li K 4- WOLD ( 7) 
D =- B E/ ( 2. 0 D O C * B K 4 )  
E = ( ( EB * *2 . 0D 00 -4. 0 D O O * B K4 *C) * * O . S D 0 0 ) / ( 2 . 0 t 0 0 *RK 4) 
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V =D- ! 
c 

c 
I P (V . LT .  l . O D - 1 8  . Ali t .  V . N E. O . O t O O ) CALL I 'I '! E B ( i C L .C , R K 4 , C , V )  

i OL D C7 ) =W01D (7 ) +V 
W OL D ( 1 ) =WOLD ( 1 ) -V 
W OL D (2 ) = W C l D ( 2 ) -V 

c 
I F ( l l  . EQ .  4 ) GCTO 6 0 0  

c 
B B= W CLD (6) + W Ott ( 5 ) + i K 5  
S=- B KS * IiO t. D  ( 3) +W O LD ( 6 )  *W C LD ( 5 )  
M =  ( - EB +  ( BR *BB- 4. 0 D O O * S )  ** 0 . 5 ) / 2. O D O O 
W OL D ( S ) =WOlD ( S ) + ft  
G OTO 6 0 5  

c 
6 0 0 H= ( B IS * iO L D ( 3) -iO LD ( 6 )  *i O LJ: ( S) ) / { i O LJ: (S )  +.RKS ) 
c 
6 0 5  W OL D  (6 ) :VOLt (6 ) + M  

W OL D ( 3 ) =VO L D ( 3 ) -M 
c 

c 
I l ( l l  . !Q .  4 ) GCTO 6 1 5  

O =W O L D ( 8 ) * iO l D ( 5 ) - i K 6  
V V= WCLD (8 ) + i C lt ( 5 )  
X = (- VV + t V V * V V- 4 . 0 D 0 0 * 0 ) * * 0 . 5) / 2 . 0 D O O  
W OL D ( 5 ) =W O L D ( 5 ) +X 
W Ot.D � ) =WO LD (8 ) + 1 

c 
6 1 5 T OL D =T O LD + B  

c 

S U! ! CL = SU ! !Cl + !CLT B 
FHT= tl U VEL *TI ! !  
C I2 L =W B ( 1 ) 
F BT= "IOL t* T B ! V ! l  
D !L= tELTA ( 1 )  
I P ( I J  . !Q. 1 ) GCTO 9 0 5  

D O  5 20 J= 2 , I I 
IP ( DEL . L T. D E LTl (J) ) GOTO 5 2 0 
DEt=DELTA (J) 

5 � C  C ORT IRU ! 
c 

G OT O  9 0 5  
c 
C D ET E B!I IE N! i ST! � Sl Z !  
c 
9 0 C  D !L= DEI.'ll ( J ) 
c 
9 0 5 I P ( D EL . G T . Q ) GOT O 9 1 0 

H HEV aQ* B 
G OT O  1 0 00 

c 
9 1 0  I F (D !L .I. T .  4 . 0 ) GOTO 9 2 0 

B N EW=4 . OD O O* B  
G CTO 1 0 0 0  

c 
9 2 0 H BEW=D EL* H 
c 
C C HECK N EW ST EP SIZE W IT H  !!I A BD ! I N  ST EP SI ZE 
c 
1 0 0 0  I F  ( BB E i  . LT. B ! l i ) GCTO 9 3 0 

H NEW=B!AI 
c 
9 3 0  I F  ( BH ! i  . LT. B !I I ) GCT C 1 1 1 1 

L EPT =B-70tt- B I ! i  

c 
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I P (L E P� . G t. O . O ) GCTO 5 0 0 0  
H B! W =B - 'IO L D 

c 
S O C C  H =B N ! ill 
c 

c 
c 

I P (T CLD . G B. B ) GOT C 9 9 9  
G O'IO 1 

9 S 9 SO!• SU� +SU ! !CL 

c 

T I !EzTI !! +TOLD/6. 0 t 1 
P BT•'II !! E* T i ! V ! l  
H = 1 . 0D- 2 
T OLD =l 

W RIT E  (5 0 ,  2 2) II , TI ! ! ,  i Ctl.. � 1 ) , W O LD ( 2 ) , WOL D (3 ) , i O LD (q ) , W CLD ( 5 )  , 
1 iOLD ( 6 ) , i C lD (7 ) 

WRIT I ( 5 1 , 2 3 ) T I !! , S O ! ! Ot , CI 2G , SO! 
c 
C D !T !B ! I H ! 'I B !  COBC ! BT B IT I O R  I I  T H E S U MP 
c 
C B EGI N B UB G !- KU�Tl� P ! L B EO B G  IBT !GB A T I CB B O O 'II N !  
c 
C C ALC OLA 'I! K ' S  
c 
2 D O  3 1  J� 1 , I B 

CC ' J) = C O B  POL (J) 
3 1  C O BT IBU ! 
c 

C ALL PO I CT I C CC , CO I P Ot , F , I B )  
c 

D O  4 1  J • 1 , II 
K 1 c J) = a• P CJ ) 

4 1  C OIT IIU ! 
c 

D O  5 1  J = 1 , II 
CC ( J) =COI POt (J) + K 1 (J ) /4. CD O O  

5 1  C O R T IB O !  
c 

C ALL F U BC T I (CC , C C B t Cl , ! , I I )  
c 

D O  6 1  J -= 1 , 1 1 
K2 ( J) = B* P (J ) 

6 1  C OlfT INU! 
c 

D O  8 1  J = 1 , II 
CC ( J) =COB POL ( J ) + 3 . 0 D C C* K 1 (J) / 3 . 2D 1 + 9 . 0 D C O *K 2 (J) / 3 . � D 1  

8 1  C OBT IN O E  
c 

C ALL P U B CT H (CC , CO NPOt , ! , I B )  
c 

D O  9 1  J = 1 , l R 
KJ ( J) = B* P (J ) 

9 1  C ONT IHU ! 
c 

D 0 1 1 1  J• 1 , I II 
CC (J) = C OH POL ( J ) + 1 . 9 3 2 D 3 * K 1 (J) /2 . 1 S 1 D 3- 7 . 2 D 3 * K 2 ( J) / 2 . 1 9 7 D 3  

1 + 7 . 29 6 D 3 * K 3 ( J ) / 2 . 1 9 7D 3  
1 1 1  C OB T I R O !  
c 

C ALL P O ICT B ( CC , C O B t Cl , ! , I B ) 
c 

D 0 1 2 1  J= 1 , I ll  
K 4  (J) = 8* 1' (J ) 

1 � 1 C CR"XIIU! 
c 
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D 0 1 3 1  J• 1 I I R 
CC (J) =CO N POL (J)  +4 . 3 9 C 2 * K 1  (J) / 2 . 1 6 0 2 - 8. O DO O* I< 2  (J ) + 

1 J . 68 D 3 * K 3 (J f / 5 . 1 3 D 2- e . 4 5 0 2 * K q  ( J ) /4 . 1 0 40 3  
1 J 1 C OH TlHU! 
c 

C A LL P U IC T I ( CC , CO I �C t , F , I I )  
c 

D o· 1 " 1  J• 1 ,  II 
KS ( J) • B* P  (J ) 

1 1&  1 C OI'r i R U !  
c 

D 0 1 5 1  J= 1 I I I 
CC ( J) •COHPOL (J) - 8 . 0 D C O * K 1 (J) / 2 . 7 D 1 + 2 . 0 0 0 0 * K 2 ( J) -

1 3. 5 4 4 D 3 * K 3  (J) / 2 . 5 6 5 D 3 + 1 . 8 5 9D 3 * !4 (J) / q . 1 0 4 D 3- 1 . 1 t 1 • K 5 ( J ) / 4 . 0 D 1  
1 � 1  C OB 'l: IBU ! 
c 

C A LL lOICT B (CC , C OBPC t , f , I I )  
c 

D O  1 6 1 J• 1 , Ill 
K 6  ( J) = H* P  (J ) 

1 6 1  C OliTINO ! 
c 
C D !T !Bftll ! TB! COBC ! B 7B ITI O H  O P  111 OF T B ! IO DIN E  B Y ! B C L Y S I S 
C S PE C I E S  A I �  C H EC K  ! B B O B  
c 

D O  1 C 1  J• 1 , I B 
CCB (J) =C O BPCL (J) + 1 . 6 D 1 * K 1  (J ) / 1 . 3 5 D 2 +6. 6 5 6 D3 * K 3 ( J) / 1 . 2 a 2 5 D 4 +  

2 . 8 5 6 1 C I& * K 4 (J ) / 5 . 6 4 3 D4- 9 . 0 D C C * KS ( J ) / S. O D 1 + 2 . 0 t 0 0 * K 6 ( J ) /5 . 5 0 1  
B (J ) = l BS ( K 1 (J) / 3. 6 D 2- 1 . 2 8 D2* K 3 (J ) /4 . 27 5 C3 - 2 . 1 9 7 D 3 * K 4 IJ ) / 7 . 5 24 D 4  

+ KS (J ) /S . O D 1 + 2 . 0 D OO * K 6 ( J ) /5 4 5D 1 ) /H 
'l:OL (J ) = l E S  (CC E (J ) *TC1!:B ) 
D!L tl (J) = 0 . 8 4 *  (TO.L (J ) /B (J) ) * * 0. 2 5  

1 0 1  C OH'r iiO! 
c 

DO S C 1 J= 1 , I I  
I� ( B ( J )  . GT .  TOL (J) ) GCTO 9 0 1  

5 0 1 C O I 'l i J O ! 
c 

D O  5 1 1 J= 1 , I J  
CO BPO.L (J ) = C CE (J) 

5 1 1  C 0 IT IlfO ! 
c 
C D !T !B ! l l! T B !  !QOillEB IO ! COIC!N'!B l'! ION FO B B Q O A TIO N S  2 4 , 2 5  A N D 
c 2 6 
c 

c 

B B-- 1 . 0 D0 0- ( COIPOL ( 2 ) +CO I POL ( 1 ) ) * B K 4  
C =C O JPOL ( 2 ) * C O B POL ( 1 ) * B K4-CONPOL ( 7 )  
D •- B !/ ( 2 . 0 DO O * B K 4 )  
E = ( ( EB * * 2 . 0 D0 0 - 4. 0 D O O * B K4 *C) * * O . S t 0 0 ) / ( 2 . 0 DO O * BK 4 )  
V =D- ! 

6 6 6  I F ( V  • .L T. 1 . 0 D- 1 8  . A B � . V . NE .  O . O CO O ) C A LL I '! TER (C O N I? C L , .B K 4 , C , V )  
c 

c 

c 

c 

C OH P CL (7) = CO I P C.L ( 7 ) + V  
C O J P O.L ( 1 )  = CO IPCL ( 1 ) - V 
C ON P O L { 2) = CO I P Ct ( 2 ) - V  

I P ( I B  . !Q .  4 ) GC�O 6 0 1 

B B=CCB P OL ( 6 ) +C C B PC 1 ( 5 ) + B K 5  
S =- B KS*CO N EOL ( 3 ) +C C B EC.L ( 6 } *CO N POL { �) 
! = (- BR + ( B R *BB-4. 0 D O O *S ) ** O . S ) /2. 0n O O  
C OI P C1 ( 5 ) =CO B P C.L ( 5 ) + !  
G O'l:O 6 0 6 

6 0 1  !! = ( B KS *CO H POL ( 3 )  -C OBFCt ( 6 )  *CO H J:O l ( � )  ) / ( C ON PO L  ( � l. _+R K S ) 
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c 
6 C 6 C OB P CL ( 6 ) = C O I P Ct , 6 ) + �  

C O N P CL ( 3) =CO N PCL ( 3 ) - �  
c 

c 
I F ( I !  . !Q . 4 ) GCTO 6 1 6 

U =CO I P C L ( 8 ) *CO I � Ot ( 5 ) - � K 6  
V V=C CHPCL ( 8 ) +C C J P C L C 5 )  
X = (- VY + (YV*YY- 4. 0 D O O* U ) * * O . S) / 2 . 0D OO 
C O H P CL ( S ) = CO IP CL ( S ) + l  
C OR P CL ( 8) =CO I � C l ( 8 ) + l  

c 
6 1 6 T OL D =TOLD + B  
c 

D E.L= DE L 'IA ( 1 )  
c 

I l ( I I  . !Q .  1 ) G C�O 9 0 6  
c 

D O  5 2 1  J� 2 , I li 
lF ( t EL . L T. D EL� A (J ) ) GOTO 5 2 1  
D!L=D!LT A (J ) 

5 2 1 C ON TI N O !  
c 

G OT O  9 0 6  
c 
C D ET ! E fti B E R! i STE �  SI 7 !  
c 
9 0 1 D EL=D.EL'IA ( J) 
c 
9 0 6  I l ( D !L . G T . C) GCTO 9 1 1  

H N!W •Q* B 
G OT O  1 0 0 1  

c 
9 1 1  I F ( D !L .LT . II .. O ) GOTO 9 2 1  

H HE W = 4 . 0 D O C * B  
G CT O  1 0 0 1  

c 
9 � 1  H N! W =D ! L* H 
c 
C C HEC K N EW S T ! P  SI Z !  W IT B  � AX A N D  � I N ST !P SI Z !  
c 
1 0 C 1  I F  ( BN ! i  . L T .  B!l l ) G O ! C  9 3 1  

H H! i =H 1 Ul 
c 
9 3 1  I F  ( BR E i  . LT .  B ! I B ) GC'IC 1 1 1 2 

c 
LEF T =B-'IOLD-B B ! i 

. 

I F ( L !FT . G T. O . O ) GCTC 5 0 0 1 
H N! i =B-'IO LD 

c 
5 0 0 1 H =8 N !  'i 
c 

c 

c 

I P ( T CL D  . G E. E ) GCT C 9 9 8  

G OT O  2 

9 S S  o o  a c o IQ= 1 � 7 
c 
8 0 0  C OB P CL ( IQ) = ( iOlD ( I , ) *V CLD +CO N F OL ( I ,) *PO L VO L ) / (PO L VO t + VOLD ) 

c 

c 

P Ot V C L= POL V Cl+ V C L n 

w BIT E  ( 5 2 I 2 2) II I 'lift ! I cc I.E O L  ( 1) , CO t U: Ct ( 2) I co NP O.L (3 ) , C C N  F O L  ( 4 )  , 
1 C C B P O L  (5 ) 1 CC N l?OL ( 6 ) 1 C ONllOL (7)  

1 1  CO C C!I T IH O !  
c 
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c 

c 

c 

I I=I l - 1 
S O ! G E �= 2 . 5 3 8 0 9 t 2 * S U �  
E BB O B =  1 . 0 D 2 *  (B !! DE X P- S D l!Gli H )  /R .l'!D! XP 

W BI T !  (2 2 ,  1 6 )  Cl 2 G  
W B IT ! ( 2 2. 1 5 ) S D ! , S O B G & ft  
W BIT ! ( 2 2 , 1 q)  
W BIT ! ( 2 2 ,  1 3 ) C C J.EOt ( 1 )  , CON P O L  ( 2) , C O N  P O L  ( 3) , CO N POL ( 14 )  , C CUPO L (5 )  1 

. 1 CO HPOL ( 6 ) , CO N P CL ( 7 )  . 

G C T O  3 0 00 

1 1 1 1  W BIT ! ( 4 0 , 2 1 ) B B ! i  
1 1 1 2 W RI T ! (4 0 , 2 1 ) B B ! i  
3 0 0 0  S 'IO P  

c 
! BD 
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c • • • • •• • * * ** * ** * * * ** * ** * * * * * ** * * ** * * ** * * * * *** * ** * * * * * • • • • • • • • • • • • • • • • •  
c 
c 
c 
c 
c 
c 
c 
c 

S DB BCUT IN E l U NCTH 

T HI S  S U BR O UT I N E C O BTll M S  THE DIF P ! B E BTI A L  !Q U A T I O N S ( R! N E T IC R A !� 
E Q O l T IO B S) TO EE ! MT! GBAT E D .  !BI S S OBR C UT J H ! IS C A ll !D r R C � T H E 
R UH G !- K UTT J- f !tHB U i G  I IT ! GBAT I O H  BOUTIN ! IH T B E K IN E T IC ,  D EO P ,  
S PB l l  A HD i l iL-S P B J Y  ! C D ! LS . 

C * * ** ** ** * ** * * * * * * * * * * * * * * * * * * * * ** ** ** * * * * * * * * ** ** **** ** * * • *** * * ** ** * ** 

c 

c 

c 

c 

c 

S UBBCUT IN ! PUNC!B ( i , WOLD , F , I N )  

I !PLlC I T  D OU et !  PJ !CI S IC B ( l-H , K-Z ) 
I !PL ICI 'r I I'! E G ! B  (I-J ) 
D I M B J S I C H  li ( 8 )  , i O L D  ( 8 )  , P  ( 7 )  

I P ( I B  . EQ .  5 ) G CTO 5 

V ( 5 )  =WO LD ( 5 )  
5 W (6 ) a W O LD ( 6 )  
c 

c 

c 

c 

c 

c 

R K 1 = 3. 0 D O O  
.B K B  1 a4 • 4 D 1 2 
B K 2 0 a2 . 5 D 0 2 
R K2 1 = 1 .  2 D O  2 
B KR2 a3 .  0 D 0 8 
R KP 3•9 . 350- S 

R 1 = R I 1 * i ( 1 )  
R B 1 = BKB 1* W ( 2 ) * i ( 3 ) * i ( � ) 
R 20• EK 2 0* W ( � ) * * 2. 0 D O O  
B 2 1 = & K 2 1 * W ( 3 ) * W ( 6 )  
R B2 = SKB 2* i ( 4 ) * i (2) ** 2 . 0 D O O *i ( S ) * * 2 . 0 t0 0  
R P 3= BKP 3* W ( 5 ) * i ( 2) 

P (1 ) =- B 1 +B B 1 • S . O D- 1 * BP 3 
P ( 2 ) = B 1-RR 1 • 2 . CD O O * (B 2 0 +R 2 1 } / 3 . 0 D O G- 2 . 0 D O O * R B 2 - R P3 
P (3 ) =R 1 -BB 1-B �C-B 2 1 + 3 . 0D O O *BB 2 
P (4 ) = ( B 20 + B 2 1 )  / 3 .  O DO O - &B 2  

I P  ( IN . !Q . S ) GOT O  1 0  

P (5)  =O . OD O O 
G OT O  1 1  

1 0  P (5 ) =B 1 -BB 1 + i 2 0 +R 2 1 - 3 . 0 D O O *B R 2 -4 . 0 t 0 0 *R P 3  
c 
1 1  P ( 6 ) =0 . O D O O 

P ( 7 )  •0 . O D O 0 
c 

c 
B ET U .SN 

E N D  

217 



c ••••** ** * ** * * * * * * * * * * * * *** * ** * * ** * * * * * * * * *** * * * ** * * * * ** * * * * * * * * * * ** * * *  
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

S UB B CUT IB ! IT't !B 

T HI S  S U BB O UT IH !  F I N D S  T HE ROOT TO t H E  Q U l D BA tiC EQ O l L I B B I U H  
E QU ATION lOB T EE FOB ! A TIC N REAC TI C B  C l  T B I-I C D I D E ,  1 3 - { E t U A T I C N  
2 4) . 1 S ! C l B T  H !T H OD I S  THE R O U T I N E O S E t T O  FI N D  T H E  ROC T .  T E I S  

! ET B OD I S  C J LL l t W B ! !!V !B T B !  CU l C BA T IC PO B H OLA B E S O L ! S  IN  L ! S S  
T HA H  lPRBO II ! AT ! L I  T Bi E E  S I G N I P I C A HT PI G OB E S .  T BI S  S UD R 0 0 7I NE 
IS C ALL ED B! T HE P B O G B A !S KIN ETIC , D B OP , SRB A Y A N D  � A LL- S P B A Y .  

c • • •••• •• • ••••••••••• ••••• • • • •• ••••• ••• • • • ••• • • • •• • •• • • • • • • • • • • • • • •• • •  

c 

c 

c 

c 

c 

S UBIOUT IH ! ITT!B ( i GLD , BK4 , C , V) 

I MPLICIT D C U E L E  EB E C I S I C N  ( 1 - H , L - Z )  
I !PL lC I T  IJT! GEB ( 1- K )  

D I!! ! IS IOB iO L D  (7) , i (7)  

P 0• 1 . 0 D - 1 6 
P 1 = 1 . 0 D- 1 8  

Q O= C -R K 4* P O * E O - PO * B K 4 * (WOLt ( 1 ) +W OLt ( 2 ) ) -PO 
5 Q 1=C-B K 4* P 1* E 1 -P 1 * B K 4 * (VOLt ( 1 )  +W CLt ( 2) ) - P  1 
c 

c 
C B!CK= A ES ( H E i - P 1 ) /P 1 

c 
1 1  I F  ( CHECK . L T �  1 . 0 0 -4 ) GOTO 1 0  
c 

c 

R O=P 1 
Q 0= Q 1 
P 1 = lll W  
G OT O  5 

1 0  V =li E i 
c 

B ETU li N  
c 

E N D 
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Spray Model 

A = 0 . 0 

B = DURTM = 

HMIN = 1 . 0 X 

HMAX = l . Q  X 

IN = 4 

TOLER = 1 . 0 

TEMPL = 29 8 

TEMPG = 298 

DIAM = 0 . 1  

SAD = 0 . 1  

CI2G = 1 . 0 X 

CI2 SP = 0 . 0  

CISP = 0 . 0 

CHOISP = 0 . 0  

COI SP = 0 . 0 

sample input 

10 

I o-I o  

102 

x 1 o-2 

I o-s 

cHsP = 1 . 0  x I o-9 

CI03SP = 0 . 0  

CI3SP = 0 . 0 

PRESS  = 1 . 0 

CDIAM = 3 . 3 

HEIGHT = 1 5 . 4  

FLRAT = 37  
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APPENDIX E 

WALL-SPRAY MODEL , SAMPLE INPUT AND OUTPUT 



c • • • ••• •• • ••• •• •• ••••••• •••• •••••••••• •• •• ••• ••• •••••• •• • • •••••• • • •• 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

i lLL -S P B l Y  !!CD !l 

ll .  P .  lLBEBT 

T HE iALL-S FB JY ft O D !t S iftU LATES T HE R EMO V AL O l  G A S E O D S  M O L EC U LA R  
I OD I N E ,  I 2 ,  E Y  i AT !i SPRAY S  A RD AlSO B Y  � H E  i AT E B  C 5  7 B E  W A L LS 
O P  TBE CO N T A I B !! NT V ESS!t. T B�S �CD !l IS !S S EKT IA L L Y  T H E  S P R A Y 
M OD El i iTH THE A D D IT I O N  O P  A SI!ULJT�ON O P  T B E A B SO B P li O N  CP A 
G AS BY A P ALL I N G  L IQU ID P IL!. l T iC-RE SISTANCE MO D EL IS 0 5 E D  t O  
D ES C B I B !  T H! M AS S  TR A N SFER . A B U li GE-KUT'IA-P !lHB OB G 5 (4)  tiU � EB I C Al 
I RT ! G BA TI O R  BO UTII ! IS USED TO I H'I !G B AT !  T H E  IOD I N !  B l D R C t Y S IS 
B !lCTIOJS. S O EB OUTIB! Cl Ll!D !BO! T HIS ! A I N  PBO GB A !  li E I ! T E B , 
P OB C'l l ,  W l.LL A ID PCOL. T HIS PBOG E A M  IS t E S I G N ED 'IO R UN O N  A 
P DP - 1 0  CO M P O T ! E  EUt S HO U L D  BE EASILY CO N V E R T E D  TO R C N ON A N Y  
P OR T B A H  CO M P OT EB .  

c ••••** •• •••••••• ••••••••••••••••••• ••••••••• • •• •• •••• •• • • • • • • • • •• •• • • •  
c 

c 

c 

c 

I liPL lC I 'l  D O O El !  PB ! C IS IO N  (1-H , K- Z )  
I ftP L IC i t  I N T ! G !B (I-J)  

D ili ! IS I CB i ( 8 )  , WOL D ( 8 )  , K 1 (7) , K 2 ( 7) , K 3 (7 )  , B  (7 )  , WB ( 7 )  I 
1 D E LT A  (1 ) , iE S  ( 1 )  , !  (1) , K.ll ( 7) , KS ( 1) , K 6  (7) . � O L ( 7) I 
2 CC B ( 7 ) , C C (7) , CO N PO L ( 8 ) ,C O H i A L �8 �30 0 )  

B !A D  ( 5 8 , * ) 1 , B !I N , H l1 A l 1 I N  
B !A D ( .q 9 .  * )  TCL !B 
B EA D  ( 3 1 , * ) T E! PG , T ! !P t , PB!SS , D IA ! , SA D ,C I 2S P , CI S P  
B EAD ( 3 1 , * ) C B O IS P , C C I S E  
R EA D  ( 4 3 , * ) C I 2 G , C B S P , P LB IT , DU BT! 
B !A D ( 3 1 , * ) C IC 3S P , CI 3S P  
R !A D  ( 3 0, * ) C t i 1 8 1 H!IGB T , i P B AC , iH T  

9 POB! lT ( '  C C I C !NTB AT I C I  OP THE DB O P S 1 , / )  
1 0  P OB ! !T ( 1 A T  1 T ! M P ! BT O B !  OP TH E G IS 1 , P6 . 2 , 1 D E GB ES S  K E LV I N ' / 

1 1 T B E  VI S CO SITY 0 !  T B E  L I Q UI D  ( CP ) = 1 ,E 1 5 . 7/ 
2 ' T H E  VI S C C S I 'I !  Cl T H !  G AS ( C P) = • , ! 1 5 . 7 / 
3 ' TB E  PAB Ti t� C B  C C ! P l iCI !'NT IS = 1 ,  E 1 5. 7/ 
4 1 T B E D! N S l!Y OP T H E L IQ UID (GKS /CC) = 1 , ! 1 5 . 1/ 
5 ' T BE DEB SITY C P  TBB G AS (GMSIC C )  = ' ,E 1 5 . 7) 

1 1  P OBl UT ( 'T B !  ti !lUSIO N  CO! PPICI !H T  l O B  T H E  G A S  (S Q C !!/ S EC ) = 1 , E 1 5 . 7  
1 / ' T H E  D I ! P O S I C H  CC!P PICI ! NT FOB 'I H !  L IQ U ID ( SQ C �/ S !C ) = ' , E 1 5 . 7/ 
2 ' T H E  GAS - S I D E  !AS S  T BA H S FEB CO!F ! I C IE N 'I  (C!/S EC) = 1 E 1 5 . 7 /  
3 ' T EE LIQ O ID-S�DE �AS S T BA NS F !R CCE P FI CIEBT (CM /S ! C ) = ' , E 1 5 . 7/ 
� ' T H E  O V ER ALL L I CU ID- SIDE M I SS TB A B 5P !B C CE FP I C I E NT ( C !/S E C ) = ' , E 1 5 .  
57 ,/ , ' TH E  V CL DM !  fOB O N E  DBOP ( L I !! BS) = 1 , E 1 5 . 7/ 
6 1 'I B E  SU B P JC !  AB E l  PC B O B !  D B CP ( S Q  CM ) = 1 , B 1 5 . 7 /  
1 1 TB E  !XPOS O B E  TI ! !  f O B  T HE DRO P IS (S E C) = '  , ! 1 5 . 7 / 
8 1 T B! R E Y H OltS HU ! B !E P C B  T H E  DBOF = 1 , ! 1 5 . 7 1  
9 ' T H E  'IEB lii NlL V!LCCITY O P  TH E D B C P  (C !/S !C) = • ,! 1 5 . 7 ) 

1 2  P CB ll lT ( IS )  
1 3  P O B M 1 T ( '  I 2  = 1 , ! 1 5 . 1 / 

2 1  I - = ' , 8 1 5 . 7 / 
3 1 H OI = ' , E 1 5 . 1 /  
� ·  IO J- = • , E 1 5 . 7 / 
s •  a + = • , B 1 5 . 7 .1 
6 1  IC- = ' , E 1 5 . 7 /  
1 '  I3- = ' , E 1 5 . 1 1) 

1 4  P Oi M AT ( 1 T H ! FINAL CO IC ! ll<f BA TI OR OP T H E  LI Q UI D  IS ( li! C t ! S/ l iT ! E )  : ' )  
1 5  P OB M AT ( 1 TH ! I U ! B ! i  O F  !Cl!S O P  I O D IN ! ( I 2 )  R E M O V ED I S  = •  , E 1 5 . 7 , / 

1 ' T B !  I O !B ! B  OP G B l " S O P  I CDIH ! B EHO VES IS = 1 , ! 1 5 . 7 , 1 ) 
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1 6  F OB M AT ( 1 T B !  ! I B Al C C HC E RT B ATI O B  C F  I O DI N E  ( I 2) I N  t B ! GA S I S  1 ,  
1E 1 5 . 7, ' ( !!! O l ! S /L I T !B ) 1 1 /) 

1 7  Y OB l UT ( '  T i ll E  f!O LES B M D  C C N  G AS S U !  I!L S B� 
1 D . , / )  

1 8  F OB M AT ( '  CO JC!BT S AT IOH C l  T HE S P R AYE D SOLUTIO N I N  ! B E  S U M P  1 1 /) 
1 9  POB! AT ( '  8 T i l! !  I 2  I- BOI 

1 1 0 3- B+ IO- I 3- 1 1 / )  
2 1  P CB M lT ( ' ST EP S IZ E  B !L C W  S T E P  lii N 1 1 D 1 5 .7 )  
2 2  F OI ! l! ( I5 , 8 D 1 3 . 7 ) 

. 

2 3  P OB ! lT ( qD 1 5 . 7 ) 
3 2  P OB ! JT C ' T B !  N O ! E! B  C F  DROPS I N  T H E  C C NT A IN MENT I S 1 , ! 1 � . 7 / 

1 ' T B ! DROP PL O I  ( B O !! !B OF DBOPS/SQ C M  !IN)  = 1 , E 1 5 . 7/ 
2 1 T B !  C O HT A I N ! ENT V O L O ft !  ( liTERS)  = 1 , !1 5 . 7 /  
3 ' TH !  B O!B !R Cl CUT ! i  lOO P S  = 1 , 1 6 / ) 

3 3  P OB ! lT (/ 1 T B !  BO!BEB CP G R A MS OP I O D IB E  BE!O V E D IN l H !  E X P E B in E N T  
1 I S  1 1 ! 1 5. 7 , / , ' BE S OLTIIG I I  A N  !B l O B  C l  1 1! 1 5 . 7 , 1  P ! iC ! NT . 1 / )  

3 4  P OB ft lT (// 1 TB !  INITIAL CO I C ! NTB AT IO I  I N  T H ! G lS 0 1 1 , ! 1 5 . 7 , 

c 

c 

1 '  ( !I C L ! S/ LI T ! B )  ' , / I  
2 1 TH !  D O BAT I C I  C !  T B E  S � BAY ( M I N) 1 , ! 1 5. 1 , / 1  
3 '  T H E  VOLO ll !  C :P  liQ U I D  S PB l t ! D  (l l'I E R S) ' I ! 1 5 . 7 , / I 
4 ' AH D A SP R A Y !LOA B A TE OF 1 , ! 1 5 . 7 , 1 ( U 'I !.B S/ !I N) 1 , / ,  
5 1 T B !  I I IT I AL C O HC E B TR ATIO B O F  TH ! LI C OI D ( !O l !S/ LI T ! B ) : 1 ) 

W BIT ! (5 0,  9 )  
A BIT ! ( 5 0 , 1 9 ) 
W BI T !  ( 5 2 ,  1 8 )  
W BI T !  ( 5 2 , 1 9 )  
W RIT E (5 1 ,  1 7 )  

5 Sl l=3 . 1q 1 6 D O O *S A D * * 2  

c 

.: 

c 

c 

c 

c 

c 

c 

c 

c 

V OLD= (3 . 1 4 1 6 t0 C*DI 1 !**3. 0 0 0 ) / (6.  D 0 0 * 1 . 0 D  3) 
C I2 G l=Cl2G 

T !li P G4 = T! I!! P G * * q  
T ! li P  C:3 = T !l! P G ** � 
T ! ft PG2=T!l!PG * * 2  

T !!PL4 = TE I! P L * * 4  
T ! !P LJ ='!E P! PL * * : 
T !P!PL 2•T! ! P L  ** � 

V SL 1 • 1 . 8 6 6 2 8 66 C- 8 *'l E ! P L 4- 2 . 63 l 3 6 9 5 D- S *T E �P L J + 1 . 3 9 7 C E O i D- 2 * ! E M P L 2 
V SL 2 =- 3 . 3 0 7 4 f C 6D 0 0* 1 ! ! PL + 2 . 9 5 5 86 6 6 D 2  
V.ISLIQ• VSL 1 + 1 S L 2  

P C1 = 9 . 9 8 1 4 76 D-7*T! ftPL4- 1 . 5 7 3 0 1 2 1 D- 3 *'l!K P L3 +9 . 278 56 7 f C - 1 * ! E � PL2 
P C2 • - 2 . 42 E 8 3 8 8 t2*! ! ! P L + 2 . 3 S 2 q 84 7 D 4  
P C= P C 1 + PC 2  

D BL 1 :6 . 025 1 1 47 C- 9 * T ! ft P L 3- 9 . 1 3 29 6 0 4 D- 6*T ! ! P L 2  
D NL 2= 3 . S7 3 57 � D- 3* T E ! PL + 5 . E 3 5 8 8 82D- 1 
D !HL IQ= DNL 1 + I: B l 2  

V 5 1 1 =- 2 . 8 7 1 3 29 3D- 1 5 *T E !PG 4 +  1 .  6 9 0 9  4 6 3 D- 1 1 *T !K P G 3- 4 .  C 1 � 4 6 8 D- S * 'IEMPG2 
V S1 2 =6 . 56 7 9 4 2 9 C- 5* T ! I! P G + 1 . 9 5 2 3 6 9 1 D- 3  
V IS G lS = V SA 1 + VS l 2  

T !P • 5 . 1 78 D - 3 * T !ft P G  
O l!! G A1 =TM P * *  3* (- 6 .  1 9  Q q 7 6 1 9D- 2 )" +4 .  6 5  7 1 42 8 5 7D- 1 *T ! P* * 2  
O !! G l2 = T!P * (- 1 . 3 0 4 2 3 E C S 5 D O C) + 2 .3 1 5 q 2 S 5 7 1 D O O 
O !E G l= O !!G l 1 +G !! G l 2 

! LA!= 1 /2. 9 D 1 + 1 /2 . 5 3 80 9 D 2  

D I�G lS= 1 . 8 58 t- 3 *T ! ! F G * * 1 . 5 *liLWT* * 0 . 5 / (P B !S S* 4 . 4 3 55 D C 0 ** 2 * 0 ! E G A ) 

2 36 



c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

· C 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

D RG 1 •8. 28 9 2 0 5 S t- 1 6 *T ! M �G 4 - 4 . 2 6 5 6 9 6 2 D - 1 2 * TE MP G 3 +8 . 0 2 2 8 2 8 3 D- 9 *�E MPG 2 
D NG 2•-6. 8 3 25 5 2 9 C-6 *T ! ! FG + 2 . 6 1 29 3 9 1 t- 3  
D !I G lS = tli G  1 + C N G 2  

G S !  1 •0 .  8 3 0 0 0 *  ( C OI I LI,-D ! R G JS) / .C E N G IS ) ••·O . 2 5* 9 .  8 1  0 2 * * 0 . 2 5  
G S! 2 = ( VlSG J S / C 1 . 0 D 2 * D ! NG 1S ) ) **-0 . 1 7 * Dil G A S** 0 . 67 * D I A ! **- 0 . 2 5 
lC GI2 • G S ft 1 * GS ! 2  

N D1 •4. D O O * D E I G 1S * ( D ! I l l�- D ! N G 1S) * 9 . 8 1 .C2 * .C I A� * * 3  
N D2 = 3 . 0 D0 0 * (VISGlS/ 1 . 0 C 2) * * 2  
N D= B t 1 / M D 2  

V i= D LOG 1 0  ( I D )  

I BE 1 •  (- 1 .  8 1 3 9 1 1: 00 + 1 . 3 4  E 7 1  D O O* W i- 0 . 1 2 q 27 D O O  •w li * * 2 + 6 .  3 4  40- 3 * i W  ** 3 )  
M R!• 1 .  O C 1 * * N B !  1 

T B�V !L= IR E * ( V I S Gl S / 1 . 0 0 2 ) / (DIA !* D ! N G A S) 

E I PT!= H EI G B T * 1 . 0 D 2 /T B ! V EL 

K LI 2 C= ( 4. 0 D O O * CIPL I C *! a !V ! L/ ( 3 . 1 4 1 5 D O O* D ll �) ) **0 . 5  

K LOV = K G I2 * K L I 2C/ (PC * K L I 20 + KGI 2) 

C CS 1= (CDI A !/ 2 . 0 D 0 0 ) * * 2 . 0 * 3 . 1 4 1 49 2 6 5 D O O  

D P�I I=PtB A T/ VOLD 

P LX D E= DP!llf/ (CCSA* 1 . 0 D 4 )  

A DAB 1=6 . 0 D 1/ ( E IET! *PLI OP) 

I LO O E= D OB T !* 6 . 0 0 1 / ! I PT ! + 1 . 0 D0 0 

V O LC C H= A D l B 1 • B ! lG BT/ 1 . 0 D 1  

R O! D IS= D P ! I I * E I ET !/ 6 . 0 0 1 

C VO L=CC S A * B ! IG BT • 1 . 0 C 3  

W LT�= ( B!IG B T- i BT ) * 1 . 0 D 2/T B �V I L  

W 8 PB = ( W PB A C* fl BlT* DE I L IQ* 1 . 6 6 6 7D 1 / (CDIA H * 3 . 1 4 1 59 3) ) 

W PI L != ( 3 . 0 DO O * VISLI C * i ! P B * 1 . 0 C - 4 / ( C E HL I C ** 2* 9 . 8 1 D 2 ) ) • • 0 . 3 3  

W VEL = W ! l'B/ C I E tlllQ* i l' Il ! * 1 .  0 0 2 )  

W VO L =P L BlT * W f B lC * E X ET � /6 . 0 0 1  

I !!-= 0  
I !l i =W B T* 1 . 0 t 2 / (E1P� ! * W V E 1 ) + 1 . 0 D 0 0  

K L V= (6 . 0 D O O * C I PLI C * V ! P i/ ( 1 . 0 D 2 * 3 . 1 4 1 593 * D E HL I Q* W P I L !* E X � T ! * W V E l ) ) 
K I. i= R L i ** O .  5 

W A B ! l= i VOL/ i f l l ft  

i BITB ( 2 3 , 1 2) I t CC E  
W BI T E  ( 22 , 1 0 )  T B ! E G , V I S LI C , VI S GA S , � C , DE N L I Q , D EN G A S 
W B I� ! ( 2 2 , 1 1 )  D IP G1S , D I P L IQ , K GI2 , K ll 2C, K L O V 1 YOLQ , S F A , ! X P ! M , H RE , 
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c 

1 TB !V!L 
W RIT E ( 22 , 3 2 ) 1 U ftD PS , l L J D P , CVOL , It C C P  
W BI T E  (22 , 3 4 ) C I 2 G , D U S TM , VOLS P , !L B A T  

C D ET E BBI B !  TB! E CUI Li fEIU ft COBSTA WTS FOR EQ U A T ION S 4 ,  5 A N D  6 
C (EQ O JTICHS 2 4 ,  25 A I D  26)  
c 

c 

c 

c 

R K6 • -4 . 0 9 8 D 0 0- 3 2 q 5 . 2 D C O/T !!PL+2. 2 3 6 3 CS/ ( T ! ! P L * * 2 ) - 3 . 9 E4 D 7/ ( T ! � E L ** 
13 ) + ( 13 . 957 D 0 0- 1 26 2 .  3 D 0 0 /1' !! Pt +S.  56 4 1 D 5/ ( T E!SPl* * 2) ) * D L CG ( D.E NLIQ)  

B K6 • 1 0* *  ( B K 6 ) 

R K5• 1 0 * • ( 2 8 0 0 . 48D0 0+0 . 7 33 5 DO O *T ! ! P t- 8 06 7 C . O D O O/T E M P l  · 

1- 1 1 1 5 . 1 DO O * D L CG 1 0 ( T ! ! EL) ) 

R K4 • DE I P ( 3727. 86 D 0 0/T ! ! Pt- 1 1 . 6 32 6 D 0 0 +0. 0 19 22 1 2DO O* ! ! M EL )  

T OOTPL• !XPT!/2. 0 0 1 
S P1 1 •S P1* 11 U!DPS 
V OL D 1 • M U! D P S *VCLD 
T C L D =A 
Q • 1 . C D- 1 
IP ( iO L D ( 5 )  . G T .  O . CD G O) GO'IO 3 8  
W OLD (8 ) =0 . O D O O  
G OTO 37 

3 8  W OL D (8 ) =RK 6/WOLD ( 5 ) 
c 
3 7  W Bi t B ( 22 , 1 3 ) Cl2S P , C IS P , C BCIS P , CI03S P , C BSP , C OISP , 

c 

c 

1 CI 3 S P  
W R IT ! (5 0, 2 2) 1, TI!E , Cl2S P , CISP , CH OISP , CI 0 3S P , CBSP , C O IS F 

1 I CIJSP 

D O  1 1 00 Il= 1 , ILOOP 
I !K= l!K + 1 .  OD O O  
8 = 1 .  OD- 2 
T OL D =  A 
B •!I lT! 

C I H17I1LIZ ! T B! t li C P  C C �C! HTBl TION 
c 

c 

c 

C I2 t=CI 2SP 
i OL D (2 ) =C ISP 
W OLD ( 5 )  •C BSP 
W OLD (4 ) =CI C J S P  
W OLD (7 ) =CI 3 S  E 
W OLD ( 3 ) =C BCISP 
V OLD (6) •CO ISP 

S U!t!CL•O. 0 COO 
W AL I!CL = O .  O D O  C 
I PtA G= 1 
S PA• SP A 1 
V OLD=VOLD 1 

C B !GlH T HE RU B G !-KU%T l- F!LBBURG RO Uti NE TO DET ERM IN E 'l E E 
C A BSO .liPTIO B  EI 'IB! SPBA I DR CPLETS 
c 
1 T =70 LD 
c 
C D !T EB!IIE T B !  !ISS TB IBS P !B TO T H E  SPBA I  DBOPL!T S 
c 

c 

W OLD ( 1 ) •CI 21 
N !O l •iOLD C 1 ) * VC1D 
� OLT i=KLOV * B •S lJ* (Cl2 G*PC- WOLD ( 1 ) ) J 1 . 00 3  
W OLD C 1 ) = ( H ! CL + !OL T B ) /VOLD 

C C AL C UL A TE K ' S  
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c 
D O  3 C J = 1 , IM 

Y ( J) = Il CL D (J ) 
3 0  C O IITIN U !  
c 

c 
C ALL F U BC 't !l  ( ti , iOLD , l , I J) 

D O  4 0  J • 1 , l ll 
K 1  ( J) • B* l'  (J ) 

'1 0  C ONT IN O !  
c 

D O  5 0  J = 1 , I H  
i (J ) = W OL D (J) + K 1 (J ) / 4 . CD O O  

S C  C OB T I B U !  
c 

c 
C lLL P O IC � J ( Iii , lilOLD , P , l  B)  

DO 60 J•1 , I H 
K 2  ( J )  = B* l  (J ) 

6 0  C ON T I N U E  
c 

D O  8 0  J = 1 , Ill 
W (J ) = W OL D (J ) + 3 . 0D C C * K 1 (J ) / 3 . 2D 1 + 9 . C D OO * K2 (J ) / 3 . 2D 1 

8 0  C C HTIIIU ! 
c 

c 
C ALL F U BC T H ( i , iCL D , P , l ! )  

D O  9 C  J = 1 , l ll 
K3 ( J) = B* P  (J ) 

9 0  C C IIT IBU! 
c 

D O  1 1 0 Ja 1 , I I  
i (J ) = Il OL D ( J ) + 1 . 9 3 2 D 3 * K 1 (J ) /2 . 1 9 1D 3- 7 . 2 D 3 * K2 ( J) / 2 . 1 9 7 t 3  

1 + 7 . 2 9 6 D 3 * K 3 (J } / � . 1 9 7 D 3 
1 1 0 C OITI H U !  
c 

C A LL F O HC T B ( i , iC LD , P , I i ) 
c 

D O  1 2 0 J=- 1 , 1 1 
K'l ( J) = B* P  'J ) 

1 2 0 C OBTIH O E  
c 

D 0 1 3 0 J=- 1 , l B 
ll (J ) = W OL D (J ) + 4 . 3 9 D 2 *K 1 ( J ) / 2 .  1 6D 2- 8 . 0DO O * K 2 { J) +3 . 6 8 t 3 * K 3 ( J ) / 5 . 1 3 D 2 

1 - 8 . 4 5 D 2 * K 4 (J) / 4 . 1 0 gD J  
1 3 C C OIITIBU ! 

. 

c 
C AL L  P U JC T J ( i , iC L D , l , I i )  

c 
D O  1 40 J=- 1 ,  Ilf 

K S  ( J) = B* l  (J ) 
1 4 C  C CNT INO! 
c 

D O  1 5 0 J=- 1 , I H  
W (J ) = Il CL D ( J ) - 8 . D O O * K 1 (J) /2 . 7D 1 + 2 . DO O * K 2 (J) - 3 . 54 4D 3 * K 3 ( J ) / 2 . 5 6 5 D 3  

1 + 1 . 8 5 9 D 3 * K 4 (J ) / 4 . 1 0 4D 3- 1 . 1 D 1 * 85 (J) /4 . 0D 1 
1 5 C C ON T I N U E  
c 

C ALL P U IC T B ( W , iOLD , P , I J) 
c 

D O  1 6 0 J= 1 , I ll 
K6 (J)  = H* P  (J)  

1 6 0  C ON T I N U E  
c 
c 
C D ET ! B!I I E  TB ! B!W CC BC !J.T B JT I O B  IN T B! $PB AI tRO P L E 1 S  F O B  AL� OF 
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C T HE IO D I N E  B I CECLYSIS S P EC IES AN I C H ECK !B BO B 
c 

D C  1 CO J= 1 , I l  
WB ( J) = iOL C (J )  + 1 .  6 D 1 * K 1 (J)  / 1 .  3 50 2 + E. 6 56 D 3 *  K 3 (J)  / 1 .  2 E 2 �0 4 +  

1 2 . 8 5 6 1 D 4 * K 4 ( J ) / 5 . 6 4 3 C 4- 9 . 0 D C C * K5 ( J) /5 . 0 D 1 + 2 . 0 t 0 0 * K 6 ( J ) /5 . 5 D 1  
R (J ) = A ES ( K 1 (J ) /3 . 6D 2- 1 . 2 8D 2 * K 3 ( J ) J4 .27 5 D 3 - 2 . 1 9 7 D3 * R 4 t J ) /7 . 5 24 C 4 

+ K 5 (J) /5. 0 D 1 + 2 . 0 D OO * K 6 ( J ) J 5 . 50 1 ) / H 
TOL (� ) • A B S ( i B (J) * T C L ! B )  
D!L T A (J) = 0 . 8 4 * (TOL ( J ) /B ( J) ) * * 0 . 2 5 

1 0 0  C C lf'l i H U E  

c 

D O  5 C O J= 1 , I I  
I7 ( B (J ) . Gt .  �OL ( J ) ) G CTO 9 0 0  

S O C  C CI1:l !I O E  
c 

D O  5 1 0 J= 1 ,I I 
iOL t (J ) = i B  (J)  

5 1 0 C C l 'l l !I U  B 
c 

C D ET !B M I B E  T B I  EQOILI BBIO M COBC INTB AT I CN S  O F  E Q UA TI O N S .  2 4 , 2 5  A N D 
c 2 6  
c 

c 

c 

c 

c 

c 

c 

B B•- 1 . 0 D O O- ( iO LD ( 2 ) + i C l D ( 1 ) ) * B K4 
C =W OtD ( 2) * WO L D ( 1 ) * B K 4- iOL D (7)  
D =-B E/ ( 2. 0 D O O * EK 4 )  
E = ( ( EB * * 2 . 0 D 0 0-4. 0 tO O • B K4 *C) * * 0 . 5 D 0 0 ) / ( 2 . 0 D O O * B K 4 )  
V =D- ! 

I P (V . L T. 1 . 0 D - 1 8  . A li t .  V . BE .  O . O DO O) CALL IT'IEB ( i C.L t , R K 4 , C , V )  

W OL D  C7 ) =WO L D  (7 ) +V 
W OL D  ( 1 )  =W O LD ( 1 } - V 
i OL D ( 2 ) = iO LD ( 2 ) - V  

I F ( I N  . EQ .  4 ) GCTO 60 0 

B B• W CLD ( 6 t + i C LD ( 5 ) + & K5 
S =- B KS * iO L D ( 3 } + W C lt ( 6 ) * i O.L D ( 5 )  
M = (- iB + CBR * B B- 4 . 0 D O O * S ) ** 0 . 5 ) / 2. 0 D O O  
W OL D (5 ) =WOLD ( 5 ) +M 

G OT O  6 0 5  

6 C C  tl =  ( B KS * iO L D  ( 3 ) - WOLD ( 6 )  *W C L t  ( 5) ) I  (WO.L t (5 ) + B KS ) 
c 
6 0 5  W OL D (6 ) =WOLD ( 6 ) + M  

W OL D ( 3 ) =W O L D ( 3 ) - M 
c 

c 
I F ( l l  . !Q .  4 ) GCTO 6 1 4 

O =W O LD ( 8 ) * i 0 1 D ( S ) - E K6 
V V= i CLD � } + i C l t ( S )  
X = (- VV + (VV*VV- 4 . 0 D O O * U ) ** 0 . 5) / 2 . 0 D O O 
W OL D (5) =i O l D ( 5 ) +X 
W OLD (8)  = W O LD (8) +I 

c 
6 1 4  I P ( IY.L A G  . IQ .  2 . O B .  TOLD .LT . W L T !) GOT O 6 1 5 

I PL 1 G= 2  
c 

D O  6 20 J• 1 I 7 
COB ilL (J , 1 ) = WCLD ( J )  

6 2 0  C OII T I B O E 
c 

c 

S PA = S.P1 1 *  ( 1 - i P iAC)  
V OL D=VO LD 1 * ( 1 . 0 tO O -i P B JC)  
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6 1 �  T O tD=tOlD + B  

c 

c 

S O! ft CL= SU ft P. C L + !CL! i 
1! BT= TB ft VEL * T I M E 
C I 2L =V B ( 1 )  
P B'I:� 70LD* 'r B ft 'l ! l  
D EL• t !L'!A 1 1 ) 

I P (I B . B Q .  1 ) G CT C  9 0 5  

D O  5 2 0 J• 2 , I Ii 
. liP ( DEL . L T. D !l.'I l ( J ) ) GOtO 5 2 0  

DE L = D ! l1 l  ( J )  
5 2 0  C OH'X I N O E  
c 

G O!O 9 0 5  
c 
C D !t ! B SI J ! l !i S ! ! E  51 2 !  
c 
9 0 0 D !t:� t! L71 ( J) 
c 
9 0 5  Il ( D lL .GT . C) GOTO 9 1 0 

H !I !W •Q* B 
G OT O  1 0 00 

c 
9 1 0  I P ( D !L .L t .  � . O ) GO'lO 9 20 

H H! W •li . OD O O* B  
G OTO 1 0 00 

c 
9 2 0  B H E V • D !t* B  
c 
C C HEC K NEi ST EP SIZ E W I T H  ! AX 1 !10 B I N  ST EP SI Z E 
c 
1 0 C O  I F  ( BN! i . L�. B ! J X ) GC'I C 9 3 0 

H NE W =H ! UX 
c 
93 C I P  ( B I E li  . t�. B !!I I ) GO'l C 1 1 1 1  

L E:P 'r •B - 'IO LJ:- 8 BEl  
c 

I l (L !:PT . G 1. O . O ) G CTC 5 0 0 0  
H N! i=B- 'IOLD 

c 
S C C O  H = B H E V  
c 
c 

c 
c 

I:P ( 'ICLD . G !. B ) GOTC 9 9 9  

GO'lO 1 

C B EG I H  D ETEB ! I N A'II O N  OF T B !  RE MOV AL B I  T H E ilLLS 
c 
9 9 9  TI!!='r� !E +T O L D / 6 . 0 D 1  
c 
c 
C WBitE ( 5 , � 3 ) II ,ILOC E , I !! , I ! lX 
4 3  FOB! l'l C�I6 ) 

c 

Il (I ! . GE .  I !! l J ) GOT C 7 9  
I l!I= I ! + 1 

C O !T!BftlN! T B !  ! lSS 'r B l H SlEB TO T B! W AT! B O N  T H E  i A L L S  
c 
7 9  D O 8 4 I C=I ! , 1 , - 1  
C WBI'I! ( S , 4 4 ) IQ , I ! 
4 ll  POB ! IT ( 2I6 ) 

W S O !:� O . O D O O  
CAL L W A LL (C CNi lL , l , B 1 B ftl i 1 H ftl X , I N 1 D IFL I 0 1 i ! �B L Y S O ! , D ! N t i Q , K LY , 
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c 
c 

1 W AB! A , i VO t , T CL ! i , i P I 1 ! , WV !l , PL BlT, i F SAC , IQ , R K 4 , R K S , B K 6 , C I 2 G , PC ,  
2! l P !  !) 

W At a CL• WA L !C L + W S D !  

D O  8 5  J = 1 , 7  
CO H i lL (J , IQ + 1 ) =C O B i l t (J , I Q) 

8 5  C OlT IlltJ ! 
c 
8 tJ C OlT l!ltJ E 
c 
C D ET !B ! I I E T B !  C O HC ! N T B ATI O H  I N . T B !  S tJ!P 
c 

c 

c 

C AL L  P O CL ( C O IPCL , A , B , B !I B , B!AX , I M , tOL!B ) 

I Y ( I B  . GT .  I ! l l ) GOtO 8 3  

D O  8 1  J=1 , 7  , 
CO N P O L  (J ) = ( CO N P OL (J)  *POL V OI. +W OL D  (J) *VO LD)  / ( PO L V O L + V O ID)  

8 1  C O li T IHtJ ! 
c 

c 

P OL V CL= PO L V C L + VCLD 
G OtO 8 7  

8 3  D O  8 2  J= 1 , 7  
CO N P OL (J ) = (CO MPOL ( J ) *POL V CL+CCN i A I. ( J , I M A X + 1 ) *W V O L + wO l D ( J )  * V CL D ) / (  

1i VOL +VOLD + P C L  V CL )  
8 2  C OB T I M D !  
c 

P OL V CI.• PO L V Ct + V CL D + i V C L 
8 7  C l2 G• ( C I2 G *C VOL- (S D B ! O L+WAL!Ol.) ) /CVOI. 
c 

S O! = StJ ! !OL + S U !+i l L !C t  
c 

c 

W BIT! ( S 0 , 2 2 ) I I , T I ! ! , VCLD ( 1 ) , VO I.D ( 2 ) , iOL D ( 3 ) , W O L D (4 ) , W C LD ( 5 ) , 
1 i C LD ( 6 ) , i C LD ( 7 )  

i B IT ! ( 5 2 , 2 2) I I , T I M ! , CO I PO L ( 1 )  , C O N �CL ( �  , CO NP C l (3 ) , C C N f C L ( 4 ) , 
1 CO IPOL ( 5 ) , CO HP O L ( 6 ) , C O M P OL ( 7 )  

V BI T ! ( 5 1 , 2 3 ) TI !! , SQ B ! C t , Cl 2G , S O! 

1 1 00 C ONT INO ! 
c 
C D ET ! i!II E TH E T B A H S P ! A  BY THE W A T E B  STI L L  tB AINI H G  C F F  T H E  W A L L S  
c 
9 1  D O  9 5  I Q= 1  , I !  

c 

c 

c 

CA LL i lLI. (C C B i lL, l , B , B!I B , H! A X , I li , D IFL I Q , iBlB , W SO ! , D ! N l i C , K 1W ,  
1 W AB ! J , iVO L , T CL ! B , i Pi t ! , W V !1 , P L BAt , W ! B AC , IQ , B K 4 , RK5 , B K 6 , C I 2 G , EC ,  
2E XPT ! )  

W AL B CL= WA L ! OL + i S O B  
S Qft = S O !  + i S O !  
C I2 G = (Cl2G *C V 01-V S O ! *G lS P AC) /CVOL 

C AL L  P O CI. (CO HPO L , A , B , B " IH , B !AX , I H , T O L ER )  

D O  9 2  J = 1 , 7  
C O B PO L (J ) = ( CO HPOL (J ) * POL V CL + C C N W AL ( J , I Q) * WV OL) / ( i V CL + PO L V O L )  

9 2  C OBT lliU !  
c 

P OL Y CL = POL V O L + i VOL 
9 �  C OB 'll li U !  
c 

c 

I F (I ! . I.! .  1 ) G CT C 2 0 0 0  
I !=I!- 1  
G OTO 9 1  

24 2 



c 

W R1T E (5 0 , 2 2) Il , TI � E , i C L D ( 1 ) , W O tD ( 2 ) , i OL D (3 ) , iOLD (4 ) , W C LD ( 5 ) , 
1 i C lD ( 6 )  , W C t D ( 7) 
i B IT E ( 5 2 , 2 2 ) II , TIM E , C O ti PO L ( l )  , CO N FCL ( �  , C O N2 C L ( 3 ) , C C N f OL ( 4 ) , 

1 CO BPOL ( S ) , CO N P C L ( 6 ) , C C 6 P C L ( 7 )  

2 0 C O S O! G iM= 2 . 5 3 8 0 9 t2*S O !  

c 

c 

E RR O B a 1 . 0 D 2* (B ! t! X P- S O �G B M ) /B ftDE l P  
I I• I I- 1 
S U! G ift2 2 . 5 3 80 9 t 2 * S D ! 
E BB O B= 1 . 0 D 2* C B ! DE I P-S D ft GB!) /B ftD ! l P  

i BI T !  ( 2 2 ,  1 6 )  CI 2G 
W BI T ! ( 2 2 , 1 5 ) S D ! ,S O ! G i !  
W BIT ! ( 2 2, 1 4 ) 
i BI T I ( 2 2, 1 3) C O HPOL ( 1 ) , CO I P OL ( 2 ) 1 CO I P OL ( 3 } 1 C0 5 E Ol ( 4 )  , C C N P C L ( S ) , 

1 CO IPOL ( 6 ) , CO H P Cl (7) 
G OTO 30 00 

1 1 1 1 V BI T E ( 4 0 , 2 1 ) B ! E i  
c 
3 0 00 S 'ICP 

E BD 
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c • • • • •• •• • •• • • • • • • ••••• • • • • • ••• • • •• • • • • • • • •** • •• •• •• •• •• • • • •• • • • • • •• •• 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

S OBB O OT I H !  lil.Ll 

T HI S  S U EROUT IB E IS CALLED lBO � T HE B O UT I N !  W A LL- SP R A Y . I H I S  
S OB B O O T IH E C !T EB !I J ! S T B !  BEMO Vlt C !  �O l ! COLAB I C D I J !  B Y  T E E  
W lT!B P L O W I N G  tCW B T H E  W AL lS O P  1 CO RTA IN! EB I  VES S E L .  T H E  
A LG O BI T H !  OS ! D  P O B  T B !  !ASS T B A H S l ! R IS PC B A PA L L I N G  LI C U I D  
F IL !  A N D  A B U H G!-K UTT J - P ! L BB O R G  5 ( 4)  RO UTI N E  I S  U S f t  10 
N U! E BIC ALL I IH T !GB A T !  T B! IOD I N E B ID BOL Y S I S  B E AC TI C J S .  

c ••• ••• •• ••• • • • • • • •• • ••• • • • • • • • • •• • • •• • • •• ••• • •• •• • • • • •• • • • • • • • • • • •• •• 

c 

c 

c 

c 

S OBBCO! ll !  I JLL (CO I I A l 1 1 1 E 1 H ! I I1 B ! A I 1 IH 1 D I FLIQ 1 W !fB 1 i S UM , D ! N L I � ,  
1 K LW 1 1lR !l 1 iV C L 1TOL E B 1 iPIL ! , WV E L 1 P LB A T 1 i FBAC , I 0 1B Kq 1 � R S 1 R K 6 1 C I 2 G , P C 
2 1 !I P 1!) 

. 

I !P L IC IT D O O !L E  P B E C IS IO R  (l- H 1 K - Z )  
I !PL ICIT IBT! G ! B  (I-J)  

D I ! E IS IOH li ( 8 )  1 CO H I A L ( 8 1 3 0 0) 1 K 1 ( 7) 1 K 2 (7 )  , K 3 ( 7 ) , R  (1 )  , i 'f ( 7 ) , 
1 D ! LT A ( 1 )  I i E s ( 1 )  I l ( 7) I K 4 (1) I K 5 '7)  I K 6 ( 7 )  I 'I c L ( 7) I • A l c c N ( � )  

2 1  P OR ! lT ( ' S T !P S I Z E  E !L C i  S T E P  ei N ' 1 D 1 5 . 7 )  
c 

c 

c 

C I2 1 :C 0 1UllL ( 1 1 I C) 
TCLD =A 
Q • 1 . 0 D- 1 
8= 1 .  O D- 2  

C ORW JL (8 1 I O ) � B K6/CO B i i L ( 5 1 I Q) 

C O S! SEC AB T ! !T BCD TO t !TIB !I B !  T H E  LOG ! !A N  B ULK C C BC EH T B A T I C N  
C I H T HE U Q OI C  
c 
1 C OH i l L  ( 1 1 I C) =CI 2 W  

I H ! Cl•CC R i l L ( 1 1 I O ) *iV C t/ 1 . 0D3 
P O�C CMW 1L ( 1 1 I0 ) * 1 . 0 2 D 0 0 
P 1 =C CH i AL ( 1 1 lQ ) * 1 . 0 5 D C O  
Q O• H * K L I/ W PI L ! * (P 0-CO i i 1L ( 1 , I Q ) ) /DLOG ( ( C I2 G* PC-C O N W A l t 1 , ! Q ) ) / ( CI 2 G  

1 * PC-EO) ) + CG J i l t ( 1 , l t ) - �0 
5 5  Q 1 =H * K L W/W F I L M * (P 1 -CO i i AL ( 1 1 I Q) ) /DLO G ( ( C I 2 G* PC-C O N W A L ( 1 , I C ) ) / (C I 2G 

c 

1* PC- P 1 ) ) +C O i i 1L ( � 1 I O ) - P 1  
C I2L != ( 0 1 * P O-Q O * P 1 ) / (C 1-Q 0 )  
C HECX=lES ( CI �L !- P 1 ) / P 1  
I P ( C H EC K  . L!. 1. 0 D - 3 ) GCTO 59 
P O=P 1 
Q O= Q 1 
P 1=C l 2 L !!  
G OTO 5 5  

5 9  V !OL 7B= NFI L ! * (Cl2L!-CC 5 i A L ( 1 1 I C) ) * i A BEA* B/ ( 1 . 0 D3 * E X IT � )  
W S08= i ! O LT �+ i S U !  
C OB W AL ( 1 1 I Q ) =C C i i lL ( 1 1 IQ ) + W !O L T B * 1 . 0 D 3/ W VOL 

c 
C B EGI J B O HGE-KO!T l- l ! l BEU B G  BOUTI H !  
c 
C C ALC OLA 'I! K '  S 
c 

D O  3 0  J= 1 , I I 
W (J ) =CONW A L (J , I Q )  

3 0  C CttT IB U E  
c 
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C AL L  PU IC T B ( i , CO H W A L , l , IB )  
c 

D O  &1 0  J a 1 , I B 
K 1  ( J) • B* P  (J ) 

&1 0  C ONT I N U E  
c 

D O  SC J = 1 , Ill 
W (J ) = C C B W l L ( J ,IQ) + K 1 (J) /&I . OD O C  

5 0  C O B T I B O ! 
c 

C lLL P O BC TB ( i , C C H i lt , l , I B )  
c 

D O  6 0  J z 1 , Ill 
K 2  {J) = 8* 1  ( J ) 

6 0  C OR T i lf O ! 
c 

DO 8 0  J • 1 , I I 
W (J ) =CCI W l L (� ,IQ) + 3 . 0 D C O * K 1 (J ) /3 . 2D 1 + 9 . 0D OO * K2 ( J) / 3 . 2D 1 

8 0  C ONT INO ! 
. 

c 
C ALL PO BCTN (i , CO B W J L , f , IN )  

c 
D O  9 C  J = 1 , II 

K 3  ( J) = B* P  (J ) 
9 0  C CHT INO E 
c 

D O  1 1 0 J= 1 , I I  
W (J ) = CCBW A L (J , IQ) + 1 . 9 3 2D 3 * K 1  (J) /2 . 1 9 7D 3-7 . 2 D 3 * K 2 ( J) / � . 1 9 7 t 3  

1 +7 . 2 9 6 D 3 *K3 (J ) / 2 . 1 9 7D 3 
1 1 C C OB 7 I B D !  
c 

C ALL P O JC I I ( i , CO B i l L , ! ,IB) 
c 

D O  1 2 0 J= 1 , I lf  
K 4 ( J) = H *  P ( J  ) 

1 2  0 C OB"f IKD ! 
c 

D O  1 3 0 J= 1 , I I 
W (J ) =COHW ll ( J , IQ) + 11 . 3 9 D2*K 1 (J) / 2 . 1 6 D2- 8 . D O O * K 2 ( J) + 3 . 6 8 0 3 * 1< 3  (J ) / 5 .  

11 3D2-8 . 11 5 D 2 * K 4 � ) / 4 . 1 C IID 3  
1 3 0  C OB T I N D E  
c 

C AL L  P O BC I B ( i , CO lf i A L , F , I B) 
c 

D O  1 4 0 J= 1 , 1 1 
KS ( J) = B* P (J)  

1 4 0 C OB7 INO ! 
c 

D O  1 5 0 J= 1 , .I I  
W (J ) =C OH W lL ( J , IQ ) - 8 . D C O* K 1 (J ) /2 . 7 D 1 +2. D O O * K 2 ( �  - 3 . 5 4 4 D 3 * K 3 ( J) / 2 .  

1 5 65 D 3 + 1 . 8 5 9 D 3 * K II (J ) / 4 . 1 0 &1D 3- 1 . 1 D 1 * KS (J) /4 . 0D 1  
1 � 0  C ON 7 I B O !  
c 

C lLL P D BC T J ( i , COHi A t , F , I B )  
c 

D 0 1 6 0 Ja 1 , I M 
K6 ( J) = B* P  (J ) 

1 6 0  C ON T I N O !  
c 
c 
C D ET !B!IHE T B !  lEW C O B C !BT B lTI O N  O P  T HE IOD lN ! BY DR O� Y SIS SE ECI ES 
C I N  T HE LI QUI D CH T B E W A LLS A N D  C H ECK EB BOB 
c 

D O  1 CO J= 1 , I I  
W B (J) • C O B i l l ( J , IQ) + 1 . 6D 1 * K 1 ( J ) / 1 . 3 5 D 2+ 6 . 6 56 D 3 *K 3 (J) / 1 . 2 8 2 � D 4 +  

2 . 8 5 6 1 t 4*K4 ( J ) J 5 . 6 &1 3 D 4- 9 . 0 D C O * KS ( J) / 5 . 0 D 1 + 2 . 0 t 0 C * K 6 ( J ) /S . S D 1  
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R (J ) = 1 ES ( K 1 (J ) /3 . 6 D 2- 1 . 2 8D 2 *�3 ( J ) I 4 • 27 5 D 3-2 . 1 97 03 * g 4 IJ) /7 .5 24 04 
+ K 5 (J) /5. 0D 1 + 2 . 0 D C O * K 6 ( J ) J 5 . 5D 1 ) / H 

!OL (J) =AB S ( i E fJ ) *T C L ! E )  
D !L TA (J) = 0 . 8 4 * (TO L {J ) /B (J) ) * * 0 . 2 5 

1 0 0 C ONTl:tfU ! 
c 

D O  5 C O J= 1 , I I 
ll ( B (J )  . G t.  TOL ( J ) ) GCTO 9 0 0  

50 C C CNTIH U! 
c 

D 0 5 10 J= 1 , I li 
CO H i ll. (J , IQ ) = i E  (J ) 

5 1 C C O N T INU E 
c 
C D !T EB ft i H !  TB ! !Q OILIE B IU ft COBC ! H T B AT IOI OF E Q O A! IO H  � 4 ,  2 5  A N D  
C 2 6  POB THE ClL IBDBICAL PI!CE OP TB! ilLL 
c 

c 

c 

B B•- 1. 0 t00- (COBilL (2 , IQ) +COii lL ( 1 , IQ ) ) * BK 4  
C =CO NilL ( 2 , lQ) *CO H i AL ( 1 , I Q ) * B K 4- CO H i AL ( 7 , I Q) 
D=-BE/ ( 2. 0 C O C *B K 4 )  
E = ( ( EB * * 2 . 0D0 0-4. 0 C OO * B K4 *C) * * O . S t 0 0 ) / ( 2 . 0 DO O*BK 4) 
V•D - !  

I P ( V . G 7. 1 . 0 D- 1 8  . A I D . V . !Q .  O . O tO O) GO'IO 5 75 
W ALCCB C 1 ) = CO i i ll ( 1 , l t ) 
Y ALCCH ( 2) = CO � W AL ( 1 , IQ )  
C ALL ITTER (W ILCOH , B K 4 , C , V) 

5 7 5  C OHi lL (7, IQ) =CCHi1L (7 , IQ) + V  

c 

c 

c 

C CH i ll. ( 1 , I Q ) =C C N i l L ( 1 , I Q ) - V  
C OB i i L ( 2 , I t) =CCJ W l t ( 2 , IQ) -V 

I P ( I I  . EQ .  4 ) GC70 600  

R R= C OH W AL ( 6 , I Q ) +CO B W lt ( 5 , I Q) + B K 5  
S=-R K5 * CO i i l l ( 3 , I t ) +CCNi lL ( 6 , IC) *CO H WAL ( 5 , IQ )  
ft = (- EB + (RB *!R- 4. 0 D O O * S ) * * C . 5) /2 . 0D C O 
C C:tfi ll. ( S, I C ) =CCB i lL ( S , l C) + ft  
G OTO 6 0 5  

6 0 0  ft =  ( B  K5*CO N i  lL  ( 3  ,IQ) -CC iiUL ( 6 ,  IQ) *CO N i  lL (5 , IQ ) ) I ( CO N i A l  ( 5  , I C )  + R  K S )  
c 
6 0 5  C O B i lL ( 6 , I C ) =CC N W l L (6 , IQ ) + ft  

c 

c 

c 
6 1 � 

c 

c 

c 

.C OJ:Ii lL ( 3, I C )  =C CNW lL ( 3 ,  IQ) - l'l  

I P ( I J . !Q .  4 ) GOTO 6 1 5 

O=C O J WA L ( 8 , I t ) *CO E i l l ( S , I C) -BK6 
V V=C CR i AL ( 8 , l t ) +CO i W I L ( 5 , I t) 
X = (- VV + (VV *VV- 4 . 0 0 0 0*0 ) * * 0 . 5) /2. 0 0 0 0 
C O:tf i AL ( 5, IC) =C C B i ll ( 5 , IQ) + l  
C CBW AL ( 8 , I �) =C CBi l L ( 8 , I Q) +X 

I=I + 1 
T OL D =TOLD + B  

C I2 W 2CO NW A L ( 1 , 1Q )  
D EI.: t!LTA ( 1 )  

I l ( I I  . !Q .  1 ) G070 9 0 5  

D O  5 20 J= 2 ,I I  
Il' ( t !l . L t. D ELt A (J) ) GOTO 5 2 0  
tEI.aDELTA (J ) 

S � C  C OBTIBU E 
c 
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G OTO 9 0 5  
c 

C D ET E B � I N E N ! i  St ! E  S I Z !  
c 
9 0 0 O !t= t!L!A ( J) 

c 
9 0 �  I F (D lL . G t . C ) GOTO 9 1 0  

HH ! iaQ •B 
G CT O  1 0 00 

c 

9 1 C  IF (D !L .L T .  4. 0) GOtC 9 2 0 
B H E W a'J . O D C O • H 

G OTO 1 0 00 
c 
9 2 C  B N!W =D�t* H 
c 
C C B!C l HEW STEP SIZ! i lTH !II l iD ! I H  ST E P  SI Z E  
c 
1 0 CO I F  ( B N E i  . L T .  H ! A I ) GC! C 9 3 0 

HH ! li= B !I X  
c 
93 0 I F  ( BH ! i  . LT. H!I B ) GOtC 1 1 1 1 

tB P"laB -TO t t- B I Ei 
c 

I P (L !FT . G ! .  O . O ) GCTC 5 0 0 0  
H NE W =B- !O t C  

c 
5 0 C C  H aB H ! i 
c 

c 
c 

I P ( t CL D . G !. B ) GOT C 9 9 9  
G OTO 1 

1 1 1 1 W R IT ! (4 0 , 2 1 ) B R Ei 
9 9 9  R !T U E. H  

E ND 
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c ••• • •• •• • ••••• • • • •••••• ••••••• • •••• • • • • •• ••• • •• • • ••• • •• • • • • • • • • • • • • • •  

c 
c 
c 
c 
c 
c 
c 
c 
c 

S OB B CU'I: I N !  POOL 

T HI S  S O B B O UT I H !  D!T !B ! I NES T H E  C O B CE NTB ATIOH O P  t H E  ICDI N E  
H !DBCLYSIS S P E CI E S  I I  THE SU8P P CO I .  A B O NG !- KU TT J. - F llB E U E G 
5 � )  BO UT I B !  IS OS I C  TC I BT !G B AT !  ! H E  I O C I N E  HYD BO L l S lS 
R !lC TI O BS. !HIS S O EBCUT I H !  IS CALl ! BO H  T HE i AL L- S P R A !  
B OO T IN ! .  

C **** ** ** * ** * * * * ** ** *** * * ** * **** ** ** * * * * ** *** * ** * * ** * * ** * * * * * ** * * * ** * * *  
c 

S UBBCU� I B E  PCCt (CO IP C t ,l , ! , HMI J , B ! AI , IH , TO LEB)  
c 

I MP L IC I T  D CU E t !  P B !CISIOI (1-H , K -Z ) 
I MPL IC I T I N T ! G ! B ( I- J)  

c 
D l i! E IS I Oll CO HPCL (8 ) , C C (7 ) , K 1  (7)  , K 2 (7 )  , K 3 ( 7 ) , K 4 ( 7 ) , K 7 { i) , K 6  ( 7 ) ,  

1 TCt ( i) , D ELTA ( 7 ) , B ( 7) ,CCB (7 ) ,F ( 7) 
c 
2 1  F O B ! JT ( '  S 'I ! P  S I Z E  E !l O W  H l! I N  1 , ! 1 5 . 7) 
c 

c 

8 = 1 .  OD- 2 
0�1 . CD- 1 
P TO L t= l 

C B !G IJ T HE  BO B G E-KUTT I- f !LH !U B G  B O U TI N !  
c 
C C ALC UL A TE K ' S  
c 
2 D O  3 1  J� 1 , IJ 

CC (J) •COHPOL ( J )  
3 1  C OHT IIU ! 
c 

C IL L  1U NCT H ( C C , CO H P OL , F , I N ) 
c 

D 0 4 1 J = 1 ,  Ill 
K1 ( J) = B* P (J ) 

4 1  C OIT IHU ! 
c 

D O  5 1  J = 1 , II 
CC (J) = C O H PO L (J) +K 1 ( J ) / 4 . 0 D 0 0  

5 1  C OB Tl H U !  
c 

C A LL P U NC T N ( CC , CO B ECL , l , l l )  
c 

D 0 6 1 J= 1 , II 
K2 ( J) = B* P (J ) 

6 1 C ONTIBO ! 
c 

D O  8 1  J = 1 , 11 
CC ( J) = C OHPOt ( J) + 3 . 0D C C *K 1 (J) / 3 . 2D 1 + S . O D C O * K 2 ( J) /3 . 2 D 1  

8 1  C OHT IHO ! 
c 

c 
C ALL l O I CT H (CC , CO HP OL , P , I N )  

D O  9 1  J = 1 , IH 
KJ (J)  = B* P (J ) 

9 1  C OB T IH O !  
c 

D O  1 1 1 J= 1 , I I 
CC (J) =C OH POL (J) + 1 . 9 3 2 D3*K 1 ( J ) /2 . 1 9 1 D3- 7 . 2D3 * K 2 ( J) / 2 . 1 9 7 D 3  

+7 . 2 9 6 D 3 * K 3 ( J ) / 2 . 1 9 7 D 3 . 
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1 1 1  C OR T IH U !  
c 

C A LL .l' U !C T I!I (CC .CCN ECL 1 F 1 I Nf  
c 

D 0 1 2 1  Ja 1 1 I I 
K 4  (J)  � a• P  (J ) 

1 :i 1  C O HTIH U E  
c 

D 0 1 3 1  J� 1 I 1 M  
CC ( J) �COR POL ( J ) + 4 . 29D 2* K 1 (J) / 2 . 1 6 D 2 - 8. 0DO O* K 2 (J ) + 

1 3 . 6 8 D 3 * K 3 (J) / 5 . 1 3 D 2- 8 . 4 5 D 2 * K 4 C J ) /4 . 1 0 4D 3  
1 3 1  C OH T i lf U E  
c 

C ALL P U HCTJ (CC 1COBECL 1 l 1 IH) 
c 

1) 0 1 4 1 Ja 1 1 II 
K 5 ( J) a 8* l (J ) 

1 4 1  C OBT 1110 .! 
c 

D O  1 5 1 J• 1 1 l l 
CC (J) =C O N POL (J ) - 8 . 0 D O O * K 1 (J) / 2 . 7D 1 + 2 . 0 0 0 0 * K 2 (J) -

1 3 . 5 4 4 D 3 * K 3 (J) / 2 . 5 6 5 D3 + 1 . 85 9D 3 * K4 �) /4 . 10 4D 3- 1 . 1 C 1 * K S (J) /4 . 0 0 1  
1 5 1  C O IT i lf U E  . 
c 

C ALL P U IC T ! ( C C , C O B E C L 1 ! . � N )  
c 

D O  1 6 1 J= 1 1 I B 
K6 ( J) = B* P {J )  

1 6 1  C ORTI H U !  
c 
C O ET EBftiN E  T B !  B!i COIC !BTBATI O H  OP T B! IOD ilf ! HY DR OlY SIS S F E CI E S  
C IN T BE SO ftP POOL A I D  C HECK !BBOB 
c 

D O  1 G 1  J= 1 . IB · 
CCB (J) =C O BPCL (J) + 1 . 6 C 1 *K 1 (J) / 1 . 3 5 D 2 +6. 6 5 6 D3 * K3 ( J) / 1 . �82 5 D 4 + 

1 2 . 8 5 6 1 C 4 *K 4 (J) /5 . 6 4 3 D 4- 9 . CD O O * K5 ( J ) /5 . 0 D 1 + 2 . 0 t 0 0 * K 6  ( J ) /5 . 5 0 1 
B ( J ) = A BS ( K 1 ( J ) / 3 . 6 D 2 - 1 . 2 8 C 2 * K l (J ) / 4 . 27 5 C 3-2 . 1 9 7 D3 * K 4 (J ) / 7 . 5 2 4 0 4 

+ K5 {J ) /5 . 0 D 1� 2 . 0 D OO * K 6 ( J ) /5 . 5D 1 ) / H  
TOL CJ )  = A I! S  (C CE { J )  *'l: CL! B )  
D!L TA (J) = 0 . 8 4 * (TO L (J) /B ( J ) ) * * 0 . 2 5  

1 0 1  C ONT IBO ! 
c 

0 0 5 C 1  Ja 1 1 I ll  
11' ( B  (J)  • Gt . 'IOL ( J ) ) GCTO 9 0 1  

5 0 1  C OB T II U !  
c 

D O  5 1 1 J= 1 ,� B 
CO M EOL (J ) =CCI! CJ )  

5 1 1  C OBt llfO ! 
c 
C D BT E BftiN ! T B !  EQUILO E B IU ft  COMC !NTBATICN OF E Q UAT IO N S  � 4 , 2 5  AN D 
c 2 6  
c 

c 

B B=- 1 . 0 DO O - (CO BPOL ( 2 ) +COBPOL ( 1 ) ) *RK4 
C=CO IPOL ( 2 ) * CO I PO L C 1 ) *BK4-COMPOL (7 ) 
D •- B E/ ( 2 . 0 D O C * S K 4 )  
E= ( ( EB * * 2 . 0D0 0 -4. 0 C O O * SK4 *C) * * O . S D 0 0 ) / ( 2 . 0 DO O*BK 4 ) 
V =D- ! 

6 6 6 I P ( V . Lt. 1 . 0D- 1 8  . A I D .  V . HE. O. O D O O ) C ALL I � '!!B (C O N P C L 1 B K 4 . C , V )  
c 

c 

C ORP CL (7 ) =CO I P CL (7 ) +V 
C OlfPCL ( 1) =CO NPCL ( 1 )  -V 
C O B P CL ( 2) =CO IP Ct ( 2 ) -V 

I P (ll . !Q .  4 ) GCTO 6 0 1 
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c 
B B=C C B P CL ( 6 )  +C C HE C L ( S ) + B K S  
S•-B KS * CO B E CL ( 3 ) +CC H P C L (6 ) *CO N PO L ( 5) 
!= (- & B + CBB *BB- 4. 0 D O O * S ) ** 0 . 5 ) / 2 . 0 D 0 0  
C OJ P CL ( 5 ) =CO NPCt ( 5 ) + �  
G O'r O  6 0 6  

c 
6 0 1  li= ( B KS *CO l U C L  ( 3 ) -C C H EC L ( 6 )  *CO NEO L ( 5 ) ) / ( CO N PO L  ( 5 )  +R K S )  
c 
6 0 6  C ON P CL ( 6 )  =CO IPCL ( 6 )  +I! 

C OI P OL ( 3) •CO B P OL ( 3 ) - ! 
c 

c 
I F ( l� . EQ .  4 ) GC!O 6 1 6 

O =C O HPO L ( 8 ) *CC IEOL ( 5 ) - i K6 
V V=C CBP OL (8) +CC 5 i C l C 5 ) 
I = (- VV + CVV * V V- 4 . 0 D OO * U ) ** 0. 5) /2. 0 D OO 
C O N P CL ( S) =CO HPCL ( S ) + I  
C O HP CL ( 8 ) =CO � F C 1 ( 8 ) + 1  

c 
6 1 6 PTOLD= P TO L t + H  

c 

c 

D !L= t!L T1 ( 1 ) 

I P ( l l  . !Q .
· 

1 ) GCTO 9 0 6  

D O  5 2 1  J= 2 , I I  
IF ( D IL . L !. D ! lTA (J ) ) GCT O 5 2 1 
D!L= D E LT A (J ) 

5 2 1 C OB 'rlli D !  
c 

G O'! O  9 0 6  
c 
C D �! i l!I B I  H!i STEP 5 1 2 !  
c 
9 0 1  D !L = tELtA ( J) 
c 
9 0 6 IP (D !l. . GT . Q ) GOTO 9 1 1  

H ll !i=Q* B 
G OTO 1 0 0 1  

c 
9 1 1  I P (D !L .L T .  4 . 0 ) GO TO 9 2 1  

B RE W =4 . 0D O O * B  
G CTO 1 0 0 1  

c 
9 2 1  B H! W =D ! L* H 
c 
C C B IC K HEW S TE P  SIZE W I'r B  !AI A H D M I H ST EP SI Z E  
c 
1 0 0 1  I F  ( B H E W  . L 7 .  B ft l i ) GC� C 9 3 1  

H H E i =H I UX 
c 
9 3 1  I F ( BN ! i . Lt. BIU li ) GClC 1 1 1 2 

L !PT =B- P T C L D- B H E W  
c 

I F (L!Pt . G T. O . O ) GO'!C 50 0 1  
B BE W =B- PTOID 

c 
5 Q C 1  B =B H ! i  
c 

c 
c 

IP ( E10L D . GE .  f ) GOT C 9 9 8  
G OT O  2 

1 1 1 2 W B1t ! (4 0 , 2 1 ) B N ! i 
9 S S  B ET D E H  

E ND 
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c ••• ••• •• • •• • •• • • • •• ••• • • • • • •• • • • • • • • • •• • • ••• • •• • • ••• • •• • • • • • • • • • • •• • •  
c 
c 
c 
c 
c 
c 
c 
c 

S OB B OUTIN B ! O B CTB 

T HI S  S O BB O O T I J E  CO BTl l JS T B !  DIP P ! B ! BTI A L  EQ U ATION S ( � IN ! T IC R A !E 
E Q O l T IO NS ) TO EE I NT E G RATE D .  TH I S  S UBRO UT IN E IS C A i l ! D  P B C �  T H E  
R OH G !- K OTT l- ! ! lHBO & G  I NT ! G B AT I OH B O U T IN ! I N  T H E  KI N E T IC ,  D iO P ,  
S PB A ! A I D  W l l t - S P B A !  !CDEIS. 

C **** ** * * * ** * ** * * * * * **** ** * * * *** **** ** * * * * *** * ** ** **** ** * * * * * * * * * * ** * * *  
c 

c 

c 

c 

c 

S OBIOO� IH !  !O HCTH ( i , i CtD , P , I H )  

I !P LICI T  D CU EL E PB!CISIO B ( l-B , K- Z )  
I !PL lC I T  I I T ! G !R C I- J )  

D I! E JS IO N  i ( 8 )  , iCI. D ( 8 ) , F ( 7 )  

I P (I J . !Q. 5 ) G CT C  5 

W ( 5 ) =W OI.D ( 5 )  
5 1 (6 ) =W OLD ( 6 ) 
c 

c 

c 

c 

c 

c 

R K 1 = 3 .  O DO O  
R KR 1 =4 . 4D 1 2 
R K2 0 =2 . 5 D 0 2 
R K 2 1 = 1 . 2D 0 2 
B KB 2 = 3 .  O D 0 8  
R KP 3•9 . 35 0- e 

R 1• R K 1 * W ( 1 ) 
RR 1 = RK R 1* 1 ( 2 ) * W ( 3 ) * i ( � ) 
R 20 • FK 2 0* W ( : ) • • 2 . 0 D O O  
R 2 1 = S K2 1* i ( 3 ) * i ( 6 ) 
R R2= & K R 2* W C4 ) * i ( 2 )  ** 2·. O D O O * W ( 5 ) * * 2 .  0 tOO 
R P 3 2 BKP 3* W ( 5 )  * i ( 2 )  

F (1 ) =- R 1 +R R 1 + 5 . 0 D- 1 * BP 3 
P (2 ) aR 1-RR 1 + 2 . C D O O* (R � O +B 2 1 ) / 3 . 0 D C 0- 2 . 0 D O O *R B 2-B P 3  
P (3 ) = R 1 -RB 1 - B 2 C-R 2 1 + 3 . 0D O O *RR 2 
P (4 ) = (B 20 + B 2 1 ) / 3 . 0 C O O - & B 2  

I P  f iB . ! Q .  5 ) GOTO 1 0  

F (S ) = O  .. ODO O 
G OTO 1 1  

1 0  P (5 ) = 8 1 -R B 1 + & 2 0 +R 2 1- 3 . 0 DO O *RB2-4 . 0 I: O O*R P 3  
c 
1 1  F ,6 ) =0 . 00 0 0  

P (7 ) = 0 . OD 0 0 
c 

R !TO F N  
c 

E ND 
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c • • • • •• •• • •• • •• • • • • • • • • • • • •• ••• • •• • • ••• • • • ••• • •• • • • • •• • • • • • • • • • • • • •• • • •  

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

S UB B C U T IH ! I 1 7 ! B  

T HI S  S O EB O UT IH E F I N D S  T H E  BOOT T C  I R E  Q U A D B A T IC EQ U I L I B R I U M  
! QU A7I O H l O B  T EE PO B ! A T IO H B ! ACTI C N  C F  7 B I-I ODID E ,  1 3 - ( I C O A T I C N  
2 4 ) . A S ! C I N 1  ! !T BO D  IS THE B 0 0 1 I N! US E D  TO FI N D  T H E  E O C T . T H I S  
ft ET B OD I S  C l tt ! I  W B E J E V E B  T R ! 'U A t B A T IC lO B! UL A B E S U L TS I N  LESS 
TBl H l � �B0 1I !AT%L ! T B F ! E S I G B I P I C A NT !I G UB !S . T B I S  S C B R C U I I NE 
I S  C ALL ED EI T HE P BC G B A � S K I N ETIC , D B OP , · 52B AY A N D i A lL- S P E A Y .  

c • • • • ** •• • •• • • • • • • • • • • • • • • • • •• • • • •• • • • •••• ••• • • • •• • • •• •• • • • • • • • • • • •• •• 

c 

c 

c 

c 

c 

S OB BOO� IB E  I TT !B ( i C L D , BK4 , C , V ) 

I !PL IC I T D O U E t !  Pi !ClS I CN ( 1- H , L-Z ) 
I �P L lC IT I NT ! G ! B  ( l- K )  

D ift E JS I OH i O L D .7 ) 1 i C 7 )  

P 0a 1 . 0D - 1 6  
P 1 =- 1 . 0 D- 1 8 

Q O=C-BK 4* P O * � O -PO * B K � * ( W O L t ( 1 ) + W O L t ( 2 ) ) - P O  
5 Q 1= C -R K 4 * P 1 * � 1 - P 1 * B K 4 *  (iOLt ( 1 ) +W C L .C  ( �) )  - P 1  
c 

c 

c 

N ! i= � 1 - Q 1 * ( � 1 - i 0 ) / ( C 1 - C0 ) 

C BEC K= A ES ( J !i-R 1 ) /P 1  

1 1  I l  ( C HECK . L T �  1 . 0 D- 4 ) GOTC 1 0  
c 

c 

P 0• � 1 
Q O=Q 1 
P 1 •H ! i  
G OTO 5 

1 0  V = H ! i 
c 

R !T O Blf 
c 

E ID 
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Wal l- Sp r ay Model sample inpu t : 

A = 0 . 0 

B = DURTM = 10 

HMIN = 1 . 0 X 

HMAX = 1 . 0  X 

IN = 4 

TOLER = 1 . 0 X 

TEMPL = 29 8 

TEMPG = 298 

DIAM = 0 . 1  

SAD = 0 . 1  

CI2G = 1 . 0 X 

CI2 SP = 0 . 0  

CI SP = 0 . 0 

CHOISP = 0 . 0  

CO ISP = 0 .0 

1 o- l o  

102 

1 0-3 

1 o-7 

cHsP = 1 . 0  x 1 o-9 

CI03 SP = 0 . 0  

CI3 SP = 0 . 0 

PRE S S  = 1 . 0 

CDIAM = 3 . 1 3  

HEIGHT = 1 5 . 4  

FLRAT = 3 7 . 0  

WFRAC = 0 . 0 5  

WHT = 3 . 3  
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§ § § 8 § 8 
g o o Cl i i  o 8 8  8 � � CI O Q Q CI CI  CI Q Q Q O CI CI Ci i CI CI CI CI Q CI 
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N 
U1 
U1 

lT l TIN PIBT U I I  or T i l  GlS 298. 00 DIGIISS I I L , I I  
T i l  'ISCOSITI o r  t i l  LI QU ID (CP) • 0. 897 31l ,Jt00 
T i l  'ISCOS IT I or fll GlS �P) • 0 . 11181781- 0 1  
T B I  Pl iTltlO I  COirPICIIIT I S  • 0. 868l, 16Jt 02 " 
T i l  DII Slt l  Of til L I QO I D  (GIS/CC) • 0. 996 9 160Jt00 
fBI DII Slf l  or Til G l S  (G ftS/CC) • 0. 1 1 829, 91-0Z 
Til DirPUS IOI COirPI CI I IT roa fll GlS (SQ CI/SIC) • 0 . 8 0, 076• 1-0 1 
fll DirrUS IOI COBrP I CIIIt POl t A l LIQUID (S O C I/SIC) • 0. 1Z98 61 7 t- O• 
til GlS-S I DI ft l SS f l l iS P I I  COit �I C I IIt (CI/SIC) • 0 . 1 1 Z 79 ,81t O Z  
f B I  LIQUID-S I D I  lAS S tlliSf ll COir PICIIIf (CI/SICI • O. Z5536SII t 00  
t i l  O' lllL L  LI OUID-S I DI ft lS S  tlliSrll COirP ICI I Ir  (01/S IC I •  0. 86 1 003,1- 0 1  
til fOLOII P O l  011 D I O P  (LilliS) • 0. 52 160001-06 
til SOIPlC I  ll ll roa 011 DIOt (SQ Cl) • 0. 1 1 , 1 6 001- 01 
fBI IIPOSOII t i ll roa fBI D IOP IS (SIC) • 0 . 190 , 86 Z it0 1 
Til III IOLDS 1081 11 POl f l l  DIOP • 0. 25177l,lt01 
fBI tll l ll lL f iLOCltl or til DIOP (CI/SICI • 0 . 19, J80 1 1t OJ 
til IO I B II  or DIOPS II til COJtl iJ IIJt IS 0 •• 7ZlZZ ZJt 0 7  
f B I  DI O P  rLO I  ( 10 11 1 1  OP DIOIS/SQ Cl I l l ) " • 0 . 82,7l5 1 1 t 0 1  
til COITll lllll 'OLI I I  (LifiiS) • 0. 1l55 1 5 8Jt06 
til IU I B II  o r  OOfll LOOtS • 1 5' 
f B I  ll l t l l L  COJCIItlltiOI II ! H I  G lS or 0. 10000001-06 (IOLIS/LI111J 
til DOiltiOI o r  fll SPi l l  ( I l l) 0. 1 000000 1tOZ 
til 'OL UI I o r  LlQO I D  SPil iiD (L illiS) 0 . ) 8000001 t 01 
liD l S P i l l  rtOI l l t l or 0. 18 000001tOZ (L itiiS/II q  

til llltllL COJCIIfllfiOI o r  t i l  LIQU I D  110115/LIIII) s 
12 • O. OOOOOOOi tOO 
1- . 0. 00000001+00 

101 • O. OOOOOOOitOO 
101- • o. ooooooo1•oo 

It • 0. 1000000 1-08 
J o- • 0 . 00 000001+00 
I l- • O. OOOOOOOitOO 

t i l  ri i l L  CO IC I IT ilt iOI o r  IODI I I  ( 1 2 )  I I  I ll G AS I S  0. 16l1 Z50 t-07 ( lO LlS/LII II) 
til 10 1 8 11 or ROLlS or IODIII 1 1 2) I IBOfiD IS • 0. 1 1 11 82 71-0 1 
til 101 1 11 or GillS Of IODI II I IIOfiS IS • O. l877 7 56 1t 01 
t i l  riilL COICIIfllf lOI OP T i l  LIQ U I D  IS (IC liS/Lllll) s 

I Z • 0. 58546 , 1 1-06 
1- • o . •1 • 1 1 o• a-o• 

HOI v 0. 9 1 879871-05 
10 1- a 0 . 6 8602611-05 

It E 0. 10000001-01 
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A 

B 

BW 

c 

cc 

CDIAM 

c� 

CHOIL 

CHO I SP 

CHSP 

CIL 

C I SP 

C l 0 3L 

C l 0 3 SP 

Input s t ar t ing t i me for all nume r i cal mode l s  

nth root of � cot( an ) - ( sh- 1 )  = 0 

Input s topping time for KINETIC and DROP mode l s  

Bo i ling Wat e r  Reac t o r  

Concentration o f  a s pecies 

Concent ration of a species in the gas phase 

Concentration of a species in the gas phase at the interfac e  

Concent ration of a speci e s  i n  the liquid phas e  

Concentrati on of a species in the l i quid phase at the inter­
face 

Cubic cent ime t e r  

Cont ainment diame t er i n  the SP RAY and WALL- SPRAY mode l s , 
me t e rs 

Con t ainment of hyd rogen ions , H+ , in the l i quid for the DROP 
and KINETIC mod e l s , mo l e s / l i t er 

Concent ration of hypoi odous acid ,  HO I ,  in the li quid for the 
KINETIC and DROP mode l s , mo l e s / l i ter 

Concent rat ion of hypoiodous acid , HO I ,  in the spray so lut ion 
for the SPRAY and WALL-SPRAY model s , mo l e s / l i ter 

Concentrat ion of hyd rogen ions H+ in the spray solut ion for 
the SPRAY and WALL-SPRAY mode l s , mol e s / l i ter 

Concent rat ion of Iodi de , I- , in the l iquid for the KI NETIC 
and DROP mode ls , mol e s / l i te r  

Concentration of Iodi de ion , !- , i n  the spray solut ion f o r  
the SPRAY and WALL- SPRAY mode l s , mo les/ l i t e r .  

Concentration o f  Iodide i on , I03 in t he li quid f o r  the 
KINETIC and DROP mode ls , mol es/ l i t e r .  

Concentration of Iodate ion , I03 , i n  the s pray so lut i on for 
the SPRAY and WALL- SPRAY model s , mo l es/ l i t e r .  
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C 1 2L 

C1 2SP 

em 

COIL 

COISP 

cot 

cP 

CPU 

CSE 

d 

Dg 

Dl 

DEN GAS 

DENLIQ 

DIAM 

DURTM 

E 

exp 

EXPTM 

F 

FLRAT 

g 

h 

Concentration of molecul ar iodine , Iz , in the liquid for the 
KINETIC and DROP models ,  moles/lite r. 

Concentration of molecular Iodi ne , 12 , in the spray solution 
for the SPRAY and WALL-SPRAY models , mole s/lit e r .  

Centimeters 

Concent ration of Hypo-Iodat e  ion , 01- , in the liquid for the 
KINETIC and DROP models , mo les/ lite r.  

Concent ration of  Hypo-Iodate ion , 01- , in the spray solu t ion 
for the SPRAY and WALL-SPRAY models , mole s/li ter.  

Co tangent 

CentiPoise 

Central Proces sor Uni t  

Containment Sys tems Expe riments 

Drop diameter 

Dif fusion coefficient for the gas 

Di ffus ion coeff icient for the l iquid 

Dens ity of air ,  gms / c c  

Dens ity of water , gms /cc 

Drop diameter,  em 

Durat ion of spray , min 

Spray removal efficiency 

exponential 

Exposure time , seconds 

Flow rate 

Flow rat e ,  li ter/min 

Acceleration of gravity 

Drop fall height 

Hydrogen ion 
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HEIGHT 

HMAX 

HMIN 

HOI 

IN 

K 

Ln 

Log 

M 

Drop fall height , m 

Maximum step size for the RKF nume rical integration rou tine 

Minimum s tep size for the RKF numerical integration rout ine 

Hypoiodous Acid 

Number of equations to integrate.  4 for buffered soluti on ; 5 
for unbuffered solution 

Iodide 

Molecul ar Iodine 

Tr:f.-Iodide 

Iodate ion 

Kelvin 

Reaction rate cons t ant for equat ion i .  ( i  < 0 :  reverse 
reaction, i > 0 :  forward reaction)  

Equilibrium constant for equation i.  

Gas side mass transfer coefficient 

Overall gas side mass  trans fer coeffi cient 

Liquid s ide mass transfer coefficient 

Ove rall liquid side mass trans fer coefficient 

Average mass t ransfer co ffi cient for a falling liquid film 

Natural logari thm 

Base 10 logari thm 

Molari ty , moles/l i ter 

Molecular weight of species a 

Mole cular weight of species b 

Mas s trans fer rate 

Mass  t ransfer flux to the drop 

Mas s  transfer flux to the li quid on walls  
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Nn 

Nre 

or-

olt 

p 

p 

PRESS  

PWR 

r 

R 

s 

sec 

Sc 

t 

t* 

te 

t l / 2  

T 

TEMPG 

TEMPL 

TOLER 

TRMVEL 

u 

v 

"Bes t Number " 

Reynolds numbe r 

Hypo-Iodate ion 

Hydroxide ion 

Pressure 

Partition coefficient 

Pressure , atm 

Pres suri zed water reactor 

Di s tance from the ou ter radius of the drop 

React ion rate 

Se conds 

Second s 

Schmi dt number 

Time 

Con tact time for each element in a drop 

Exposure time of a drop 

Half life· 

Temperature 

Temperature of the gas , K 

Temperature of the li quid, K 

Relative error control for RKF routine 

Terminal ve locity of a drop , em/sec 

Veloci ty < vector > 

Velocity 

Te rminal settling veloci ty 

Containment volume 
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VISGAS 

VISLIQ 

WFRAC 

WHT 

WOLD( ! )  

WOLD( 2)  

WOLD( 3)  

WOLD( 4)  

WOLD( S )  

WOLD( 6 )  

WOLD( 7 )  

A 

t 

a 

Vi scos ity of the gas phase , cP 

Vi scosity of the liquid phase , cP 

Fraction of spray fl ow rate which flows down the wall 

Wall height , meters 

Concentration of 12 in RKF rout ine , moles/ li ter 

Concentration of r- in RKF routine , mo les/liter 

Concentration of HOI in RKF rout ine , moles/li ter 

Concentration of ro3 in RKF routine , moles/li ter 

Concentration of H+ in RKF routine , moles/li ter 

Concent ration of OI- in RKF rou tine , moles/li ter 

Concentration of I3 in RKF routine , mo les/liter 

Removal rate cons tant 

4 Dete/d2 

Thickness of water on the walls 

Collis ion integral 

Dens ity 

Vi scos ity 

Nable operator 

Laplacian operator 
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