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PREFACE

The technological bases for containment spray systems

are well understood and are supported by a vast quantity

of theoretical and experimental work. Today, there is no

doubt that properly designed spray systems are effective
in removing airborne iodine; however, there has been an

Absence of a central, comprehensive document on the topic.
The absence of a report documenting NRC assessments

of spray systems has caused occasional c'onfusion for the
utility applicants, architect-engineers, and consultants.
The present report has been written to remedy this situa-
tion.

Contents of this report, including its appendices,

describe models that have been found to be acceptable
in licensing reviews to evaluate iodine renoval capability
of spray systems. While considerable effort has been
expended to assure the technological accuracy of this work,
there may be areas of disagreement with other workers in
the field. The authors welcome all constructive crit-
icisms of this report, and may use submitted comments as
the basis for a future revision.
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1.0 EXECUTIVE SUMMARY
.

1.1 The Problem

i

The Staff of the Nuclear Regulatory Commission has
developed mathematical models for assessing the' washout '

* ate of airborne contaminants under postulated loss-of-
. coolant 1 accident (LOCA) conditions. Heretofore there

| was no one document that summarized the technological
\

| bases.of the models. .

"
:

1.2- The Solution 1

,

In this report the modcis currently used by the
staff are described in detail. The theoretical and

experimental bases which underlie the models are reviewed,
;

and model predictions are compared with experiments to
demonstrate the conservatism inherent in the models.

1.3 Summary and Conclusions

Spray systems are included in containment' vessels of

water reactors as an engineered-safety feature to suppress

pressure and to scrub airborne contaminants in the un-

likely event of a LOCA. The efficacy of spray scrubbing

is important in the siting of power reactors because the
i

spray removal rate directly affects the calculated radia-

tion dose which could be rece'ived by people in the plant
environs. 1

A large body of information is'available to aid in

!

!

,
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the assessment of spray performance. In this report

the most relevant work is reviewed to show the technical
bases for the spray models which are currently used by

the NRC Staff.

Important conclusions and summary statements which
are supported by this study are the following.

1. Mathematical models are available to conservatively

predict the washout of the several physicochemical
forms of iodine.

2. The models are supported by a large body of

theoretical and experimental data.

3. For elemental iodine, the dominant airborne

iodine specie, a stagnant film model has been

adopted by the Staff. This model is a simplified

form of the equation for absorption by a rigid

sphere accounting for mass transfer resistance in
both the gas and liquid phases.

4. Absorption of methyl iodide, the most persistent
iodine form expected to be present in post-

accident atmospheres, is predicted by a model in
which it is assumed that both falling drops and

wall films are stagnant.

5. Aerosol particle washout is predicted using a

model in which conservative estimates of the
single drop collection efficiency are obtained
from large scale experiments.

<

2

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -
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TECHNOLOGICAL BASES FOR MODELS,

OF SPRAY WASHOUT OF AIRBORNE

CONTAMINANTS'IN CONTAINMENT VESSELS

by

A.K. Postma

R.R. Sherry

P.S. Tam

2.0 INTRODUCTION

This report is a review of the technological bases

underlying the washout models used by the Accident Analysis
Branch to evaluate containment spray systems. Spray

systems are installed in the containment vessels of water

reactors to reduce containment pressure, remove heat from

the containment and remove fission products which could
be released from the core as a result of a postulated

design basis loss-of-coolant accident (LOCA).
,

The maximum thyroid dose which an individual could I

-receive following a LOCA is reduced by engineered safety! I

features such as spray systems (1,2)
'

The magnitude-to.

which potential doses are. reduced by a spray system j

depends on how fast airborne fission products are washed-

from the containment atmosphere. The expected washout

rates are predicted-from mathematical models which

account for the dominant removal mechanisms.
1

c 3
/

. - . - .. ., ..
.. _ _ _ _ _ - _ _ _ - . - - - - - - - _ - - - - -
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In order to assure that the safety of the public is

adequately protected, models which are conservative are
required. Such models must take into account all relevant
physical phenomena to assure that removal mechanisms are
adequately accounted for and thereby provide assurance
that they are indeed conservative.

The spray systems of interest would operate only
under postulated loss-of-coolant accident conditions.
The performance of the containment system, including
sprays, is typically evaluated by assuming that a
significant fraction of the core inventory of fission
products enters the containment atmosphere as an instan-
taneous source term (1' } This " site suitability".

source term does not represent a realistic estimate of
fission product releases, but rather serves as a tool
for conservatively estimating radiation doses under

}accident conditions as required by NRC guidelines ( '
.

In reality, the emergency care cooling system would pre-
vent the melting of fuel elements, and the only radio-
active materials released to the containment system

would be small quantities of fission gases which could
escape from failed cladding.

Significant fract ions of the core inventory of
fission products can te released only under extremely
low probability core-melt accidents. Thus fission

product source terms of the magnitude postulated to
evaluate spray system performance are possible only
under low probability core-melt accidents which are more
severe than design basis events. The use of the large

" site suitability" source terms is useful because the
doses from such a source term are obviously larger than

4

_ _ _ _ _ _ _
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doses'from.any credible accident within the. design- ]

basis _ envelop. '

-)
|

|

|

'|
3.0 OBJECTIVE

:
i

There is much theoretical and experimental information !

available on containment spray systems. Spray washout !,

models used by NRC.have been developed from the available |
.

technological base. However there is no one document

that summarizes the-technological bases of'the models.

This report'is an attempt to provide such a summary. ;*

,

i
.

4.0 BACKGROUND
,

:

15
As early as 1965, several reactor designs were pro- t

L posed ( ,4,5,6) in which containment sprays were designed
i

to remove both heat and airborne fission products from |

the containment atmosphere in the unlikely event of a l
t

loss-of-coolant accident. Spray systems' represent a j
class of gas scrubbers. Aqueous scrubbers similar to !

containment sprays are widely used in industrial applica- |
tions and have been studied extensively over a pericd of- -i

l' more than 40 years (7,8,9,10) -|
~

,

It is important to recognize that there are differ-

ences as well as-similarities between industrial scrubbers

;and containment building sprays. These are: (1).- 1[n a

typical industrial scrubber the gas and liquid are in j

' countercurrent flow and each makes one pass through the !
I

device, whereas in the containment building the same j
i

5

_w
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;

body of air remains 1in the building for the entire time.

| (2T. In the industrial absorber the contact time for gas

is normally in the range of a few seconds, whereas in

;. the' containment building the contact time betweenLgas

and liquid is comparatively Inng and the liquid is recy-

!' cled continuously. (3). In'the' containment building'the

mass of material to be absorbed is relatively small,
-

and one can easily afford to use overwhelming excesses

of chemical reagents to assure complete absorption.
, , ,

.

(4). In the containment building there!are some problems |;
.

unique:to nighly radioactive environments, such as j

- radiolysis of.the spray solution. j
The performance of sprays'in. containment applications

has been studied extensively-throughout'the world. In the :
,

U.S., the former U.S. Atomic Energy Commission sponsored.

'

research designed to provide the understandi;.g needed to
:

predict fission product removal under accident conditions. j

Major efforts in the 1960's included pilot plant testing {
and spray solution evaluations at Oak Ridge National '

'

Laboratory (11,12,13) and large scale containment system ',

iexperiments at Battelle-Northwest (14) Industry sponsored ;.

work was directed to spray system design (15) and to the i

*

efficacy of particular spray solution compositions ( 6,17,18,19) |,

i Foreign _ work in the 1960's was limited to theoretical 1
I

work and small scale tests. Results cbtained in Japan (20) {

and Sweden ( II are consistent with those from American. _f
! programs. More recent results from Italy provide h

I '
i

; large scale test data which are consistent with results j
!

- from CSE tests in the U.S.. |

; As applications of sprays have developed, spray j

1 solutions of several chemical compositions have been -f.

'used These include boric acid, boric acid made basic f
'

.
r >

4- ,
4 ,

i

4 , - _ , . _.-
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with sodium hydroxide (caustic spray), sodium hydroxide / '
sodium thiosulfate, and boric acid containing hydrazine
at trace level concentrations. The effects of these

chemical additives on spray effectiveness will be

discussed in this report.

Iodine' washout by sprays is complicated by the fact

that it may exist in three states: elemental' iodine, !

organic iodides, and particulate iodine. The most per-| ,

sistent of these forms, organic iodides, was shown by. 4

Eggleton and Atkins in 1964(23) to be composed mainly of
methyl iodide. The fractional abundance of each of ;

these three forms would vary with accident conditions. i
For a site suitability source term released into the

~

containment vessel, the percent of each of the'three

species of iodine is. conservatively estimated to be
,

91:4:5(1,2) The absorption characteristics of the
,

.

three species will be treated in following sections.

In addition to these three iodine species, hypoicdous

acid, HOI, was discovered subsequent to completion'of

most experimental programs.- Its properties are not well

known; hence the NRC approach has bee n to include hypoio-
dous acid with the organic iodide fraction. This is

conservative because HOI is more readily absorbed by ,

water sprays than organic iodides. |

:

i

5.0 MODELS FOR SPRAY WASHOUT

Fission product washout in a containment vessel can ,

be described mathematically by a first order differential

equation which equates the rate of mass accumulation in |

'

7
I

, , .-
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the containment atmosphere to the difference between

source and removal rates:

dC.
1

V = G.-ZR..C (1)
dt i 13

3
where V = volume of gas space, m ,

C. = concentration of ith fission product
1

3 /
in gas phase, kg/m ,

ith fission product input rate, kg/hr,G =
1

for the ithg3 = jth removal rate constantR

fission product (R is assumed to be
fj

first order with respect to concen-

tration), m /hr.

For realistic calculations both time-dependent

source and removal terms should be considered in model-
ling the spatial and temporal fission product distribu-

tions in multicompartment containment buildings. However,

for a conservative analysis of the design basis LOCA an

instantaneous source term may be assumed. For an

instantaneous source, the time-dependent generation

terms, G in Eq. (1) are replaced by an initial conditiony,

on C at time zero. The washout equation may then be
f

written as

dC
( }"

dt ij i-

R.,
13 the jth removal rate constant forwhere A = =

g3,

the ith fission product specie, hr .

8
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The first order removal process defined in Eq. '(2)
]

applies until equilibrium between' fission product con- ]
centrations in the containment atmosphere and the con- i

tainment liquid mass is approached. At this point )
-

,

isnolongervalidandhhapproacheszero. A !Eq. (2)

simple and conservative method of handling the approach
to1 equilibrium is to use the first order washout equation

:until a cut-off concentration level is' reached. After

the cut-off concentrati,n level is reached washout is '

neglected.

The washout model based on an instantaneous source
term and a cut-off concentration to account for equili-

brium effects may be obtained by integrating Eq. (2) with
'

respect to time:

i

C. = C. e i (3) ;
~ t

1 lo

where A. I A..=
1 . 13

3

C =C at time = 0,gg 1

0 for C. I C.and imposing the condition A. =
.

1 1 l
eut-off

'In Eq. (3) A is the total removal constant resulting
f

from all removal mechanisms for the ith fission product

specie.

Each fission product specie would have its own

lambda and cut-off concentration level. Consequently

Eq. (3) must be solved for each iodine specie independently.

The following subsections describe the calculational

methods used to predict A 's for particular containment
f

systems and fission product species.

9
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5.1 Models For Absorption of Elemental Iodine

Elemental iodine is the dominant iodine specie in

post-accident containment atmospheres. It is removed at

an appreciable rate by both spray drop absorption and by
wall deposition. Models for these two removal processes'

are described as follows. For simplicity, subscripts

indicating the iodine species are dropped in the develop-
ment of equations in this section.

5.1.1 Absorption by Spray Drops

The removal rate of any absorbable specie may be

equated to the product of concentration increase and spray
flow rate:

; gg - Cgg) (4)RC = F(C

where RC = removal rate, k /hr, .

9 3C = airborne iodine concentration, k /m ,
93

R = spray removal rate constant, m /hr,

F = spray flow rate, m /hr,

C = concentration of solute in spray drops
gg

3leaving atmosphere, k /m ,
9

gg = concentration of solute in liquid enter-C
3

ing atmosphere, k /m ,
9

For spray liquid which has not been exposed to the con-
tainment atmosphere previously (i.e. during the injection

may be relatedphase of spray operation), g1 = 0 and Cgg

10
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!

to the equilibrium partition coefficient, H,'through the

use of an absorption efficiency, E, defined by:

C = HE (C) (5)gg

where H = equilibrium partition coefficient

applicable to spray absorption,

E = fractional approach to equilibrium by

spray drops during a single pass,

C = concentration of solute in gas phase,
3

k /m .

Eq. (4) and (5) may be used together with Eq. (2)

to relate A to the spray parameters:

FHE
A (6)=

s v

-1where A = washout A due to the spray, hrg ,

3V = volume of sprayed region, m .
4

The absorption efficiency, E, may be computed by
several models. The models differ in degrees of conserva-

tism and simplicity, and hence represent alternatives

useful in specific applications.

Stagnant Film Model

The stagnant film model is based on absorption through
both a gas film and a liquid film. This model is conserva-

tive because it neglects mixing within the drop. In this

11
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model, E is. computed.by

-

6k t
9*E = l-exp- (7)

E
-d (H+k n ) -

.%

where'k = gas film mass transfer. coefficient,
9

cm/sec,

t = drop exposure time, sec,
e
d = drop' diameter, cm,

k = liquid film mass transfer coefficient,g

cm/sec.

|

The gas phase mass transfer coefficient, k be
computed from the Ranz-Marshall approximation (28), mayto the

Frossling equation :

=h(2+0.6Re * Sc ) (8)*k
g

,

where D = diffusivity of solute in gas phase,
2cm /sec,

Re = Reynolds number for falling drop,

Sc = Schmidt number for solute in gas phase.

On the liquid side of the drop interface, the film

coefficient is predicted by Griffithd approximation ,

I )to the rigid drop absorption equation:
P

2n D
}k = '

g 3d

where- D = diffusivity of solute in liquid, cm /sec.

12
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Eq. (9) is a conservative formulation of the rigid

drop equation in that it predicts lower rates of absorption

than the rigid drop equation (28) ,

Since Eq. (9) is a simple, conservative predictor

of the drop absorption efficiency, it is the equation

used by the staff to evaluate containment spray washout

using the site suitability instantaneous source term.

(See Appendix A for a listing of the computer code SPIRT 10.)

Rigid Drop Model

The rigid drop model is similar to the stagnant film

model in that it represents a mathematical solution to

absorption by a stagnant sphere, accounting for gas phase
and liquid phase mass transfer resistance. Dankwerts'( }

equation for drop absorption can be written in terms of

the absorption efficiency, E, as (28)

|

2 2*
6Sh exp(-a 0)

E=1- )[ (10)2 2

("n+Sh(Sh-1)n=1 a
n

ka

where Sh = HD
L

,

Dtge
O=

2a

a = nth root of a Cota +(Sh-1) =0n n n

a = drop radius, cm.

I
! 13
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Numerical comparisons of the stagnant film and

rigid drop models(28) show that the stagnant film model
typically underpredicts the E values as compared to the
rigid drop model by less than 16%. This minor difference

may not justify the use of the more complex rigid drop
formulation.

Well-Mixed Drop Model

In the well-mixed drop model, mass transfer resis-

tance inside the drop is neglected. The solute concen-

tration on the liquid side of the gas / liquid interface

is equated to the average concentration in the drop.

While liquid phase mass transfer resistance is neglected,

gas / liquid equilibria are properly accounted for in this
model. The drop absorption efficiency may be expressed
as(28)

~6k t '
E = l-exp- ( }

dl .

_ _

By comparison with the stagnant film E, Eq. (7),

Eq. (11) would apply where k was large (small dropsg

or circulating drops) or where H was large compared to

k /k (reactive liquid).

Numerical values of E predicted from Eq. (11) are

as much as a factor of two higher than values of E

predicted from the stagnant film model. For H values
5

larger than 10 all three models yield similar,

predictions.

The well-mixed drop model is not currently employed :

14
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by 'the staff, but could find application in realista ,

| analyses of' spray performance.
!'

l t
>

- +

5.l'.2 Deposition of Iodine on Interior Containmen

Surfaces
'

i

Surface deposition of iodine occurs'as.the result of

several transport processes which occur in series. Regions .

of transport include: the. bulk gas phase, the gas boundary
layer, the liquid film, and the solid wall' surface. Of
these, transport in the gas boundary layer has been shown j

to be the controlling step (29) j,

Several models have been proposed to describe fission

productLremoval due to surface deposition. Of these, the !

Knudsen-Hilliard( 0) modcl and the Yuille-Baston( } model -

appear to be in good agreement with available' experiments. |
'

The Knudsen-Hilliard model views deposition as a gas film
transport process to vessel surfaces. The gas film mass -

transfer coefficient is predicted from natural convection

heat transfer correlations.by a mass transfer-heat transfer

analogy. The.Yuill-Baston model is based on the pene-
tration theory for mass transfer, and uses a natural

convection heat transfer model to estimate gas flow
velocities. Of the two models, the Knudsen-Hilliard

model offers several advantages and has been adopted by
the staff.

1

.In the Knudsen-Hilliard model, the bulkL gas in the

containment atmosphere is assumed to be well-mixed by
]

natural convection, by steam flows, and by spray opera- !

tion. A gas boundary layer is 'stablished adjacent to - l
4

15 !
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containment surfaces. Por a laminar boundary layer the

mass transfer coefff.cient across the gas boundary layer

is predicted by

kL
9 = 0.59 (Gr Sc) (12)
D

film mass transfer coefficient,where k =
g
L= length measured along deposition surface,

D = diffusivity of iodine in gas phase,

Gr = Grashov number,

Sc = Schmidt number.

For turbulent boundary flow, the mass trcnsfer coefficient
is predicted using

![ = 0.13 (Gr Sc) (13)

The transition from laminar flow to turbulent flow
occurs at a critical Grashov number. Important variables

in the Grashov number include length, L, and temperature

difference between the gas and the wall surface. There-

fore the plate length at which the flow transition occurs

depends on thermal conditions in the containment vessel.
Ililliard and Coleman( ) found that Containment

System Experiment tests were best explained by assuming
that transition from laminar to turbulent flow occured
ten feet from the top of the test vessel. This value

was in good agreement with predicted transition lengths,.
These transition lengths apply for thermal conditions

which occur after blowdown transients are over, and

16 '
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where heat transport takes place with gas film' temperature.
i

differences of l'F to'2 F. They would conservatively
0

apply to' post-LOCA. situations consistent with spray opera- |
tion.

-j,

' The iodine. removal rate constant for a particular
5compartment in the containment is given by
]
,

kA i
A 9 '

(14) i=
n V. |

where A = removal rate constant due' to surfacen
deposition, L|:

.

k = average' mass transfer-coefficient, !g
A = surface-area for wall deposition, !

V =. volume of contained gas.
1

'
As is described in section 6.1.9, the value of k-

9 ,

should not exceed 0.137 cm/sec. This maximum value is i
, t

based on CSE tests, and its use assures that the predicted,

deposition rates remain within the range where the i

Knudsen-Hilliard model applies. '

:

'5.1.3 Overall Absorption Rate

,

The overall removal rate is the sum of that due to

spray operation and naturai convection plate-out:
.

A = A' + ) (15)a n
| t

.
. !

Thus the' airborne concentration at any time, t, after h
the' release of an instantaneous source term is

;f17
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n)t (16)~I +
C=C e s

g

An alternative calculational approach, which has

been used in the past, is to apply an instantaneous

plate-out factor of 2 to the source term and set A
equal to zero. This latter approach is discussed later

in this report.

5.1.4 Effect of Spray Solution Composition

Elemental iodine is only moderately soluble in

water. Thus for many aqueous solutions the equilibrium

partition coefficient, H, depends mainly on chemical

equilibria in solution. A first step in iodine hydrolysis
,

~ and H+:involves formation of HOI, I

2 + H O + HOI + H+ + I
^ ~

(17)I
2

This reaction can ba shifted to the right by removing

HOI, H or I~ through chemical reactions. When any of
,

the reaction products is removed the partition coefficient,
H, is increased.

Many containment spray systems contain an injection*

system for adding sodium hydroxide. NaOH enhances iodine
uptake by reducing the H+ concentration and shifting
Eq. (17) to the right. Reactive additives such as hydra-

zine and sodium thiosulfate owe their effectiveness to
destruction of HOI, an alternative way to shift Eq. (17)

to the right.

Experimental data are required to determine the

1

18
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numerical value of H for a particular spray solution.
The value of H which governs spray absorption is the
" instantaneous" value which is attained in time periods
short compared to drop fall times. Slower reactions,

would aid. absorption on a longer time scale, but their
effect must be accounted for with models which account
for a finite reaction rate of iodine in solution.

Spray solutions which have been characterized in

terms of the iodine partition coefficient include:

(a) sodium hydroxide (28) (b) hydra zine (1 ,33) sodium, ,

thiosulphate (14,19,33,34 ) , and boric acid without other
additives (18,33)

,

5.2 Models For Absorption of Organic Iodides

Methyl iodide is slightly soluble in water, and

reacts slowly with pure water. Therefore its absorption

rate is governed by mass transfer resistance in the liquid
phase. This is different from elemental iodine which is
more soluble in water, and also undergoes very rapid
hydrolysis through ionic reactions.

,

For slightly soluble gases which are relatively
inert chemically, the absorption rate is strongly
influenced by the presence of reactive additives which
destroy the dissolved solute. Models for the absorption

rates of drops, wall films, and sump pools will be described
in detail.

19
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Absorption by a stagnant drop with a surface resis-
tance may be predicted from a solution of the diffusion
equation written in spherical coordinates

hf=Sy pf (r C)'2 -R (18)
r .

_

subject to the surface condition

Dhh=k (19)(C -C y)g

where N = outward directed normal at the surface
of the drop,

D = diffusivity in the liquid,

R = destruction rate per unit volur.e by

chemical reaction.

A solution to Eq. (18), subject to the boundary condi. tion
(19) and assuming C is initially zero within the drop, has
been given by Danckwerts(27) The total amount of.

absorption in time t is obtained by integrating the flux
over the area and time. The final equation for the

amount of solute gas absorbed by a drop is

I:t (k+Da ) - Da exp [-t (k+Da )] -1) (20)=
i 2 2

O = 8nh C*Da [
( aa +h(ah-1))n=1 (k+Da ) n

k
h=gh,cm'1where ,

C* = IIC = solute conc. on liquid side of iriter-
9 3

face, kg/cm ,

20
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-1a = nth root of (aa) Cot (aa) + ah-1 = 0, cmn ,

~1k = first order reaction rate constant, sec
,

t = exposure time, sec,

a = drop radius, cm,
2D = diffusivity of solute in liquid, em /sec,

O = total amount of solute absorbed during
exposure time t, kg.

The boundary condition, Eq. (19), has been assumed to

apply at all points on the surface of the drop. Also
the reaction rate, R, was taken to be that for a first

order reaction, kC.

If gas phase resistance is small, h becomes large.
In the limit as h approaches infinity, Eq. (20) becomes

[1-exp - "")\22.,

ka2, Dn'n -t(k +
2

k + Dn n
- a -

=

Q = 8maDC*)$ 8
(21)

n=1 ka + Dn n

This equation would be expected to apply for absorption
of slightly solubJe substances such as methyl iodide unless
the reaction rate constant, k, were very large. For very

large values of the reaction rate gas phase resistance
is appreciable. A simple test of the applicability of

Eq. (21) is to compare Q calculated from Eq. (21) with
Q predicted for-zero liquid phase mass transfer resistance.

If the value of Q calculated from Eq. (21) is less than
|

a few percent of the rate limit by gas phase resistance,

I

21
!
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it may be concluded that'Eq. (21)~is a good approximation
'to Eq. (20).

'
Eq. (21), the equation which would apply for many

reactive spray solutions used.to absorb methyl iodide,
is not amenable to evaluation by hand calculations.

Numerical evaluations are given in reference 29.

Both Eq. (20) and Eq. (21) can be written in terms

of absorption efficiency, E. Since E is equal to the ,

attained solute concentration divided by the equilibrium
3 '

concentration, E = 30/4ra C*. _;

5.2.2 Wall Film Absorption

.

The flow characteristics and absorption by liquid

films _have been extensively studied during the past 25
, ,

years. Based on theoretical and experimental studies, the ;

general characteristics of wetted wall flow-may be stated'

as follows. At low flow velocities, laminar flow persists,

the velocity profile is parabolic, and the free surface

velocity is 3/2 the average velocity. At Reynolds numbers |

in the range 5-25, waves begin to appear on the surface,

though the flow is substantially laminar. At Reynolds

numbers of 250-500 the flow becomes turbulent.
Absorption into a wetted wall film is described

mathematically by Eq. (22):

SE BC lg = D 2+ 2+gSE + y -R (22)
8t x Bx + yy Ty , yz az 2g3 3

.

?

22
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where C = concentration of solute in liquid,

ko/m
t = time, sec,

V = fluid velocity in x direction, m/sec,x
V = fluid velocity in y direction, m/sec,

V = fluid velocity in z direction, m/sec,7

D = diffusion coefficient of solute in
2liquid, m /see,

R = destruction rate per unit volume by-
3chemical reaction = kC, kg/m sec,

X,y,z = distances measured along the three

rectangular space coordinates,
~1k = first order reaction rate constant, sec .

b
The total absorption rate for methyl iodine is

obtained by integrating the absorption rate per unit area

3C
D

7*x=0 ver the surface area. Analytical solution is

possible only for relatively simple flow regimes. A

simple flow regime of practical use is that corresponding
to fully developed one dimensional laminar flow. For

this case, the velocity profile is derived to be i

V =V (1-( ) ) x 6 (23a)3 max
|
|

V =0 (23b)

V =0 (23c)y

where V = vel ity at gas / liquid interface, fmax

z = distance parallel to plane of film,

measured in direction of liquid flow,

1 23
t
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x = distance measured perpendicular to plane

of film measured from surface of film
toward solid surface,

6 = thickness of liquid film.

Using this velocity profile, and neglecting diffusion
in the y direction, Eq. (22) becomes

V l-( ) =D - kC (24)
max

The initial and boundary conditions must be chosen con-

sistent with the physical problem being modeled by Eq.
(24).

For short laminar films, the solute does not have

time to penetrate far into the film, and hence absorption
takes place as though the film were infinite in thickness.
The differential equation for this case involving the

penetration theory approximation, is obtained from Eq.
(24) by setting x equal to zero.

f-kC (25)V =D
max

X

Since x is taken to be zero, the fluid velocity is assumed

to be equal to V at all positions. Thus Eq. (25) may
max

be written in terms of exposure time,

t = y* (26).

max

The solution to Eq. (25) is given by Danckwerts(35) as

24
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'

q = C* g (kt + h). erf(kt)+ kt
~ l (27)

D
-e

where C* = concentration in liquid at the gas-liquid

inter" ace,

q = amount absorbed per unit area up to time t.

Most experimental data obtained for laminar flow in

short wetted wall columns agree with predictions based on

the penetration theory. Serious discrepancies however

may be encountered if the absorption process causes
interfacial turbulence ( 6) Interfacial turbulence.

enhances absorption compared to predictions based en the

penetration theory.

A lower limit to the absorption may be calculated
3Cfrom a solution of Eq. (24) for 7- = 0

2dC0=D - kC. (28)
dx

For this steady state model, the boundary conditions
are

C = C* at x = 0,

dC
= 0 at x = 6.g

The second of these boundary values is based on the

assumption that there is no net transfer of methyl
iodide to the solid wall. The absorption rate per unit

area of interface is

(fq = C* /kD tanh 6) (29)

( 25 I

.
. . ..
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Eq. (29) would yield lower limit estimates of the absorp-

tion rate because transient absorption has been neglected,

and uptake at the solid wall has been taken as zero.

For the films encountered in containment vessels,

predictions based on Eqs. (27) or (29) do not differ

greatly. As shown later in this report, experimental

results can be explained using the lower limit Eq. (29),

hence this equation is used by the staff to evaluate

methyl iodide absorption by films of reactive solution.

5.2.3 Absorption by Sump Pool Liquid

Uptake of methyl iodide in sumps in a PWR containment
system can be important compared to spray and wall film
absorption for spray solutions which react slowly with

methyl iodide. For the slow reaction regime, exposure

of liquid in the form of sprays and wall films merely

cause it to attain saturation with respect to the gas

phase. If no additional reaction occurred, recirculated

liquid would enter saturated in methyl iodide, and no

further absorption would occur. Residence time of liquid

in the pool is relatively long, permitting relatively

slow reactions to destroy absorbed methyl iodide.

A material balance made on the spray liquid can be

used to relate the methyl iodide washout rate to the pool

reaction rate. For the pool, the following CH I material
3

balance can be written

Input Rate = F HC (30a)g,
(30b)Outpui Rate =FCg + kV Cg g,

26
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Accum. Rate = 0 for steady state
'

absorption, (30c)
and F HC = FCg + kV Cg g. (30d)g

!

where F = volumetric spray flow rate entering pool,
l 'm /sec,

-1I k = reaction rate constant, sec
,

3Cg = CH I conc. in pool liquid, kg/m ,3
3V = volume of pool liquid, m ,g

A.similar material balance made on the gas phase leads
t

(dC9)l |

'

FC = FHC +Vj (31)L 9 9 \ 6t;. i

.

If Eq. (31) is solved for C the methyl iodide con-g,

centration in the liquid, and the result substituted

into Eq. (30) and the resulting equation solved for Cg,
the result is

- .

FkHtC =C exp - (32)
g(h+k)9 9 V

where C = airborne methyl iodide concentration at
90 3time zero, kg/m ,

F = spray flow rate, m /sec,
3V = volume of gas phase, m ,

9
3Vg = volume of liquid, in containment sump, m ,

-1k = first order reaction. rate constant, sec .

?

Eq. (32) would be applicable for cases where k is too low

to appreciably enhance absorption during a single pass of

27
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spray drops or wall filna chrough the containment atmos-

phere. This case obtains for water sprays which contain

no special additive for methyl iodide, hence would apply

to boric acid, buffered boric acid, and sprays made basic

with sodium hydroxide. -l

I
i

5.2.4 Effect of Spray Solution Composition

Pure water reacts very slowly with methyl iodide,

and methyl iodide is only slightly soluble in water.

Therefore, the spray removal-rate is small unless reac-

tive chemicals are added to the spray solution.

Methyl iodide reacts in aqueous solution by substi-
,

tution reactions (37) in which a nucleophylic agent replaces
,

the methyl radical. Schwendiman, et al.(37) have summarized
'

reaction rates available prior to 1968. These are repro-

duced in Table I.

Of the reactants listed in Table I, only'four,'the ;
'

two forms of hydrazine, sodium thiosulfate, and perhaps

sodium sulfite, appear to be practical additives for

enhancing methyl iodide absorption. The others react

too slowly to give an appreciable enhancement compared

to water alone.

Schwendiman, et al.(30 also studied other reactions I

1

from a theoretical viewpoint, and concluded from data

obtained in methanol that certain exotic chemicals would

react much faster with methyl iodide than hydrazine or

thiosulfate. These chemicals included sodium selenophen-

oxide, triethylphosphine, and sodium thiophenoxide. It

is unlikely that such' chemicals would be usable because

28
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TABLE I. _ Summary of Reaction Rates of'
Methyl Iodide in Aqueous Solutions (37) ;

Reactant k** Activation Temperature k
'Energy Range Extrapolated

(kcal/ mole) Studied ('C) at 120 C ;=
-9*11 0 1.4x10 >24.8 30-93 0.000062
-0F- 7.08x10 25.2 0.002-

,

-6Cl- 3.3x10 21.97 - 0.025
-5Br- 4.16x10 19,31 0.11-

i
-5~

Oh 6.36x10 22.22 30-70 0.55-
-4SCN- 3.58x10 19.95 25-35- 1.2
-4~

I 4.71x10 17.58 - 1.6
-4, CN- 5.76x10 20.47 20-55 2.5

N II * ~

2
* *

Ag+4 -32.61x10 19;4 15-45 7

1,1
dimethyl

-3hydrazine-7.7x10 18.4 25-35 13

S0 3x10 18.88 10-25 1023
-2SO 3.3x10 25 --

3 ,

* Calculated from first order rate constant using
H O concentration = 55 moles / liter2

** Bimolecular reactign rate constant at 25'C~1 ~

(liter mole sec )

they are relatively insoluble in water, and react
;

rapidly with oxygen.

Hasty and Sutter(38) have presented mo:'e recent-
data on the kinetics of the reaction of methyl iodide

r-
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with' sulfite, thiosulfate,;and bisulfite ions. their-

results are' consistent with the' data shown in Table I,
, . .

S'.2.5 Overall Absorption Rate

I

A model formulated from absorption theory.for

stagnant drops and stagnant wall films is described.as.

follows. The overall washout A for reactive. sprays.is

I

drops + wall' film (33)' lA"A
,

T

.The washout rate constant for spray drop,.Adrops' **Y
be written as _;

-

i

I

A =.F H E
34)drops V ;

.

where F = spray flow rate, m /sec,-

H = methyl iodide partition coefficient, I

E = fractional saturation achieved during [

; single pass, !!
3 ''

V = volume of. containment gas space, m . |
|

The numerical value of E should be obtained from Eq. f
3 i

(21) using the relation E = 30/4ma C*. In selecting a 't
drop size, it would be best to break the drop size

spectrum into increments, and integrate Eq. (34) over i
~

t

the spectrum. If a me.sn drop size is to be used, the t
a. ->

volume median diameter is recommended because it will !

provide a conservative-estimate of washout rat'e( '. ;

The washout rate constant for wall films, A
377 fyy ;

t

30
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may be expressed as

UA wall film = V C (35)
9

i where E = abs rption rate per unit area ~1,m secC gas phase concentration 'g
2A = surface area of wall film, m ,

3V = volume of gas space, m ,

The numerical value of g/C should be calculated from

Eq. (29) which applies to stagnant films of finite

thickness. From Eq. '(29) , g/C is given byg

h=H D tanh 6 (36)
g \ ]

where H = partition coefficient = C*/C ,

~

k = first order reaction rate co stant, sec ,

D = diffusivity of methyl iodide in water,
2m /sec,

6 = thickness of wall film, m.

Film thickness, 6, may be predicted from laminar flow

theory, which relates the film thickness to the film i

flow rate and the fluid viscosity. The film thickness
is given by(39) ]

~ ~

1/3 '
3v r6= (37)9

- .

where 6 = film thickness on vertical wall,

v = kinematic viscosity of water film,

T = film flow rate per length of perimeter,

g = acceleration due to gravity.

31
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In summaryL the washout rate of methyl-iodide by reactive'
sprays such as 1% thiosulfate, can be calculated from

' Eq. _ (3 3) , using Eqs. (34) and (35) to evaluate the A's.
~

For slowly reacting sprays, a' simpler model'may

be used because the reaction ~ rate >is too slow to enhance j

absorption during'a single ~ pass. Solutions which fit-

this catagory are pure or buffered boric acid, and basic

borax--solutions containing sodium hydroxide. Eq. (32)-'

'

applies for'these sprays. The spray. lambda implicitly

defined by Eq. (32) is
i

'
|

1

FkHA= (38) i

g [V(l+k\
!V

)
i
*

3
where F = total spray rate, m /sec, j

3
~

V = volume of gas space, m , _i
g _ -

V = volume of spray liquid in containment. ;
g

3 t

vessel sump, m ,
-1k = first order reaction ~ rate constant, sec ;.

i

!
'

;
i

5.3 Models For Aerosol Particle Washout:
i

:
i 5.3.1 Washout by Spray Drops

The removal of aerosol particles by sprays is a

more complex process than gaseous absorption because a -|
number of mechanisms contribute significantly to capture. j

In a review of particle washout by containment sprays, ,

'

'Ritzman et al. list the following important mechanisms.
1
1

|=
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9 Brownian diffusion

9 Diffusiophoresis

e Interception

G Inertial impaction
I

I i
|

The relative importance of each of the contributing
mechanisms depends on spray and aerosol properties.
Ritzman, at al. have evaluated each of these mecha-
nisms for typical LWR containment conditions for a 1210

micron diameter spray drop.
The dominant mechanisms for capture of particles

in the 0.1 micron to 1.5 micron range are diffusiophoresis
and interception. For particles with diameters larger

than about two microns, inertial impaction becomes the
dominant mechanism. Brownian diffusion controls capture

of particles smaller than about 0.1 micron diameter.

The spray removal rate for aerosols can be related

to spray parameters and to the single drop collection

efficiency by considering the spray to be an assembledge
0)of single drops. The relating equation is

- hS = A dt =
3h

dt (39)s

3where C = aerosol concentration, kg/m ,
~1A = spray removal rate constant, sec,s ,

h = drop fall height, m,

F = spray flow rate, m /sec,

E = single drop collection efficiency,

d = mean spray drop diameter, m,
3V = volume of contained gas phase, m ,

33
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The quantities h, F, and V are parameters of the

containment system design. The drop diameter, d, is

determined by the spray nozzle design and operating
conditions, and is subject to direct experimental

measurement. The most difficult-to-determine parameter

in Eq. (39) is the single drop collection efficiency, E,

After considering alternative approaches, it was

determined that use of experimental washout rate data

from large scale containment tests provided the firmest
basis for arriving at a simple conservative model for

washout of particulate fission products.

From a review of available large scale test results

on aerosol washout, a conservatise estimate of particu-

late iodine washout can be obtained by choosing (E/d) =

~1 ~1
0.1 cm for C/C values from 1 to 0.01, and 0.01 cm-

for C/C values maller than 0. 01(40) Mathematically.

g

this can be stated in terms of washout A's:

A = 3hF (0.1 cm~ ) for 0.01I C/c 5 1.0 (40)g

A=3F (0.01 cm-1) for C/C 5 0.01 (41)g

In the above expressions C/C represents the ratio of
g

airborne concentration, C, at time t to initial concen-

tration, C computed for an instantaneous release atg,

time zero.

4 34
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'5.3.2 Deposition of Particles on Surfaces !

Airborne particles.are known to be removed by a. '

number of mechanisms even if sprays do not operate (32) ,

Dominant among these is gravity settling ( ) onto

horizontal surfaces. Wall plating occurs by diffusion,

by thermophoresis, by diffusiophoresis', and by turbulence
in the wall boundary layer. -All of these mechanisms

lead to removal rates which are small compared to the-
spray removal rate, and therefore surface deposition of

particles has usually been neglected in site evaluations.

5.4 Absorption of Hypoiodous Acid
1

!

The physical properties of HOI which govern its
absorption rate have not been firmly established.
Consequently calculations of washout A's are not possible.

,

However the known properties of HOI (its solubility in '|
~

water) indicate that its removal rate would fall between
that of elemental iodine and that of methyl iodide.

1

HOI has been lumped with methyl iodide to assure conser- '

.

vative washout predictions.

6.0 DISCUSSION OF TECHNICAL BASES FOR WASHOUT MODELS

In this section the technical bases which underlie

the NRC-washout models are discussed. This discussion-

will help elucidate the NRC position on the various.

models employed to compute spray' washout in containment

vessels.

35 ,
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6.1 Elemental Iodine

6.1.1 Effect of Iodine Concentration on Removal Rate

The model assumes first order behavior which requires

the removal processes to be independent of gas phase
iodine concentration. Physical properties such as density,
viscosity, and diffusivity are known to be independent
of iodine concentration at the very low iodine concentra-

tions involved in containment atmospheres (4 2) However.

the overall iodine equilibrium partition ccefficient is

controlled largely by liquid phase chemical reaction

equilibria, and the degree of completion of these reactions
is a function of iodine concentration. For example, the

theoretical study of iodine hydrolysis by Eggleton(43)
shows that the overall partition coefficient varies

greatly with iodine concentration. While experimental

measurements of iodine partition coefficients applicable*

to spray washout (18,33,44) tend to be larger numerically
than predicted by the Eggleton theory (43) the data

follow the predicted trend in that partition coefficients
decrease in magnitude with increasing concentration.
Nonconservative errors can be avoided if the numerical
value of the partition coefficient is chosen as the

minimum value achieved for the range of iodine concen-
trations which is possible.

6.1.2. Instantaneous Release Versus Continuous f,our 2
of Iodine

The removal process is analyzed under the aseimptic.i

36
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that all of the iodine which becomes airborne'does so
instantaneously at time zero. While this assumption-is

met for practical purposes.by gap iodine releases (45)
fuel melt and vaporization releases would occur over a

time' period. For example realistic. assessments of core

melt accidents (45) showed that'most of the lodine would
be released over a time period of 30 minutes or more.

This minimum time' duration is determined by the time

required to melt the core by fission heat in the absence

of core cooling. Experiments have demonstrated that the
5)major iodine release occurs when UO melting occurs2 ,

In order to determine the'' factor:of conservatism
caused by the puff release assumption, the two hour

average concentration was computed as,a function of

source release time, t and the washout A. For a puffR,

release at time zero the two hour average concentration
;

is

Puff Release Avg. = (42) 1

2A

where C = initial atmospheric concentration
O

1 i

A = spray removal rate constant hr |.

|

For a continuous source term lasting a time, t dep,
two hour average concentration was computed to be

E ~

Continuous Release Avg. = l- 1-e e R (43)
R ;

where C = total mass released / gas volume,
'

g

t = time of constant source.g

37
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The-degree of conservatism resulting from the puff

source term was computed by dividing Eq. (42) by Eq. (4 3) .

Results of the calculation are shown graphically in

Figure-1. .

The puff and. continuous source terms lead to appre-

ciably different results only for small washout lambdas. :
-1

Since typical PWR lambdas are-5 hr or greater, the puff

j release assumption introduces'a factor of conservatism
'

of 1.10 at most for a two hour calculational period.
|
,

;

6.1.3 Effect of Initial Drop Velocity on Absorption
'?

In the previously discussed models for absorption by
falling drops, it was assumed that spray' drops fall

vertically at the terminal velocity for the. full fall

height. This assumption simplifies the estimation of ;

the exposed surface area for mass. transfer and.the mass
'

i - transfer coefficient.

In.a containment vessel, spray drops enter at various

angles with respect to the vertical direction. After ,

traveling a relatively short distance, the horizontal I
i

component of velocity becomes negligible, and the drops
l

then fall vertically at terminal velocity with respect to

the containment atmosphere. Thus the theoretical assump-

tion will not be precisely met for the following reasons.

(1) The drops enter with a horizontal velocity component,
;

| and hence will have trajectories longer than the fall

height. This factor tends to increase the absorption

| effectiveness for a drop as compared to a straight line

trajectory. (2) The drops initially have a higher than

38
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FIGURE 1. Comparison of Airborne Concentrations For
Puff Release and Continuous Fission Product
Source Terms

|
|
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terminal settling velocity which reduces the exposure

time and increases.the mass transfer coefficient. The

decrease in exposure time more than offsets the increased

mass transfer coefficient, hence the higher initial

velocity tends to reduce the absorption rate. Thus a

' terminal settling velocity model would tend to overpredict

the absorption ratt, though as shown later,.the effect is

small. (3) The gas. phase is not stagnant. Particularly

in the region near the spray nozzles, the gas phase is
/

highly turbulent. Thus, over a segment of its trajectory,

the drop falls at velocities higher than would be~ predicted

for a stagnant gas. Since the containment atmosphere

has a net vertical velocity of zero, the decreased exposure

time for a part of the drops would be balanced by an in-

crease in exposure time for the remainder of the drops,-

and therefore the net-effect of gas phase. currents is

expected to be negligible. This factor is one of several

which are best evaluated through large scale experiments.

Agreement between experiment and absorption theory con-
firms that such factors have a negligible influence on

absorption rate.

The effect of initial downward velocity has been

evaluated using a perfect sink absorption model( For.

conservatism, it was assumed that the drop trajectories

were vertical.

Mathematically, the total iodine absorbed by a

falling drop may be written as
t=t

, e
+ mass absorbed = k AC dt =

9 9t=o

t=t
2

9.vd ,p.(2 + 0.55 Re Sc * )dt (44)*

C
t=o ;

1
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,

where 'd = drop diameter,

L D = gas' phase-diffusivity,'

Re = Reynolds number for drop,
iSc =.Schmidt number for drop, i

t = drop exposure time. !e
:

For the terminal velocity model, the mass transfer coef- ,

ficient is taken as constant and the fall. time is equated-
to the fall height divided by the settling; velocity.- 'The

,

mass absorbed by a' drop would thus be

2 '

mass absorbed = Cg.md . .(2 + 0.55 Re Sc * )t (45)
*

e
,

where Re = Reynolds number evaluated at terminal
;

velocity. -

,

The iodine absorbed by a terminal velocity drop.

and that absorbed by a drop entering the containment

vessel with a velocity of 62'ft/sec were compared by .)

evaluating the ratio of Eq. (44) to Eq. (45). Results ;

of this evaluation (28) are shown in Figure 2. The

results shown in Figure 2 apply for drops projected

downward without any horizontal velocity component. This ;

assumption maximizes the calculated effect of initial

velocity, and for the hollow cone spray nozzles typically

used in containment vessels, the ratio portrayed in

Figure 2 would be even closer to unity.

The fall height in the main containment region is ,

approximately 100 feet and mean drop size is in the

neighborhood of 1000 p. From Figure 2, the downward

initial velocity decreases the calculated absorption.by

5%. This is a conservative estimate because the horizon-

tal velocity component and drop saturation effects.have

f

41
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FIGURE 2. Effect of Initial Downward -

Velocity on Drop Absorption
Efficiency ,

'
,

|

ibeen neglected. This degree of error is too small to

merit additional detailed analyses except in special cases
_.,

such as where spray headers are located in areas where
,

i the fall height is less than approximately 20 feet.
i

*

6.1.4 Use of Stagr. ant Film Model For Liquid Resistance -

!

The Griffith model( OI for liquid phase mass transfer

42 r
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is us - t culate liquid phase mass transfer resis-

tance in che stagnant film model: ,

9,2 Dg
k ~

E~ ~ (9)g= 3
i

This equation results from an approximation to the
i

| rigid drop diffusion equation (27) :
1

!

n== - '

C-C -n n D t
3 (46)* ~

C. - C 2 7 **P 21 O E n an=1 ]_

where C = average concentration in drop at time t,

Cf = concentration at drop surface,
initial concentration in drop,C =

g

diffusivity in liquid,D =
g

a = radius of drop,

drop exposure time.t e
e

If the first term of the series is factored out, and the

remaining terms evaluated at t = o, there resul's

2C-C vD tg
" l ~**P~ (47)C. -C 2

1 o a
J

If this equation is differentiated with respect to time,

and the rate of change in average concentration multiplied

by drop volume is equated to a mass transfer coefficient

times a surface area and concentration difference, the ;o
result is

hy=fmdD3 2
(Cf - C) = k nd (Cf - C) (48)g g
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where m = mass of solute in drop.

From Eq. (48) k may be obtained asg

22nk (9)=
g 3 d E

This representation is approximate because of the i

series truncation procedure used. We have re-derived

the expression for k , accounting for the series terms [g

dropped in Griffith's approach. The result is
,

22n D
E d f'(t) '4 9)

.

L" ~E f(t)3d
2

where f(t) variesfrom{-att=oto1astbecomes r

long, and f' (t) has a value of -= at t = o and approaches

o at long times. The correction factor is infinite at

zero time but becomes negligible at long times. It is ;
apparent that the Griffith's approximation is conservative ;

in that it predicts lower absorption than would be pre-

dicted by the full series for stagnant drop absorption.

The Griffith model.was compared to the exact. treat-

ment for a rigid drop by calculating the drop absorption
,

efficiency predicted by both models. The results were
'

normalized by dividing-by the drop absorption for a well

mixed drop. f
For the stagnant film treatment of liquid phase j

mass transfer we derived
- . ,

6k t*9E= 1 - exp - (7)'
dH+J ,

\ El t

- _
,
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where E= fractional saturation acheived by. drop,
22n D

E" 3d *

!
'

Eq. (7) represents the stagnant film drop absorption
model.

For the stagnant drop, the drop absorption efficiency,
E, is given by

2 26 sh exp (-a 0)=

E = 1 - ]{
n=1 "n _"n2 + sh(sh-1) -

(10)2 -

.

k a

where sh = H D '

g

D tg e0=
2a

a = nth root of a Cota + (sh-1) =0,n n
a = drop radius.

|

Finally, the well mixed drop model gives E as
j

-6 k t ~
E = 1 - exp - ( }

,

dl ,

|

These three equations were evaluated for spray drops I
i

0falling 90 feet in a steam-air environment at 250 F. '

Drop sizes used in the calculation were 500, 1000, 1500 i

micrometers. Partition coefficient was a parameter, vary- |
6ing from 10 to 10 Results are tabulated in Table 2 !

.

and shown graphically in Figure 3.
j

As postulated, the stagnant film model predicts |

lower absorption rates than the rigid drop model. The

maximum difference in stagnant versus well mixed models

:

45
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TABLE 2. Comparison of. Stagnant Film
Model, Rigid Drop Model and
Well Mixed Drop Absorption Model

Stagnant Film'Model Rigid Drop Model |

*Well Mixed Model EWell-Mixed Model
.

Drop Diameter Drop Diameter

H 500 p 1000 p 1500 p 500 p 1000 p 1500 p

100 1.00 0.89 0.51 1.00 0.93 0.69
,

500 1.00 0.83 0.47 1.00 0.89 0.64

1,000 1.00 0.76 0.50 1.00 0.85 0.66

5,000 0.98 0.82 0.73 0.99 0.88 0.83-

10,000 0.97 0.88 0.83 0.98 0.93 0.91
510 0.99 0.99 0.98 1.00 0.99 0.99

10' l.00 1.00 1.00 1.00 1.00 1.00
,

'

;

occurs for the largest drops, and at partition coefficients

smaller than 1000. For partition coefficients greater

than 5000, the discrepancy between the well mixed model ;

and the rigid drop model is less than 17% for 1500 p drops.
,

For partition coefficients greater than 5000, the stagnant

film model predicts an absorption efficiency 27% smaller

than that predicted by the well mixed model. This 27%
difference occurs for 1500 p drops. For smaller drops,

the difference is smaller, demonstrating the relatively' ,

minor influence of using the Griffith model as compared

to the rigid drop model.

From the foregoing discussion of liquid phase mass

transfer, it is concluded that use of the Griffith model

46 )
!

,

- _ - . . - - .



r

-

1

i

NUREG-CR-0009 :

|I I I |||||1 ~ ~ ~ + - - - ~ ~
I I IIlli,

# /~ iL'
. ~ % . . ._ - 9 s

500 p DROPS -
,

|
0.8 d-

-

/
/1000 p DROPS ,/ _

' _._ - q
0.6 -

-

1500 p DROPSa

t "x w STAGNANT FILM MODEL -<

< E

$- --!~4 ----RIGID DROP MODEL |
~ ~

w
,

J 2 i
-

-

FALL HEIGHT - 90 FEET I
0.2 |

- -

ATMOSPHERE - STEAM-AIR AT |
0 |

-

250 F -

I I I Ililll l I I 111111 I I I 111111 1 I I 11111. I0

6100 1000 10,000 10 10 j

IODINE PARTITION COEFFICIENT - H J
l
|

FIGURE 3. Comparison of Absorption Efficiency
For Two Stagnant Drops Models

|

\

|

for estimating k is a conservative approximation to theg
rigid _ drop model. Both models are conservative because '

they neglect mixing within f al3ing drops.

47
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6.1.5 Effect of Drop Coalescence on Absorption

A conservative estimate of drop coalescence may be

obtained from an analysis of all theoretically possible

collisions between the spray drops in the containment.

The theoretical maximum effect of coalescence is obtained
if it is assumed that each of these collisions will result
in coalescence, i.e., a single larger drop equal in volume

to the sum of the two colliding drops. The derivation of

such a model is given by Pasedag and Gallegher(46) The.

number of coalescences between drops of two different

sizes in a height increment dz is given by:

s U.
n.. =T E P P.(a + a.) (1 U1) dz (50)

13 ij i 3 1 3 f

g3 = number of coalescences between drop sizewhere n
,

groups i and j,

collection efficiency for drop sizes iE.. =

13
and j,

g = drop population per unit containmentP

volume for size i,

f = radius of drops of group i,a

g = velocity of drops of group i.U

The derivation of this equation is based on the following

assumptions:
The spectrum of drop sizes emitted from the noz-a.
zie is known, and can be represented by a finite

number of discrete drop size groups.

b. The drop population of each of the several drop
size groups is uniformly distributed within the
space of the control volume of height dz.

48
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i

:

The drops are spherical in shape and fall at ic.

their terminal velocity.

Eq. (50)' is. made amendable to digital computer
programming by replacing the differertial dz with a finite

difference Az. The computations are' performed for each'
,

combination of drop sizes. The drop size distribution is

then updated to account for the smaller drops lost, and'

the larger drops' gained in the coalescence process,-and |
the calculation is repeated _for the next. height increment.

In this manner, a drop size distribution as a-func -
,

tion of height in thefcontainment (or distance from the

nozzle) is obtained. 'The maximum effect of coalescence
on the spray drop size spectrum, therefore, is evident in '

the distribution of the last step, immediately above the

operating deck. A conservative estimate of the maximum

reduction'in the spray effectiveness is ootained by

assuming that this size distribution exists throughout -|
the containment. i~'

The results obtained from this calculation are shown ;

in Figure 4 as a function of spray flow rate and fall *

!height-for a drop size distribution emitted by a spray

nozzle commonly used in containment vessels. Since most ;

containment systems use spray rates in the range of
.

0.0005 and 0.0025 gpm/ft it'is evident that the maximum f3
,

possible effect of coalescence would reduce the spray -{

effectiveness by less than 15%. |
This coalescence model predicts a reduction of up i

3to 13% for the highest flow test in CSE (0.0071 gpm/ft

and 38 ft fall height). 'No reduction in spray effectiveness

due'to coalescence could be seen from test results( 8) ,
,

-

,
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This large scale test result supports the model. 110 wever ;

since the test results had a precision of about 10%, the

experiments cannot be used to numerically evaluate the

degree of conservatism inherent in the coalescence model. j
The drop size distribution before and after coales-

cence is shown in Figure 5. As expected, the distribution.
J

is broadene,d toward the larger size range. |

|

1

i

'!
c.5 , , , , , , , , y

E ^g 0.4 *

g BEFORE COALESCENCE~

s

bi
N 2500 GPM SPRAY FLOW
" 0.3 6 3 -

-

2.6 X 10 FT VOLUME
2
O
g 100 FT FALL HEIGHT

{ 0. 2 --

@ SPATIAL
4 DISTRIBUTION

AFTER8 0.1 ,.

g COALESCEt4CE

8 !
x

I I I ' I I 3 '
0

O .02 .04 .06 .08 .10 .12 .14 .16 .18 .20.

DROP SIZE, CM- !

i.

i

FIGURE 5. Effect of Coalescence on Drop Size |

Distribution
,
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The coalescence model used by the staff (47) over-

predicts the effect of drop coalescence due to the follow-

ing assumptions:

e lach drop-drop impact is assumed to result in coal-

escence, i.e. a drop collection efficiency of 100%

is used.

e Aerodynamic forces which tend to lower the drop ;

impaction efficiency are neglected.

O Mass transfer calculations are made using the drop

size distribution achieved at the end of the fall

path.

I47)Due to the conservative nature of the model its use

assures that the effects of drop coalescence will be

treated conservatively.
,

6.1.6 Effect of Steam Condensation on Iodine
Absorption

Spray drops entering a hot containment vessel atmos-

phere will condense steam until the drop warms to the

atmosphere temperature. The condensation of steam onto

| the drops can affect mass transfer in three ways. First,

the drops will grow in size, potentially decreasing their

effectiveness. Second, one can postulate the buildup of

a film of pure condensate on the outside of the drop,

which could act as a diffusion barrier to iodine. Third,

there would be a sweeping flow of steam toward the drop

which would increase the gas phase mass transfer coefficient.

'
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The significance of each of these three effects is discussed |

below.
,

,

Increase-in Drop Diameter by Condensation

The maximum amount of water which can condense on !

a drop is determined by the temperature difference bet-

ween the entering drops and the containment atmosphere.
For a containment. atmosphere' temperature of 250 F and' ;0

8for water entering atI70 F, the temperature rise is equal

to'or less than 180'F. A heat balance on the drop gives
'

r

heat of condensation = sensible heat increase
i

3AM =1 d C (180) ( 51) . -

cc 6 p

,

where. A = specific heat of condensation, BTU /lb,c
M = mass of condensate, lb,c q

d = drop diameter prior to condensation, ft, )
p = drop density at initial conditions,

lb/ft ,

0C = specific heat of drop, BTU /lb F.p

30 m d ~ pC
PM (52) .=

c A c

Hence the final mass is

3
- C30 v d

M={d pp+ (53)y
C

|
53
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and'the final size'is-

1/3
- 180 C '

Edf=d 1+ (54)'
f 3c

.
,

-For water,- taking.C- = BTU /'F lb and A = 1000 BTU /lb,
p c

d is about~6% greater than the initial size. This is
f

probably.a maximum estimate because the temperature
difference could'well be less than 180"F, and.not all
heat is transferred by means of water condensation.

A 6%. change in drop size is relatively unimportant.
Calculations based on a perfect sink absorption model
(H arbitrarily large) showed the absorption. efficiency
to vary approximately with the inverse 2.2 power of drop
size. Since saturation effects would reduce the relative

$ importance of drop size, the perfect sink calculation is
more sensitive to drop size than would be the stagnant

film model for typical containment applications. Because

the spray A increases linearly with spray flow rate, the
not effect of steam condensation is to increase the 1.
This can be shown as follows

f.2 (55)A=k

1

where k = a constant,

F = spray flow 1 rate,

d = drop diameter,

A = spray washout rate constant.

Because the number of spray drops is not changed by steam

54 ,
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;

condensation, the drop diameter will vary with the 1/3

power of the liquid flow rate. Therefore A may be written

as

,

A=k = k' F (56)
*

1 2.2

(F /3

l
,

Eq. (56) indicates that condensation, which' increases F,

will tend to increase the iodine washout rate provided

the drop size does not enter the absorption efficiency |

calculation to a power higher than three. This is true ,

for all practical cases involving containment sprays.

.

Effect of Build-Up of a Pure Water Layer
j

i

Chemical reactions play an important role in absorp- !

tion in 1 For this reason a layer of pure water on the2

surface of a drop could lower the absorption rate. From i

the preceding calculation, it was concluded that, at most,

drops would increase in diameter by about 6%. Thus for

a 1000 micron diameter drop, a pure water layer having a

thickness of 30 microns might form at the surface. For

a stagnant drop, diffusion calculations indicate that the

surface concentration of a reactive reagent would reach 1

"

50% of the bulk concentration in a time of about 0.1 sec-

ond. Since drop residence times are of the order of

seconds, the condensate layer will not appreciably influence
i

the absorption rate. For a 3 second fall time, it was pre- |

dicted that the transfer rate would be reduced by about 3%. |
The model used in arriving at this estimate yields an

i

55
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overestimate of the effect, because drop mixing was neglec-

ted, and because the absorption rate was assumed to be

linearly related to the concentration of a dissolved reac-

tive solute.

Increased Transfer Due to Sweep Effect

The gas phase mass transfer coefficient will be
enhanced because of bulk motion toward the surface caused
by condensing steam. This effect would obviously be neg-

ligible for organic iodides such as CH 1 because their3
transfer rate is controlled by liquid phase resistance.

The degree of enhancement of gas phase transfer, for an
airborne species which exhibited zero back pressure at

the surface, was estimated from theory. The drop was

assumed to fall at terminal velocity. The water conden-

sation rate was calculated from Eq. (8) in conjunction

with a heic transfer model based on a well mixed drop.

The enhancement in the gas phase mass transfer coefficient
was calculated using data presented by Bird, et al.(49) .

The results of this calculation are presented in Table 3.

The data of Bird, et al.(49) used to obtain the pre-
dictions shown in Table 3 were calcualted from the penetra-

tion theory. Models based on film theory and boundary
,

layer theory give comparable results. Although these

models would not be expected to apply precisely to drops,

significant discrepancies would not be expected for the
present case.

From this analysis it is apparent that the increase

in liquid flow rate and the increase in the mass transfer

56
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TABLE 3. Predicted Enhancement of Gas
Phase Mass 1TransfercDue to
Water Condensation

Drop ' Percent
: Diameter Enhancement *

i
| S00 0.5%

1000 2.5%

2000 10%.

Initial drop temperature'70 F and atmosphere0*

0temperature 250 F.

,

coefficient caused by steam condensation enhance the iodine

absorption rate. The degree.of enhancement is' expected to

equal or exceed the potential decrease in absorption rate

caused by build-up of a pure water layer on the surface of

the drop. Moreover, since all three effects are small

no measureable influence on absorption would result-from

the condensing of steam onto spray drops in a containment
vessel.

I

6.1.7 Physical Property Estimation

lAll spray models require input-data for gas phase ;

properties including diffusivity, viscosity, and density.

If liquid phase mass transfer is important, liquid proper- )
ties including diffusivity and density will also be re- |
quired. In addition to these physical properties, corre-

.lations for friction factors and mass transfer coefficients
for spheres must be used.

57 1
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Fluid densities and viscosities are quite accurately

known and errors _in these_ quantities are expected to be' ~j

less than 10% for steam / air mixtures. Errors of 10% might.1

be expected in,.the friction factor correlation, and on

the basis of scatter of mass- transfer data for spheres (50) )

errors'up to 20%'might be expected in the gas phase. mass. .;

transfer' correlation. Diffusivity data are probably the >

least accurate'of the inputs. Gas phase diffusivities

are calculated:from theory, and'may be in error by 20%'' |.

Liquid phase diffusivities could be in-error as much as
,

30%. i
i-

These errors areLof a magnitude which is. typical of !

those encountered in engineering calculations. The over-

all error caused by inaccuracies in these input' data

depends cn1 how each variable enters into a specific model,
.

and on the degree to which the individual errors tend to i

compensate. If large scale washout experiments were not !
!available, then a detailed study of errors would be required

in order to' estimate potential errors in A's predicted by i

models. However, in-the present case, spray washout data

are available, and the data offer the best available means
;

for evaluating model error.- Comparisons of experiments [
and theory are presented in a l'ater.section of this report. }

| 5

I

6.1.8 Partition Coefficients For Spray Solutions
;

I

Elemental iodine reacts with water, forming a' number-

of ionic species in solution. The partition coefficient, |

which is the ratio of total iodine concentration in the '

liquid to 1 concentration in the gas phase, is numerically
2

58 |
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.
deterntined by the physical sorption of 1 and by rapid-2

,

'

ionization reactions which occur in soltulon. At'least '

eight' reactions are involved when elemental iodine is

| dissolved in water (43) , !

.;

'(I (aq) ' '

1

'I2(gas phase)+ 12 (aq) K.= (57) '

y
(I2(gas phase) )

.

K
(I~)2

% I~ K12 (aq) +I (58)~

2 " (I2 "9I f( I- )I

!

I2(aq)+H O H++I + HOI K
-

I*
2 3

(12"9))I |

:
,

[4. _

2 - )H OI I

I2 (a )+H O + H OI,+I_ K .(60)=
2 2 4

(I2 "9)
,

I

[5 _ _ (10-)(I-) ( H+)
3I2 (aq) +3H O + 10 +5I +6H, K5" (61L2 3

'(I2 (aq). )3
a

1

~

( }HOI H + IO K *
6

(HOI)

59
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(IOH~ ) f OH~)_ _
7

2
IO_+I +H O + I OH +0H_ K =

_

_
(63)

2 2 7

(1o )(1_)

,

(I 0" )8
10 + I~Z 1 0" K

~

(64)
8 " (ro )(1-)

2 7

.

The rates of the first four of these reactions are

known to be fast. Rates of the last four reactions are

not well known, but these latter four reactions could be

important for long times. They would cause displacement

of the equilibrium to favor tra liquid phase.

Elemental iodine can be effectively absorbed because
,

of the displacement equilibria. At least three chemical

approaches can be used to enhance the iodine partition

coefficient.

e add reductants to form I~

eaddoxidantstoformIO}
e shift hydrolysis equilibria by removing H+

Sodium hydroxide, a commonly used spray additive,

shifts hydrolysis equilibria by reducing (H+). This would

drive reactions (59), (61), and (62) to the right, there-

by increasing the quantity of ionic iodine in equilibrium

with I2 (aq) . The effect of such a change would be to

increase the partition coefficient.

Hydrazine and sodium thiosulfate are reducing agents ,

which convert I2 (aq) to I~ The mechanism for the reduction.

1

60 I
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reaction appears to involve the reduction-of HOI (51) so i,

these agents would also serve as hydrolysis shifters for,

,

Eq. (59) . by removing HOI.

Eggleton (4 3 ) has' presented numerical evaluations of
,

,

H based on Eqs. (57) through (64). Results show that the

partition coefficient increases with increasing pH and i

decreasing iodine concentration.

Experimentally derived partition coefficients are '

often found to be larger than those predicted by Eggleton's
theory. One reason for this is the presence of trace

.

level impurities which interact with dissolved iodine.

For example in CSE test A-7 (52) iodine was removed about
as rapidly as in test A-6. Test A-7 used boric acid

whereas test A-6 spray water was made basic (pH=9.5) by
sodium hydroxide. A subsequent CSE test using highly I

I 0) jpurified boric acid showed slower removal, ccnsistent

with a partition coefficient of 200. Tests condu ted in i
I )Italy in pSICO also indicated that boric acid without

chemical additives was as effective as a spray solution j
containing sodium thiosulfate. We attribute this to 1

impurities in the spray water.

While the sorption of iodine in water is understood, j
direct experimental data must be relied upon to select a

partition coefficient for a particular spray solution.

Partition coefficients for plain boric acid solution

without other chemical additives have been reported by
Postma, et al.( } Based on the available information,.

it is concluded that H the partition coefficient whichg,
controls spray absorption is about 200. H increases with

time so-that fairly large concentration reduction factors j

can be obtained as spraying recirculation is continued.

61
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For sodium hydroxide solutions at pH of 9.5,

available information' suggests that H is greater than-g

5000(33,44) Calculations made using an H value-of>. g

5000 will result in conservative estimaten of iodine
washout.

Hydrazine, in low concentration' levels, has also -

17,33F
been studied experimentally and use of H ' equalg

to 5000 assures conservative predictionscfor hydrazine

sprays.

Sodium thiosulfate at 1% by weight, has been studied-
by a number of investigators (16,19,33,52) Of the spray,.

solutions designed for use in containments, the basic
thiosulfate solution is the most powerful from a chemical

reduction standpoint. Use of an instantaneous partition

coefficient of 100,000 appears to be justified.

'I

6.1.9 Deposition of Iodine on Containment Surfaces

Surface deposition of iodine occurs as the result of
*

several transport processes which occur in series. These

are depicted in Figure 6.

Each of the_ transport steps shown in Figure 6 is
potentially important in gas absorption, and each will be
briefly discussed-in relation to iodine absorption under

accident conditions.

62 ;
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' FIGURE 6. Schematic Representation-of-
Iodine Surface-Deposition i

t

Mass Transfer in the' Bulk Gas Phase

'

Transport of iodine molecules from the bulk of the ]
gas space over to._,a boundary layer represents the longest 'l

'

transport step from a physical size standpoint. Such

transport would be dominant if the bulk gas were stagnant. H

However, numerous; experiments in containment vessels ( 0,32) ]_

have demonstrated that in a single compartment', the bulk
]

gas phase is well mixed. The mixing is induced by thermal

gradients, by operation of sprays or air cleaners, and.by

63
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thermally' generated steam flows. As shown'by large scale

experiments ( 2) only very small thermal sources are re-

quired to mix a large vessel to the point where boundary.

layer tranaport dominates. Therefore, mass transfer

through the bulk gas phase is'not expected to be a con-

trolling factor in iodine plateout in a single compartment

of a containment vessel.

It should be noted-that internal surfaces, such

as those presented-by shield walls,.would trap iodine as

well zus the outer containment wall. In large~ scale CSE

tests, the total exposed surface was about twice that

afforded by the outer vessel walls, and all of the surface.

had to be accounted for to obtain agreement between theory

and experiment (32) Therefore the discussion'of surface.

deposition presented here applies to all massive structures

in the containment along which natural convective flows

can freely develop.

Gas Boundary Layer Transport

Mass transport resistance through the gas boundary

layer is expected to be important for' absorption of all

reactive gases where uptake at the wall is rapid. Since

iodine is present in parts per million concentration

levels, effects due to high concentrations on the boundary

layer transport processes are insignificant. Based on a

film model the iodine flux is defined by

N =k (C -C g) (65)g b g

i

64
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where N = iodine flux, g/cm sec,g
.

k = mass transfer coefficient, cm/sec,9
3;C b = i dine concentration in bulk gas, g/cm ,

| C g = iodine concentration at gas-liquid !

interface, g/cm .
.

If the iodine is rapidly absorbed by the wall, then
Cgh > > Cgg and the gas boundary layer resistance controls
the absorption rate. As will be shown later.in this
report, this is the case for' deposition of elemental '

iodine in containment vessels.

Transport In Water Film-

The surfaces inside a containment vessel following '.

a LOCA will be covered in part by water, and'therefore
the water film may play a role in the overall deposition i

process. Water films could, theoretically, either enhance i
or retard iodine deposition, depending on the value of !

the iodine partition coefficient in the aqueous film. For

reactive liquid films, absorption would be enhanced,
ensuring that C /C 0. If the wall surface were com--gi gb
- pletely covered by a water film, in which the iodine

partition coefficient were a minimum value, the water
could represent a minor diffusion-barrier. However the
followi'ng order of magnitude calculation indicates that-
the water-film would be too thin to appreciably retard
the iodine absorption process.

At steady state, the iodine absorption rate per unit
area in the gas and liquid films is

|
1

65
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D (C -Cg)3 gg

12. flux = k (C -C g) (66)=

g gb

2
where D = iodine diffusivity in water, cm /sec,

g
6 = thickness of liquid film, cm.

The maximum impeding effect of'the water layer would be
the iodine' concentration in liquid atpresent if Cgy,

the wall, is zero. Setting C =10, and using the usualgy

surface saturation (Cgg=HC g),.Eq. (66) may-be written

as

C DHg
S }"k6*AC

g1 .g
~

where H = equilibrium partition coefficient.

Mass transfer resistance in the liquid phase will be

unimportant if C /C g > 10. This will' occur if the'gb g
reciprocal Sherwood number D H/k 6 is greater than 9.

g

~4
For a typical case: D = 3 x 10 ft /hrg

H = 5000
k = 8 ft/hr

9 _46 = 0.01 cm = 3.x 10 ft

Using these values, D H/k 6 2 625. Therefore it is con-g
cluded;that liquid phase' mass transfer resistance will be
negligible for elemental iodine sorption on surfaces.

A water film would absorb iodine regardless of

whether the solid wall were adsorbing or non-adsorbing.

66
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.An order of. magnitude estimate of the wall liquid absorp-
tion rate may be obtained by considering a strip of unit
width aihng the wall extending from the top of the con-
tainment vessel-to the operating floor. If the wall film

liquid (originating from spray drops and steam condensate)
/becomes saturated with iodine the total quantity absorbed-

will be:

I absorbed = P H C (68)2 g

where T = wall film flow rate,,

H = equilibrium partition coefficient,

C = gas phase concentration of 1
2'

3For a typical case, we estimate T 2 3 ft /hr ft and
3 3 3H = 5 x 10 The absorption rate, 3y 10 C ft hr".

g
may be compared to absorption where the wall is a perfect
sink, k AC In this case A will be. numerically equal tog g.
the height of the wall surface, approximately 100 ft.

31 absorbed by liquid film (3) (5x10 )g2
9 = 18.75 !

1 absorbed for perfect sink case (8) (100) C2 g

From this calculation it appears that the wall liquid
film alone is capable of absorbing all the iodine which

could be transported to a wall which was a perfect sink
for iodine.

j

|
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Sorption'of Iodine by Paint and Other Surfaces

Iodine deposition on painted surfaces,,on1 concrete,
'

and?on ' stainless-steel surfaces has been studied extensively.
in the United' States and abroad The broad picture which

emerges from the.manyLstudies is1thatilodine sorbs-onto
the exposed surface,;and then' diffuses into the material
where it is held by both irreversible chemical reaction
-and ' by physical ' solubility. : The overall: absorption capac--
ity.is typically much larger than required to. absorb all.
the iodine transported'to the wall. Forfexample, a typical.

reactor core at equilibrium for a 1000 MW plant would-
contain some 25 kg of iodine (53) Of the 50% which could.

be released from the' core, less:than 10% would be adsorbed-
by surfaces if sprays operate. Therefore only 2 5 (0. 5) . ~ (0.1) ,

or 1.'25 kg of iodine at most would be available for surface i
deposition. If this' iodine were distributed' uniformly on

surfaces within the containment vessel above the operating
deck, the surface density would be roughly

,

6 21.25x10mj=0.0035mg/c.n. This is a very low
8

3.5 x'10 cm

surface loading and is appreciably less-than the sorptive
2capacity (0.04 mg/cm ) of the least sorptive paint

et al.(54) For most(vinyl base) studied by Rosenberg, .

paints used in containment vessels, the sorptive capacity ~
is an order of~ magnitude higher than the value listed
above for the, vinyl paint. Therefore, it appears that

.the painted surfaces have the capacity to retain all the
iodine which could be deposited on them. Similar results

have been reported for other surfaces, including stainless

68
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. steel (54) , mild' steel 55) and concrete (55) ~
,

a
.

i
Review of Iodine Deposition Measurements

! ;!
.

b

. Deposition on Smal'1 Specimens .:
i

!' i

Results of an extensive research' program on deposition 'f
of elemental iodineLand. methyl iodide on paints commonly' ;

|used in containment vessels were reported.by.Rosenberg,-
' >et al.(54) Several kinds of laboratory scale experiments
{

'
-

..

.were performed. First was a " screening chamber" in-which- 'i

12 depositionLeoupons (1 inch square) could be exposed !
)

simultaneously to an iodine-containing atmosphere. The j

deposition coupons were supported from a glass shaft which I

'

was rotated at speeds'of 1, 25,-and 250 rpm to evaluate )
the effect of gas velocity on adsorption. The coupons |

were removed periodically from the chamber and the iodine

deposit analyzed by'means of gamma ray spectroscopy. |
2

In a second apparatus, a' single deposition coupon'was 1
|suspendedinaglassvesselsothatiodinedehositedfrom' q

a flowing gas stream could be assayed continuously using

a gamma ray. scintillation probe. j
Deposition under condensing steam conditions was |

measured within a cylindrical chamber -(1 ft x 1 ft), the

walls of which were warmed by a heating tape to control |
|

the condensation rate. j

Iodine deposition from the liquid phase was measured
"

by suspending coated discs (10 cm diameter) in liquid

' saturated with tagged iodine crystals.
~ ' Typical'results from vapor! phase sorption.and desorption

69
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tests are-shown in Figure 7. Important features of the

data in Figure 7 include the following. First, there'is

an initial rapid sorption rate which is constant with

time. After several~ hours, the paint becomes saturated

with iodine, and the sorption rate slows. The paint

becomes. completely saturated after about 10 hours and for
longer' times no additional deposition occurs. When

iodine-free' gas is passed across the specimen, a fraction
of the iodine'is desorbed, and the remainder is bound

irreversibly.

I I I I I I I I I I I i
u

85 0.6 RUN VP 302-5 AT 170 C --

. a.
ATM = 50% AIR / STREAMc,

'
~~

i 12 CONC = 170 Mc/M
'

O 0.4 U i'S- -

e!
O 0. 3 .J-

2
0.2 g-

dINITIAL DEPOSITION VELOCITY = 0.3 cM/SECca

S? 0.1 C0ATING: PHEN 0LINE 302, 0,05 MM THICK -

$5+

0I e i i i 1 1 ,_ 1 1 I I ia
|E 0 3 ,10 15 20 25 30 35 40 45 50 55 60
a
"- TIME, h

FIGURE 7. Typical Results of Vapor Phase
Iodine Sorption-Desorption
Experiments Reported by Rosenberg, et al.(54)
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Experiments were conducted with the coatings des- |
cribed11n Table 4.

i
|

! TABLE 4. Commerical Coatings
Studied by Rosenberg et al.(54) I

f
i
ECoating Name . Coating Class Manufacturer

iAmercoat 33 HB Vinyl Americoat Corp. I

Amercoat 66 Epoxy Americoat Corp. |
Amercoat 1756 Acrylic latex Americoat Corp. I

Dimetcote No. 3 Inorganic zinc Americoat Corp. i
primer

Carboline 3300 Acrylic latex Carboline Co. i
Phenoline 302 -Phenolic Carboline Co. '

,

iPhenoline 368 Phenolic Carboline Co. .

'

Carbo-zinc 11 Inorganic zinc Carboline Co.
primer

Turco Contam- Vinyl Turco Products, Inc. i

,

Affix Rem !

Corlar 588' Epoxy du Pont i

Strathclyde Iron Oxide Federated Paints, Ltd. I
primer

i

:

'!
Selected results obtained for vapor phase deposition at |

0115 C and 1 atm pressure are shown in Table 5. |

These results show that for most coatings, the
observed deposition velocity is larger than the value of

the mass transfer coefficient prelicted for the walls of

the containment vessel, approximately 0.07 cm/sec.- i

Therefore, for.most of the paints, the wall may be consid-
ered a' perfect sink for iodine _even in the absence of an

j

!

71

1

E i
I

- .)e



. . . . . . . .-- -__._ __.___ _ _ - .. . . . _ . . _ _ .

NUREG-CR-00091
_ .

absorptive liquidifilm. Also, the absorptive capacity,.

at a minimum,Lis an order'of' magnitude larger'than required
to adsorb the quantity ofiiodine'whi'ch will be. deposited.
on surfaces iffsprays operate. !

!

TABLE 5. Typical Iodine Sorption Results(54)
Reported by Rosenberg, et al.

0for Vapor Phase Deposition at 115 C

!
Coating Name Initial Iodine Iodine

Deposition- Capacity.at Irreversibly 'I!

Velocity, Saturatjon, Retained,

cm/sec mg/cm %
,

Amercoat 0.0206 0.0744 55.1 i>

Turco Contam
Affix Rem 0.00984 0.0327 71.3 |
Amercoat 0.0389 0.271 40.6- ]
Carboline 3300 0.101 0.223 39.3.
Phenoline 302 0.148 0.458 67.6

'

,

Phenoline 368 0.184 0.697 86.5 [

Amercoat 66 0.491 0.976 56.6 [
I

Corlar 0.675 1.21 43.1

Dim.'tcote No.3 0.707 10.3 100.0 I
f

Carbo +zine 11 0.678 9.70 99.4
;

,

The deposition velocities obtained in this small !

scale study would not be expected to apply directly to .;
reactor containment vesseis, but serve as guidelines and |.
represent limiting cases for particular situations. -

'

Measurements of iodine deposition on small test cou-

pons have also been reported by Parker, et al.(56) by [,

i
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Hilliard and Coleman(32) , by Nebaker, et al.'(57) ,'and, i
i

by Freeby,.et al.(58) The results of these latter.

studies'are supportive of the' work of Rosenberg, et al.(54)
~

hence, will not be reviewed here. *

|

!
,

Natural Transport Measurements In Small Vessels .|
;

I
Numerous tests of iodine plateout' characteristics j

have been carried.out in vessels having volumes'of the

order of one cubic meter. While these vessels are very 'i
- much srcaller than reactor containment vessels, ' the testa :

1

allow thermal and' concentration' effects to be. realistically. |

demonstrated. I
!

':

Containment Research Installation (CRI) |
t

[

The CRI system (56) consists principally of a stain-
'

~!

t

less steel tank equipped with a removable liner to permit ;
'deposition to be studied for various surfaces. The vessel

6 3volume is 4.6 x 10 cm , and h'as an internal surface area
,

5 2of 1.34 x 10 cm . '

i

' Airborne iodine concentration in a typical test ;

fell rapidly soon after release; then after the concen-
,

tration had fallen by more than an order of magnitude, the

concentration decreased more slowly. The results of tests

carried out with a stainless steel' liner are summarized in

Table 6.

1Two important results from the tests are the follow-

ing. 'First, the iodine deposition rate is not strongly i

73 ,
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dependent.on the temperature of steam-air atmospheres or- |

on.the initial iodine-concentration. Second, the:deposi : .

,

, tion ~ velocities observed are equal-to or larger than 0.08 .1

cm.'s ec , a magnitude expected'~for natural convection gas;
j . phase limited transport in this vessel.

Results obtained in the-CRI'after a' liner coveredn

with an Amercoat paint was installed are summarized in
Table 7. {

The results obtained with the Amercoat paint are f
in good agreement with those obtained with:the stainless .jI

t

steel. liner.
I

:
i,

!
s

I

; TABLE 6. Results of Iodine Tests Carried I

Otzt in CRI With a Stainless' Steel !
Liner As Reported by Parker, et al. (56) !

~

|
,

,

t

!. -- Experiment Release Maximum Initial Initial 1 (2
No. Conc. Temp. Conc.'

Deposition
3 o Half-Life , ,

i mg/m C Velocity *,
"1"* cm/sec ;

i.

100 I 4.8 25 0.35 1.14 .}
103 I 25 3.4 0.117 .!-

*
i

104 I 6.7 125.5 1.6 1.25 :'

i

'
L 107 S 3.4 110.5 4.5 0.089

i,

| 110 SI 0.5 118 3.9 0.102 :
!

,.

111 SI 0.05 115 3.0 0.133 ;
i

f 114 H 0.27 111 4.6 0.087 !
I
b

d , 0.693,, Volume ,23.9 cm/sec'

.y -

t Area tg g ,

:

!

| !

I
t

I
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TABLE 7. Results of Iodine Tests Carried -
Out in CRI With an Anercoat Liner ( }

,

'Experiment Release Maximum Initial Initial I
2No. Conc. Temp.- Conc.

Deposition- .f3 "" *~

mg/m C Velocity *, '

*1"* ''

cm/9ec

115 0.0001 115 6 0.067

117 0.005 115 2.7 0.148
'

!118 0.005 115 2.7 0.148

119 0.035 115 5 0.080

120 0.125 115 4.2 0.09f

i

,y , 0.693 Volume , 23.9 cm/sec,

t Area tg g

i
t

!Thus, iodine deposition proceeded at about the same rate
'

in vessels having either painted walls or stainless steel

walls. '

!
:

Aerosol Development Facility (ADF)
i

The Aerosol Development Facility ( ADF) ( 60) was

used to obtain pilot data for the large tests carried out

in the Containment Systems Experiment. Two different

vessels were used in the ADF tests. The PAT vessel
3(painted aerosol tank) had a volume of 1.54 m , an inter-

nal surface area of 8.0 m , and had walls of carbon steel

painted with Phenoline .300, a modified phenolic coating.

The SAT vessel (stainless aerosol tank) had a volume of
3 20.90 m , a surface area of 5.2 m , and=was made from 304 L

75
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stainless steel. Surface deposition tests carried out

in ADP thnks are summarized in Table 8.
Results obtained in the stainless steel vessel are

in good agreement with those obtained in the painted
vessel. Hilliard(60) concluded that the iodine deposition
velocity (mass transfer coefficient) was governed by mass
transfer resistance in the gas phase. In Runs SB-48 and

SB-50, the steam flux was a factor of 10 below the value

used in other experiments. The iodine removal rate was

reduced by a factor of four due to this lower condensation
rate.

The ADF results appear to agree well with those

obtai.1ed at ORNL in the CRI. Agreement of results ob-'

tained with three types of surfaces supports the conclusion
that gas phase resistance controlled the mass transfer
rate.

Contamination-Decontamination Experiment (CDE)

The Contamination-Decontamination (CDE) facility

was set up to provide piloting data for the LOFT experi-
ment (57,58) The test vessel was approximately 1.5 m in

.

diameter by 1.5 m in height. It had a volume of 2.4 m~3
and a surface area of 10.7 m . As indicated in the name

of this program, the emphasis was on the development of
procedures for decontamination of surfaces exposed to
fission products. .me data were obtained which can be'

used to estimate the initial iodine deposition velocity.

Available data from the CDE are summarized in Table 9.
The removal rates for elemental iodine given in

Table 9 are comparable to those obtained in ADF and CRI

76
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TABLE 8. Iodine Plateout Tests Reported by Hilliard, et al.( }

Run Vessel . I Release Temp. Initial 1 1 Deposition Atmosphere
2 2

No. Used 2' Conc. o e ocity
C Half-Life. m/secmg/m min

-5
IA-26~ PAT - 4.5x10 70 7.0 0.031 Air-.

-4
IA-32 PAT- 1.8x10 82 6.7 'O.033 Steam

IA-33 PAT 1.6x10~ 82 4.5 0.049 Air / Steam ~
-4

IA-39 PAT 2.9x10 '82 4.5 0.049- Air / Steam
~4

IA-40 PAT 2'.3x10 84 6.5 0.034 Air / Steam
-4

a -IB-41 PAT 2.7x10 84 10 0.022 Air / Steam--

~4
IB-42- PAT 2.7x10 84- 13 0.015 Steam / Argon-

SA-23 PAT 0.52 79 4.0 0.055 Air / Steam
-4

SA-28 PAT 3.3x10 81 4.5 _0.049 Air / Steam
SA-43 PAT 0.45 80 3.5. -0.063 Air / Steam-
SA-44 SAT 0.53 81 4.0 0.050 Air / Steam
SB-48 SAT 0.54 82. 15 0.013 Air / Steam $
SB-50 SAT 0.52 81 17 -0.012 Air / Steam
SB-53 SAT 1.0 80 6 '0.033 Air / Steam $
SB-74- SAT .52 81 5 0.040 Air / Steam
SB-78 SAT 0.97 80 8 0.025 Air / Steam 8

e

_ _ _ _ _ _ . _ _ m___.____.________i_________m.m._______-____ _m _______ _ __sm_ _ . . _ _ _m__- _-... ,.m., . - r .. .. - .J. .m----
-
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TABLE 9. CDE. Iodine Deposition. Rates '

CDE: Initial I Initial 1
2 2

'Run No. . Removal't Deposition .;g
min Velocity.

'

cm/sec

Composite of
6 Runs 8 0.065

-Tracer Run 10 1-3 0.52 --0.17 )
. Tracer Run 11 1-3 0.52 - 0.17

i

!
'I

at Battelle-Northwest and Oak Ridge National Laboratory,
'

respectively.

From this review of small scale. pilot scaleLtests, .it ;

is concluded that iodine deposits initially at a rate , '

limited by gas phase mass transfer resistance. This ini-

tial~ rate continues until the airborne concentration
,

decays by a factor of 100 or more, and then the removal

rate decrer.ses. The long term removal rate is typically *

less than 10% of the initial rate. If' chemical' reactions

within liquid or solid surfaces had controlled iodine plate- !

out, then both iodine concentration and wall material would

have influenced the removal rate. Since neither of these

variables was important, one is forced to conclude that gas

phase mass transfer resistance controlled the deposition

rate during early stages.

:

1
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. Natural Transport' Experiments in Large Vessels

A significant number of experiments at relatively
large scale have1been carried out in the United States

,

and in Great' Britain. These experiments are important
because they show the degree to which a larga gas volume

~

can be considered well-mixed. They also provide data on

the removal rate, so'that' predictions for. full-sized con-

tainment vessels can be made with a reasonably small
scaleup factor. Important tests are' described as follows.

:

Containment Systems Experiment (CSE) I

i

A total of six (6) natural transport tests were i

.lcarried out as part of the Containment Systems Experiment i

Program carried out, at Battelle-Northwest (32) . tests l7wg,

were carried out in an inner vessel (called the dry well)

and four were done in the main containment vessel. The

inner vessel was 11 feet in diameter and 30 feet in
height, whereas the main vessel was 25 feet in diameter

i
and 67 feet in height. Both vessels were painted inter- '

nally with a phenolic resin paint, Phenoline 302*. The
vessels were heated internally by live steam injection.

In most tests a steady state temperature was maintained.

In one test (A-11) steam flow was stopped after fission

product simulants were injected; the temperature then

decayed by heat loss through the insulated vessel walls.

Fission product simulants injected included cesium

oxide, uranium oxide, elemental iodine, and methyl iodide.
These substances were. sampled by means of Maypack samplers,

* Product of the Carboline Company, St. Louis, Missouri
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andfanalyzed byfgamma ray-spectroscopy.

-In experiments in both vessels, gas samples.were-
obtained at seven to fourteen spatial. locations to deter-

mine whether. concentration gradients existed in the bulk
'

gas phase.

Results'of.the six natural transport tests carried-

out in the CSE fa'cility that pertain to elemental iodine

are summarized in Table 10.

I

TABLE 10. CSE Natural Transport Teats

Run Vessel Atm. .12. Release Initial 1 1 Deposition |

2 2
No. Volume Temp. Conc. Vel city

Removal t .cm/sec
ft F /mg/m min

!

.D-1 4,200 252 0.66 8.0 0.097 .|
.

.D-2 4,200 250 0.94 9.5 0.081

A-1 21,000 181 1.17 9.0 0.137 i
.i

A-2 21,000 185 94.5 9.0 0.137
'

*

A-5 21,000 253 142 13.5 0.092 i

A-ll 21,000 253 165 16.0 0.076

,

In Run A-ll, temperature decayed following fission*
'

product injection.

The measured deposition velocities varied from

0.076 cm/sec to 0.137 cm/sec depending on the thermal

conditions in the vessel. These values-are somewhat

higher than the values obtained in ADF, and this is ex-
planable in terms of a higher gas phase mass transfer ,

coefficient. The deposition velocities shown in' Table 10
1
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for the large scale CSE tests are in good agreement with

values obtained in CRI and CDE tests.
Several key conclusions from the CSE tests listed

}by Hilliard and Coleman are the following.

8 The experimental values of the initial removal rate

for elemental iodine were in good agreement with a
natural convection model in which it was assumed
that all mass transfer resistance resides in the

gas phase.

e The gas phase limited rate for elemental iodine per-

sisted until the gas phase concentration decreased

to about 1% of the initial value. Thereafter the

concentration decreased at a slower rate.

e The concentrations of all fission product simulants |

were essentially uniform throughout the gas space

of a single compartment.

Iodine Deposition In An Unheated Cubical Volume

Measurements of iodine deposition in an unheated

cubical room, whose surface was covered by a chlorinated

rubber-based paint, were reported by Croft, et al.( ,

3The room was 27.4 m in volume and had a surface area of

60.2 m . Temperature within this masonry-walled room

was essentially in equilibrium with the outside space,
0maintained at approximately 20 C. The room atmosphere

was unfiltered and was maintained in a gentle state of

agitation by a small fan.

Elemental iodine was released over a time period

of 10 to 20 minutes, and the airborne concentration was

81
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followed with time by.means of Maypack samples. Results

-from these experiments are summarized in Table'11.

TABLE 11._ 'I Deposition In An Unheated
2 ;

Cubical Room

Test' Relative I Release I2'E** V"1 I Deposition
2 2

No. Humidity Conc Vel city
3 Halftime,

mg/m em/secmin
.i

11 85% 113 130 0.004 j

2 85% 237 170 0.0031' )
3 100% 190 140 0.0037 )

?

]

1

The iodine removal process ~was followed for 500 minutes,
9

and was found to be first order (constant halftime) for )

this entire period. |
The deposition velocities obtained in these tests 1

are-one to two orders of magnitude smaller than obtained ;

in most other tests. This lower deposition velocity is '

consistent with the expected low gas ~ phase mass transfer

coefficient expected for the unheated room. The small

fan could be expected to mix the bulk gas phase, but would

provide only a minimal flow of gas along the walls. The

results obtained would not be expected to apply directly

to water reactor LOCA conditions, but do demonstrate that ,

'
the iodine deposition velocity is controlled by the gas

phase mass transfer coefficient. j

*
,

i
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:

Iodine Deposition in Zenith Reactor Containment

1

j Surface deposition of elemental iodine was studied ~

in the secondary containment of the Zenith reactor (61)
,

| The. reactor pit area, covered by a steel bonnet, had a
{3 2-volume of 500 m with a total-surface area of 700 m 3

,
i

Some 60% of the surface was concrete painted with chlor-
inated rubber-based paint, 40% was painted metal and 1%' f

ewas bare metal. Results of two experiments reported in I

detail are summarized in Table 12.
J

TABLE 12. Results of I Deposition in
,2

Zenith Reactor Containment (61)
'

i

Test I Release Ventilation Initial Estimated.2
No. Conc. Flow Rate

7 Removal I Deposition2 2mg/m m / min Vel city,Halftime q

min cm/sec j

1 0.00078 0 21 0.039

2 0.00074 85 3.7 0.02
1-

1

The initial removal rate continued until the airborne
concentration decreased by two to three orders of mag-
nitude, and then decreased more slowly.

This experiment was similar to that carried out.in .;

the painted room (55) in that there were essentially no
temperature gradients to promote a convective flow along
the walls of the. pit region. It is obvious that more

turbulenc'e was present than in the cubical room because

83
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the iodine-deposition velocity was higher'by an order of
magnitude.

These.results would not be expected to apply'to the

post accident situation in a. water reactor because of-
theJabsence of a typical wall AT in the experiment. 'The

experimental results are consistent with the postulate:

that surface deposition'is controlled by gas phase mass-

transfer resistance.

Iodine Release in DIDO Reactor Containment Shell

Stinchcombe and Goldsmith (62) described the results
of experiments involving release of elemental iodine into-
the DIDO-containment shell. While the details of the ,

experimental facilities are somewhat sketchy, iodine dep-
osition velocities can be estimated. The DIDO shell-had '

3a volume of 7000 m , and if equipment surfaces are. ignored,
2 '

a surface area of 1020 m . The experimental releases

were done at ambient temperature and pressure. Results

of the tests are summarized in Table 13. |

o
*

TABLE 13. Results of Iodine Deposition in '

DIDO Containment Vessel (62)

Test I Release I Removal Estimated I
'

2 2 2
No. Conc. Deposition

Halftime Vel ity,
mg/m min cm/sec

.

A 0.00012 6.4 0.45

B 0.00012 8.3 0.34
,

P
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L The iodine deposition velocity obtainedLin'the-DIDO
vessel is appreciably larger than obtained in most other

- i

natural transport tests. For example, these values are-

roughly 100 times larger than obtained in the cubical
room tests of Crof t, .et al. (55) The higher deposition

|

i
.

-velocities are attributable to the mixing'of the gas |
phase by ventilation equipment in the DIDO vessel and
to use of only wall surface' area in calculating deposition I

velocities.

The long term elemental iodine behavior was similar

to that typically obtained: the initial rapid removal

rate persisted until the concentration fell by about'two !
orders of magnitude, and then fell more slowly at longer
times. The. observed high deposition velocity indicates
that the paint adsorption rate was not a limiting factor.

In a supporting experiment, Stinchcombe and Gold-

smith (62) studied the effect of condensing steam on io' dine
deposition. The amount of iodine deposited on'a cold,
condensing surface was the same as that on a non-cooled
silver surface subjected to the same gas flow. It was

- concluded that the deposition was entirely due to the
4

forced convection flow, and that the condensation of

steam was unimportant in I deposition. This result is2in agreement with Hilliard's( } results which showed l

that steam sweep was small compared to diffusional mass
transfer,

i
I

Conclusions From Large Vessel Iodine Experiments

'

The results of all reported large scale tests are

85
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consistent with small scale results in that initial iodine
deposition proceeds at a rate limited by gas phase mass
transfer, and then after the concentration decays by a

factor of 100 or so, the removal rate slows. There is

no evidence that the properties of the surface limit the

initial deposition rate. Nor is there evidence that the
sweep effect of condensing steam is controlling. Therefore,

ones ability to predict iodine deposition under accident
conditions depends primarily on ones ability to predict
gas phase mass transfer coefficients under accident con-
ditions.

Model For Surface Deposition of Elemental Iodine
In Containment Vessels

Based on the experimental evidence, a satisfactory

model will be one which agrees with the following exper-

imentally derived behavioral characteristics.

e Initial deposition rate is limited by gas phase

mass transfer.

e The bulk volume of a single compartment is well

mixed.
e Steam flux plays a minor role in iodine deposition.
O Effects of size scale must be included in the model.

On the several models(30,31,54,63,64) which have
been proposed to describe fission product removal due to

two models( 0,31) account for thenatural transport,

effects noted above.
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The Knudsen-Hilliard model(30) views deposition as
a film transport process to vessel surfaces. The mass
transfer coefficient across the gas film is predicted

from natural convection heat transfer correlations, by
using a mass transfer-heat transfer analogy. Prediction

of the mass transfer coefficient requires a knowledge of
| the wa}1 heat transfer rate.
1
' The Yuill-Baston model(31) tackles the transport

process using the penetratiun theory of mass transfer .

The mass transfer rate is predicted under gas exposure
times predicted for natural convection flows. Thermal

conditions at the wall are needed to predict the mass

transfer rate.

Both of t5ese models yield predictions which are in

good agreement with measured rates of removal. Of the

two, the Knudsen-Hilliard model offers several advantages,
and has been adopted for use in the SPIRT Code (47)

_

listing of a recent version of this code, SPIRT 10 is

appended to this report. Reasons for selecting this

model are as follows:

e The film model accounts for the laminar to turbu-
lent transition boundary layer flow whereas the

penetration theory model treats the boundary layer

as stagnant.

e The film model is easier to visualize and use than I
l

the penetration theory model. I

e The film model appears to be better able to predict j
scale-up effecta because it accounts for turbulent '

flows which develop in large vessels.
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,

For laminar flow, the' heat transfer rate is described by- )
i
1

2

h' 1
= 0.59(Gr Pr) '(69) j"

T

where h = heat transfer coefficient on vertical. ;
nc

plate,

1 = length of. surface,

~k = thermal conductivity of gas,

Gr = Grashov number due to wall. temperature i
T

difference,

Pr = Prandtl number for gas. ,

'

The form of-Eq. (69) was obtained from the theoretical

work' of Schmidt and Beckman (66) and the constant (0.59),

obtained empirically. A relationship of similar form ;

applies for turbulent. flow (transition from laminar to
Iturbulent flow occurs at Grashov numbers'between 10 and

1012), ,

h 1
!"

= 0.13(Gr Pr) (70) iT

i

Eqs. (69) and (70) may be transformed through a mass .

transfer-heat transfer anale'v to give relationships to '

predict mass transfer coef ficients(30) For laminar flow.

,

kl ie
'( #c c) (71) ;" *

D

'

and for turbulent flow
.
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i
1

= 0.13(Gr Sc)l/3c
(72)c

,

where k = mass transfer coefficient,c ,

! Gr = Grashov. number. accounting for molecular ' ;
l c
| weight difference between bulk gas and

interface,

D = molecular diffusivity of I
2'

Sc = Schmidt number for iodine in gas.

These two equations-allow a' mass transfer coefficient i

to be. calculated once.the temperature difference at the
wall is known. For typical LOCA conditions, Hilliard- :{
and Coleman (32) quote a distance of 10 feet from the top j

of the containment wall for the transition from laminar l

to turbulent boundary layer flow.

In addition to diffusional transport, Knudsen and,

Hilliard (30) -add a second mass transport term to account
'

<for the sweep effect of condensing steam. The condensa-

tion mass transfer coefficient is given as
i

I
i

"sRTbk =
g 18P |

where k =. steam sweep mass transfer coefficient,g
,

n = steam flux toward surfaces,s
R = gas constant,

Tb = bulk. gas temperature,
P = total gas pressure.

|

The formulation of Eq. (73) is based on the concept that

89
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iodine is transported to the' wall.with the steam at a

velocity equal to the bulk flow velocity caused by the-
condensation. The enhancement predicted by Eq.'(73)

for bulk flow is probably ' an ' overestimate of the effect (28)
-

,

Therefore the contribution of steam sweep will not be

included in the model chosen here. The net effect of

| disregarding Eq. (73) is small, because steam sweep

predicted by Eq. (73) typically' accounts for less than
1 :
' 10% of the overall mass transfer coefficient. i

j Predictions based on Eqs. (71), (72) and (73) are
|l

compared to experimental results obtained in CSE in |
'

Table 14. The results shown in Table 14 were calculated
by assuming that all exposed surface areas inside the
CSE vessel were iodine deposition surfaces.

TABLE 14. Comparison of Predicted Removal ,

Rates For Elemental Iodine by
Steam Sweep Effect and by Diffusion ( }'

Predicted Halftime, min
CSE Run. By Steam By Diffusion Measured

;

Sweep (a) Across B.L. min
" "'

L
"U*

' ,

|
'

|

! D-1 36 7.7 8.0 1 -

D-2 38 7.8 9.5 0.5

| A-1 130 10.0 9.0 4.0

A-2 122 9.9 9.0 0.5

A-5 475 16.1 13.5 0.5

A-ll 500 16.8 16.0 -0.5'

(a) Calculated from Eq. (73)

(b) Calculated from Eqs. (71) and (72), using a transi-
'

tion from laminar to turbulent boundary layer flow
at 10 feet from the top of the vessel

,
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| Two important facts evident from these results are:

(1) the steam sweep effect is small, and (2) the measured

and predicted removal rates are in good agreement.i

'

Typical mass transfer coefficients predicted for

turbulent flow for saturated steam-air mixtures have

been calculated by .Knudsen and Hilliard ( 0) Examples.

are shown in Figure 8.

From the results pictured in Figure 8, it is obvious
'

that the mass transfer coefficient is not highly sensitive.

to the bulk gas temperature. The transfer coefficient is j

highly dependent on the inside temperature difference for

AT values less than 4 F. For higher AT values, only a

small increase in k results from increasing the tempera-c
ture difference.

From a practical standpoint, the temperature differ- I

ence in the gas boundary layer will not fall below about
01 F for LOCA times of interest. Order of magnitude cal-

culations for two cases show this. First, for infinite

time (equilibrium) Hilliard and Coleman(32) show that a
0AT of 1 F exists for heat transfer through 5 feet of con-

0crete, where the internal temperature is 250 F and the

outside temperature is 80 F. Second, a transient heat

transfer calculation made under the assumption that a

concrete wall 2 feet thick is. heated from both sides by
0 0an initial AT of 100 F, a 1-2 F AT will continue to exist

after 25 hr. Therefore, in the absence of a transient

heat transfer analysis, a minimum AT of l'F can be assumed

to exist in all compartments exposed to steam in the LOCA.
|

|
1
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| Wall Plateout During Spray Operation

,

Spray operation would influence surface deposition-

in two ways. First, the sprays would impart turbulence'
.

!
to the gas phase, thereby increasing the mass transfer '|

;

coefficient. Second, spray operation would affect the '

temperature gradient at solid surfaces, and thereby [
af:fect the mass transfer rate. '

;

Spray Induced Turbulence Promotion of Mass Transfer !

.

While we know of'no data of' direct applicability to

spray induced turbulence in containment' vessels, an order

of. magnitude estimate of the effect.may be obtained by

examining the enhancement in wall plateout observed in
~

,

~

CSE tests on air cleaning .
,

The CSE air cleaning tests of interest' involved the )
operation of a cleanup loop inside.the main compartment.

Contaminated air was drawn into'a series of filters and
"

adsorbents, and then discharged back into the containment

atmosphere. Air motion resulting from the operation of
,

the-air cleaning loop enhanced the iodine plateout rate ;

on vessel surfaces. The enhanced wall plateout in air

cleaning tests is summarized in Table 15. ;

;

;

a

i

.!
!

;
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:

_ _
_ ,_



- - -r

NUREG-CR-0009

TABLE 15. \ Enhancement' of Iodine' Surface
Deposition In'CSE Air

Cleanihg Experiments (67)

CSE Run Number A-13 'A-14 A-15 'A-16'

A'ir Flow Rate, CFM- 1000 1000 1000 1800

Gas > Temperature, *F 9 6 '- 250 250 246
~1Ao - Observed, min 0.095 0.141 0.115 0.182 |

~

F/V - loop, min 0.0475 0.0475 0.0475 0.086 j

(Ao-F/V) - wall. |

deposition, min . 0.0475 0.0935 0.0675. 0.096 i~1

-1A (natural' convection), min 0.0266 0.0432. 0.0257L 0.0532
-1 '

A (enhancement) , min 0.0209 0.0503~ 0.0418 0.0428

In Table 15, Ao is the observed removal rate constant

which resulted from both surface deposition and cleanup

in'the aircleaning components. P/V, the ratio of air-

cleaning loop flow rate to' vessel volume, is.the removal

rate constant due to the loop itself. A (natural con-
! vection) is the removal A which was observed due to

natural convection plateout when the. loop was not operated.

Thus, A (enhancement) is the observed removal rate con-

stant minus the A's due to loop cleanup and wall plateout

due to natural convection.

As shown from Table 15, there is an appreciable

enhancement in wall plateout caused by loop operation. :

The kint. tic energy per unit volume of gas may be calcu-

lated by

94
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Energy / Time
_

My
_

pF. (g) !

Volume
-

(Volume) (29) ~ (21,000) (2gc) (74)-

|:
where p = gas density,

|
v = gas velocity

F = loop flow rate,

A = area of= discharge duct,

M = mass of air per unit time,

g gravitational constant.c
:

.

This is the kinetic energy carried by the exiting gas

stream from the air cleaning loop per unit time. The

enhanced deposition rate, expressed as a deposition
,

velocity, is plotted Figure-9 as a function of energy

dissipated per unit time per unit < volume. From these

data, it appears that surface deposition is greatly. :

enhanced for low values of energy, and that an upper

level or saturation value is attained at an energy dis-
3sipation rate of about 0.001 ft lb/sec ft ,

For a PWR spray system operating at 40 psid at 3000
6 3gpm in a containment vessel of 2 x 10 ft , the kinetic )

energy dissipated by the sprays is about 0.02 ft lb/sec
3

ft This value is about 4 times larger than the highest.

value shown on Figure 9; hence, a deposition velocity )
1

of at least 0.07 cm/sec would be predicted as a result of '

spray enhancement of surface deposition.

'|
i

6.1.10 Approach to Equilibrium by Recirculated Spray |

!

When spray water is recirculated to the spray headers,

95 1
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equilibrium will eventually be approached. The removal
I

lambda will-therefore. decrease in magnitude, until
,

- ultimately iodine in the spray water will be in equili-
brium with iodi'ne in the containment atmosphere. In

| order to simp;ify the washout equation, early models used |
II' Iby the staff accounted for the approach to equili-

| brium by means of a cut-off concentration level. When

the cut-off level was reached, 1 was set equal to zero. |

Cut-off levels were applied to caustic and thiosulfate

sprays when the instantaneous source was depleted by
factors of 100 and 1000 respectively.

These factors are not limiting for the calculation

of 2 hr doses, but they could be controlling in the cal-

culation of doses from venting, which might be done

after.30 days. If a non-removable iodine specie, like
'

methyl iodide, makes up as much as 4% of the iodine (
source term, then the cut-off levels cited above have

little effect. '

Large scale containment 6 pray test show that

the 1% cut-off limit is conservative for caustic
spray (14,48,52) for spray ccntaining trace levels of, ,

hydrazine Il ', and for boric acid without other addi-
tives(18,52) The 0.1% cut-off limit conservatively |

.

1

described large spray tests in which spray water con-

tained 1% by weight of sodium thiosulfate (34,68) ,

4 ,

For long term spraying, the airborne iodine concen-
|

tration will l'e in equilibrium with iodine in the spray I

liquid. From an iodine mass balance on the gas and )
liquid phases, the equilibrium airborne concentration

is calculated to be

97 i
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*= I '

LH1 + g-o

'where C = equilibrium airborne concentration,
e

C = initial airborne concentration for puff
g

release,

H = iodine partition coefficient, ,-

M
L = total volume of water in the sump,

V = total contained gas volume. .

From Eq. (75) it is apparent that the equilibrium
concentration depends cn1 the partition coefficient, and
on the volumes of the two phases. The attained value of

H will be larger than the values used for spray washout.
6

For a typical PWR, V .c 2 x 10 ft and L = 500,000 gal. A
,

5Using H = 5000 for caustic and 10 for thiosulfate, one

predicts equilibrium concentration ratios of 0.0059 for (
i

caustic, and 0.00030 for thiosulfate. Therefore, the

cut-off limits for times beyond 2 hr should be at least

as small as the equilibrium value predicted from Eq. (75)
using the partition coefficients applicable to spray

'

washout.-
,

In summary, the cut-off concentration method is
considered a conservative expedient for treating equili-
brium effects for 2 hr dose calculations. The cut-off

limits applicable to 2 hr dose calculations may yield
overly conservative results for long term concentration
of airborne iodine. Consequently long term iodine con-
centration in the containment atmosphere may be calculated
using equilibrium iodine partition coefficients with

98
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Eq. (75). The use of equilibrium partition coefficients

is justified since experimental data consistently point '

to much higher concentration reduction factors. Com- ;

parisons of cut-off limits with those achieved in long
I *

| term large scale tests are presented in this report
under " Comparison of Model Predictions with Large Scale r

| Experiments".
|

|

6.1.11 Comparison of Model Predictions With Large [
Scale Experiments

Inorganic Iodine

Boric Acid Spray

Two large scale CSE tests ( ,52)
have been run using

boric acid. For the test which employed 1713* spray j

nozzles, the following parametere apply.

Injection period F = 160 gpm, V = 21,000 ft
)3Recirculation period F = 160 gpm, V = 26,500 ft j

Using these data, the predicted removal rate constant for j
~1-the injection period is 0.024 min and for the recircu- !

~1lation phase is 0.019 min The predicted and measured.

airborne concentrations of inorganic iodine are compared
in Figure 10. The stagnant film model evaluated with a

partition coefficient of 50 is conservative compared to
experiment. The measured removal rate is 7-.8 times

!

*Manfd. by Spray Engineering Co., Burlington, Mass.
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higher than predicted.

Removal of airborne iodine by boric acid spray for
longer term recirculation is compared to the 1% cut-off

,

limit in Figure 11.

The data sh'own in Figure 11 dLmonstrate that for
times longer than a few hours, a 1% cut-off limit-greatly
overpredicts the airborne iodine concentration. For

example, after one week the data fall.below the cut-off !

limit by a factor of 1000. As noted earlier in this i
,

report, a cut-off limit introduces little error for a
a2 hr calculational period, but can lead to overly con-

servative predictions for longer time periods.

Spray removal of elemental iodine by boric acid

spray was also measured in the Nuclear Safety Pilot
Plant at ORNL } Three tests, designated as Runs 79,.

80, and 82, resulted in iodine decontamination-factors

of 45, 38, and 59 respectively after 4 hours of spraying.
These concentration reduction factors can be used to
-calculate' partition coefficients using Eq. (75). Based

3on a gas phase volume of 1350 ft and a spray solution

volume of 100 gallons, we calculated partition coefficients

of 4440, 3740, and 5860 for the,three tests. These re-

sults support the large scale CSE test data shown in

Figures 10 and 11. The stagnant film model is thus

assured of providing conservative predictions of' iodine

removal by boric acid. spray solutions.

Sodium Hydroxide Sprays

.A total of five large' scale CSE spray tests used

,

*
101
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basic sodium borate solution at an initial pH of 9.5.
The parameters which apply to the init'ial washout

rate are listed in Table 16. Also listed is the measured
A spray.

| TABLE 16. Spray Parameters For
Caustic Spray Tests in CSE(48,52),

CSE Measured Spray MMD* o ** Drop Fall Gas Volume9Test -1 Rate, Height, 3A, min ftgpm ft

A-3 0.126 12.8 1210 1.5 38 21,000
A-4 0.495 48.8 1210 1.5 38 21,000

A-6 0.330 49 1210 1.5 38 21,000

A-9 1.19 145 1220 1.5 38 21,000
'A-8 1.08 50.5 770 1.5 38 21,000

* MMD is the rauss median drop diameter
o is the geometric standard deviation for an assumed**

g
log-normal distribution

The iodine washout rates measured in CSE tests were
compared with predictions made from the stagnant drop
model and the stagnant film model described in this report.
In addition, a " realistic" model was also formulated and

compared with the experimental measurements. In the real-

istic model, the drop was assumed to be well-mixed, and drop
coalescence was neglected. The partition coefficient was |,

taken as 5000 for all three models.

The predicted spray lambda's are listed in Table 17

|
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along with the experimental values. The comparison is

also shown graphically in Figure 12.

TABLE 17. Comparison of Predicted and Experimentally
Measured Removal Rates of Elemental' Iodine
Ly Caustic Spray

CSE Drop Experi- Realistic Stagnant Rigid
Run Sire,* mental Model Film Model Drop Model
No. microns ~1 ~1 ~1

i A, hr A, hr~ A, hr A , hr
_

A-3 1210 7.6- 6.9 2.8 4.7

) A-4 1210 27.5 26.4 10.8 17.9

A-6 1210 19.8 24.1 19.8 21.8

A-8 770 63 44.2 36.7 40.8

A-9 1220 71.4 72.7 58.4 65.0

* mass median diameter

The realistic model provides the best overall be-

tween agreement with the CSE spray tests. The stagnant

film model yields the lowest predictions, as expected,

and is conservative compared to the experiments. The

largest differences between the stagnant film model and
the realistic model occurs for Runs A-3 and A-4. These

runs were carried out at room temperature where iodine

diffusivity is too low to effectively mix the drops.

For Run A-8, which used small drops (770 micron mass

median diameter) the three models yield prediction which

differ by less than 20 percent. The rigid drop model

yields prediction which are intermediate between those

.
104
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of the realistic model and the stagnant film model, as

expected.

Calculations based on the stagnant film and realistic

models were also made for typical PWR spray parameters.

The results for a full sized' containment are compared in-

Table 18.

:!
TABLE 18. Comparison of Model Predictions I

For Typical PWR Spray Parameters *

Model Predicted A I
-1hr

,

Stagnant Film 14.2

Realistic 17.0

i
Spray Flow = 1500 gpm'*

6 3
'

sprayed volume = 1.75 x 10 ft , ,

fall height = 90 ft,
0temp. = 250 F,

drop size histogram for 1713 spray nozzle.

The spray lambda predicted by the stagnant film

model is only 16% lower than the lambda predicted from

the realistic model for the typical PWR case described

in Table 18. The two models yield similar predictions

because for the long fall paths and high temperatures

involved, molecular diffusion is quite effective in
i

mixing dissolved iodine throughout the drop volume.

Removal of elemental iodine by the longer term recir-

culating spray is shown_in Figure 13 where experimental
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data for CSE test A-ll(34) are compared'to a .05% cut-off l

! limit, the equilibrium level based on Eq. (75).

Although these test results do not cover as.long a
|time period as did the boric acid test, the conclusions
!

are similar. For a 2 hr period a .05% cut-off limit will

introduce little error.. If such a cut-off were used'for
long time periods the airborne iodine concentration

would be appreciably overpredicted. The fact that the

concentration decreased below the phase equilibrium |
1

level shows that the iodine partition coefficient in--
)

creased with time beyond the value of 5000 which applies' !

to initial spray removal,
l

Washout measurements made in the Nuclear Safety '

Pilot Plant confirm the conservatism inherent in

the stagnant drop model. While the smaller size of the

NSPP makes spray absorption measurements more difficult

to interpret., the observed washout rates were found to be

appreciably higher than predicted from a rigid drop model.

Four runs employing caustic spray were analyzed in reference

19, and results are summarized in Table 19.

While quantitative agreement between the predicted

and measured halftimes displayed in Table 19 cannot be

claimed, the results support the conservative nature of

the spray models employed by the staff.

107
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TABLE 1.9. Comparison of Predicted ( 9} and
Ill)Measured Iodine Washout

Halftimes-for.NSPP Tests Using
Caustic Spray

Spray Conditions Run Number-

.,

28 30 31 32

Solution Temp. F 248 86 86 86

. Mass median drop '

diameter, microns 1750 1080 1100- 1630
DAtmosphere-Temp. F 266 266 86 266

. Measured half-life from
gamma intensity data, sec 48 24 38 41

Measured half-life from
overall removal factor, sec 35 32 30 31

Predicted halftime from
rigid drop model, sec 415 49 382 173

Sodium Thiosulfate Sprays

One CSE test was conducted in which elemental iodine

was scrubbed continuously with sprays containing sodium

thiosulfate. In this test (34) iodine release coincided
with spray. operation, which precluded measurement of a i

spray A. -However, the results obtained agreed well with

a perfect sink drop model(34) This agreement supports.

5the applicability of the stagnant drop model with H = 10 ,

Removal of elemental iodine by a recirculating thio-

sulfate spray is compared to a 0.05% cut-off limit in

Figure 14. The 0.05% cut-off limit computed from Eq. (75)
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1
;

5using H = 10 will introduce little error.for the.2 hr
|-

calculational' period, but would lead to overpredictions i

of dose for longer time periods. As noted in Figure 1

1

14, elemental iodine concentration was reduced by 5 de - i

cades at.550 minutes. Beyond this time the gas phase )
concentration was too low to be' detected.

!

Some ten spray _ tests using basic. borax solutions

containing 0.013 moles per' liter of sodium thiosulfata
,

were carried out in the NSPP( Eight of these runs |.

were short in duration and used-only fresh spray. Two 1

were longer in duration and involved recirculation'of

spray solution from the vessel's sump. Analysis of the-

NSPP tests by others(19) shows that the observed washout
rate was from two to ten _ times faster than predicted by

a rigid drop spray model. Thus the NSPP test results

support the large scale CSE tests and the_ conservatism
"

inherent in the stagnant film model described in this
)

report. |
1

|

6.2 Organic Iodides )
1

|

6.2.1 Experimental Measurements of Methyl Iodide !

Absorption

Absorption of methyl iodide from steam-air atmos-

pheres has been measured in a number of studies related

to nuclear safety. These studies will be briefly reviewed )
1

in the following sections.

'|

l

|
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Absorption of Methyl Iodide by liydrazine .
Sprays

Schwendiman, et al.(37) reported the results of
pilot scale tests on absorption of methyl iodide by

aqueous sprays containing up to-ten weight percent

hydrazine. Most tests were carried out in a stainless-

steel cylinder 4 Eft in diameter and 10 ft in height. The ]

methyl iodide removal rate was found to be dependent on
,

the concentration of the.hydrazine, on the temperature

within the spray vessel, and on the' spray flow rate.

Postma (39) reviewed and further analyzed the'results
obtained by Schwendiman, et'al.(37) Experimental re-.

sults were classified in three sets. In the first set of -

0experiments.the temperatures were initially close to 100 C.

No heat'was added during.the spray period, hence the' temp-
.

erature decreased with time. The second set of experi-

ments consisted of three spray tests carried out at
0temperatures near 120 C. In two of these runs, once-

through spray periods were employed in which the wall film

liquid and the liquid collected in the bottom of the cham-

ber were separately analyzed to permit assessment of wall

film absorption. The titrd set of experiments was designed

to differentiate between wall film and drop absorption. .

Measurements in the first set of experiments were

carried out in a stainless steel cylindrical tank 10 ft-

high and 4 ft in diameter. Spray solution was injected

initially free of methyl iodide, and then recirculated for

several hours. Results of these tests are summarized in

Table 20. Results listed in Table 20 show that the wash-
,

out rate increases with hydrazine concentration, anf with

spray flow-rate.
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; TABLE 20. Results of Recirculating Spray Tests
| of CH I Absorption by Hydrazine Sprays (39)3
l.

| Test Drop Liquid' Fraction Initial ' Initial Duration Initial
No. Size Flow .of Liquid Gas 'Hydrazine of Run, Washout

MMD,* Rate,' Flowing Temp. Conc.,- Minutes Half-Time
3Microns em /sec on wall' 'C wtt. Min.

1 280 56.8 0.52 95 4.3 62 82

2 280 56.8 0.52 95 4.3 327 82 ,

3 270 33.4 0.36 93 4.3 354 125
4 280 56.8 0.52 95 16 350 22 |

5 280 58.0 0.52 95 17 291. 21

|

* MMD= mass median diameter l

,

A

The second set of experiments was carried out in a

spray chamber 3 ft in. diameter and 8 ft in height. . This

vessel permitted tests-at higher temperatures. Results of

these tests at higher temperature are summarized in Tables 21.

t

TABLE 21. Results of High Temperature Tests on
Methyl Iodide Absorption by Hydrazine
Spray (39)

Test Drop Wall Flow Drop Flow Average Initial Initial
No. Size Rate, Rate, Temp. Hydrazine Washout

3 3MMD, cm /sec cm /sec C Conc., Half-Time
Microns wt% Min.

6 340 10.3 26.4 120 8.5 8

8 340 17.0 43.7- 119 5.2 9

8 : 10.6 27.2 123 9.9 7
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Comparison of results in Table 21-with results j

presented in Tabis :20 shows that the washout rate is-

appreciably increaued when the temperature increases q

from 100 C to 120 C. Measurements reported by Postma(0 0
,

but not reported in Table 21, . indicated that wall films-
'

were more effective, on a' unit volume of liquid basis,

than were spray drops.

The third set.offexperiments reported by Postma(39)
were once-through tests in which spray liquid exposed

in the spray chamber as a liquid film was kept separate

from that exposed as falling drops. These experiments ,

were designed to provide additional information on.absorp-

tion efficiencies for wall films and spray drops. Results

obtained in tests 6, 7, and 8 had shown wall films to

be appreciably more effective than spray drops. Results

of these four tests are summarized'in Table 22.
i

TABLE 22. Results of Single' Pass Absorption i

Tests Reported by Postma (39)

T

Test Solution Sprayed Average H Measured * H Measured *
No. Temp. C Wall Film Drops

9 2.5 wt %NH 89 6.3 1.124
10 0.64 wt % Na S 0 88 4.8 1.6223 ,

11 4.38 wt % N H 86 8.6 2.0
24

12 0.64 wt % Na 8 0 87 4.4 1.2
223

,

Conc. of CH I In Liquid
, .f3

Conc. of CH I In Gas
3

1
i
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These results demonstrate the relatively higher

effectiveness of absorption ~by wall films thanLby spray
drops. In order to obtain the overall effectiveness,

one would have to multiply the H values by the flow '

rates. -

Postma( 9} compared the experimental results.with-

absorption theory and concluded that all 12 runs were

well explained by a theory based on absorption by stag-

nant drops,Eq. (21), and a stagnant wall film, Eq. ( 2 9~) .

.

Absorption of Methyl Iodide by Sodium e

Thiosulfate Sprays
,

!

Absorption of methyl iodide by sprays containing |

sodium thiosulfate has been studied at several labora-
tories in vessels of varying size scale.

Parsly( } reported the results of spray absorption

of methyl iodide in the Nuclear Safety Pilot Plant (NSPP). )
'

3The principal component of the NSPP is a 2150 ft stain- J

less steel containme'at vessel. Spray nozzles located- :

near the top of the vessel permitted scrubbing of the l

containment atmosphere with spray containing 0.28 M H B0
3 3'

O.17 M NaOH, and 0.063 M Na 8 0 Results of tests223 ,

involving methyl iodide are summarized in Table 23. 4

The results in Table 23 show several important- |
3

facts. First, the rate of washout of methyl iodide is ,

much slower than that of elemental iodine. Parsly( 1} ;
4

reported I removal half-times in this vessel near 30-
'

2
seconds. Second, the removal rate increases with spray

flow rate, and with increasing temperature. This same
_
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TABLE'23. 'Results.of Methyl Iodide
-Removal' Experiments in the NSPP

Test' Run Number
Parameter 34. 35 36' 43 44 46 47 49 54 58 65 66 (69 -

Spray Flow,
.

12 12 11 11 11 11 11 .11 11' 7.1 1.l' 14.2
.

. _ ,, . ,

gpm' 15
C

Nozzle Type 1713^.1713'1713 7G3 7G3 7G3 7G3.7G3 7G3 7G3 A-8 A-8 A-82

Solution
Temp.0C' 30' 120 120 30 120 120 120 30 120.120 120 120 '120

Initial
' Vessel
Temp.0C 30 130 130' 30 130 130 130- 30 130.130 130 130' .130'

Mean Half-
Time For
CH "~

3moval, min 107 63 106 long 53- 57 61 180 27 49 46 46 26

a - Spray Engineering Co._ Cat._1713 ramp bottom nozzle.
b - Spraying Systems Co.' Cat. No. 7G3 cluster.
c - Spraying Systems Co. Cat. No. A-8 whirljet nozzle.

Ebehavior was observed by Postma(39) for hydrazine sprays.
et al.(68,34) and Hilliard, et al.(52,48)Postma,

reported results of methyl iodide absorption by sodium
thiosulfate sprays in the CSE. Results of five large

scale tests.are summarized in Table 24. -Absorption of

CH I was predicted on the basis of a model which con-
3

sidered the drops to be perfectly mixed and the wall.
film to be laminar. Measured and predicted half-times

are in good agreement, except for Run A-12 (2) where a
high wall flow rate was used'. For this run, the wall

. film-was. highly turbulent, increasing-the washout over
'that for a laminar film. The two most important

~
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conclusions from these results are that wall film ab-
sorption appears to be more important than drop absorp- '

tion, and that'the theory predictions are in reasonable
agreement with the measurements.

TABLE 24. Removal of Methyl Iodide
by Thiosulfate Sprays in CSE(68)

Run Number

Test Parameter A-7 A-8 A-10 A-12 (1) A-12(2)-

Spray Duration, min 50 50 '240 1270 120
Drop Diameter, microns 1210 770 1210 1210 wall only' ,

Flow Rate, gpm 49.0 50.0 50.0 50.0 50.0
Average Temp.OF 210 212 246 245 246

Wall Flow Rate, gpm 1.7 3.0 2.3 2.3 50.0

Predicted t for wallq jfilm, min 200 180 83 83 382 i

Predicted t for drops,
{q

min 520 340 180 185 |
---

IPredicted overall tq, min 145 120 57 57 380 |

Measured tq, minutes 130 140 85 80 100

l

Evaluation of Physical Properties Used In
Absorption Models

Evaluation of the' washout models described herein
required input of'several physical properties. . .Knudsen (4 2 )- -

i

I
.
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provides tabular' data for viscosity, diffusivity and |

other useful properties-for-steam / air mixtures.as func-
tions of temperature'. Hasty and Sutter( } ,. Hasty (69)

-and Schwendiman, et al.(37,70) , summarize availableLdata
on.the' reaction-rate constant, k, for methyl iodide

reactions'in water.

Postma reported measurements of.the partition
'

coefficient, H. His results are compared with data-of

Schwendiman, et'al.(37,70) and of Glew( in Figure
"

.

15.
.

9

6.3- Aerosol Particles

6. 3.1 - Models For Spray Washout \
!

From Eq. (39), the first order spray removal con-
stant, As, may be related to spray and particle. parameters
by:

^

3hFE (76)A = 2dVs

where A = spray removal constant for particles,
g

h = drop fall height,

F = spray flow rate,

E = single drop collection efficiency,'

d = spray drop diameter,

V = volume of contained gas phase.

,

The quantities h, F, and V are parameters of the - >

containment system design. The drop diameter, d, is i

,
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I

determined by the spray nozzle design and operating I
.

conditions,_and is subject to direct experimental measure-

ment'.- The most difficult-to-determine parameter in )
Eq. (76) is the single. drop collection efficiency, E. j

Although E is-subject to direct experimental measurement, .j

available experimental data are few. Therefore, one must

usually rely =on numerical values of E for each mechanism

operating singly as predicted from available theories.

The total E is then obtained as the sum of the E's for:

each mechanism. Predicted (29) values of E'for a 1210
micron diameter drop falling at terminal velocity are

shown in Figure 16.
.

For an aerosol released as a puff at time zero the

particle size spectrum would change with time because
,

the particles with the highest E would be preferentially

removed. Thus washout calculations must be carried out

at a number of time steps, with-a new'value of E being *

calculated to account for the new particle size spectrum.

E varies with drop diameter; hence one should break the (
drop size spectrum into a number of increments, and sum L

the contribution of each increment to obtain the whole

-spray wahsout rate. It is clear that numerically predict-

ing spray washout of particles can become a complex and

time consuming calculational exercise.

The most. sophisticated calculational approach used

to date, appears to be that~ presented by Ritzman, et al. (29) i
1

I41)These authors modified the HAA-3 aerosol code to

account for washout by spray drops. It was found that

the modified HAA-3 predictions were in very good agreement

with the simpler model given here as Eq. (39). A compar-

ison between Eq. (39) and the modified HAA-3 model is

120
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shown in. Figure 17. The straight lines of Figure 17

are consistent with a constant drop removal efficiency

over the time period considered. |

While agreement between models is a positive ~indi-

cation, model' verification must include agreement between

predicted and measured aerosol washout' Hilliard et al'( }-
. .

have pointed out that the observed washout rate in CSE

tests was consistent with that for particles of 1 to 2

microns in diameter but that measured particle sizes were-
,

about 0.4 microns mass. median diameter. The discrepancy ,

was explained in terms of evaporation of water from the
,

particles during the sampling process.

For accident conditions, Ritzman, et al. (29) predicted
an initial particle size in.the containment vessel'by

estimating the degree of agglomeration of freshly generated ,

aerosol (0.1 p assumed diameter) in the primary vessel.

The predicted particle diameter was 1.43 microns for a

case involving release of 1% of fission product mass

(called TID by Ritzman( 9}). For an accident case involv-
ing core meltdown, these authors estimated the initial !

particle diameter to be 0.8 micron. Since the particle ;

size predicted in this way would depend on the aerosol

j mass release rate and on the holdup time in the primary (
l

vessel, different particle sizes would be obtained for
.

t,

| different assumed sources. ,

|
Knowledge of the particle size which is correct for

accident conditions is extremely important. If the most

penetrating size were chosen, the predicted washout rate f
!

would be unrealistically low. On the other hand, if the

selected particle size were too large, then the predicted

spray removal rate would be too high. The importance of ,

122
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selecting the correct particle size is common to all wash- )

out models based'on single drop collection efficiencies. 1

6.3.2 Approach Used to Determine Drop Capture
Efficiency

After considering alternative approaches, it-was

determined that the useJof experimental washout rate
,

data from large scale tests would provide the firmest

basis for arriving at a simple, conservative model for [
~

washout of particulate iodine. The.use of.large scale

test data eliminates the need to resolve the following

questions:

,

-(l) To what extent is particulate iodine reversibly*

absorbed by fog drops?

(2) What particle size spectrum should be used for

particulate iodine aerosol?

(3) How accurately can the single drop collection

efficiency be computed on the basis of assumed

drop and aerosol physical parameters?

Remaining factors which must be accounted for in

applying test results to full scale containment vessels

include the following: (1) diffusiophoretic capture'of

particles, (2) particle size of test aerosol compared

to that in the projected accident environment, and (3)

spray drop size distribution. The approach used to handle.;

these factors in the present work is outlined in the follow-

ing paragraphs.
s
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For particles in the 0.1 micron.to l' micron size

.

range, diffusiophoresis can be an important mechanism.
Since diffusiophoresis is|present when a cool spray drop
enters a hot steam-saturated atmosphere, it would be

reasonable to conclude that this mechanism would be as
effective under the LOCA as it was in tests. However,

this question was made' moot in.the present work by in- |

cluding in the analyzed data, tests carried out at room

temperature and tests using recirculated (hot) spray. -

iFor these tests, negligible condensation on the drops ,

occurred, and hence diffusiophoresis was unimportant.
Since the value of E was chosen conservatively for all
test data, diffusiophoretic effects have been largely

'

neglected. Diffusiophoretic capture which occurred under

accident conditions would enhance particle removal beyond
that projected on the basis of test data. Thus diffusio-

phoretic capture is neglected in.this work, a conservative

simplification.

Aerosols used in CSE tests were produced by vaporiz-
ing cesium oxide, uranium oxide, and elemental iodine.

The resulting airborne particles were agglomerates made

up of submicron primary particles. The aerosol mass -

concentrations obtained in CSE tests were much lower than
those predicted for a LOCA in a PWR containment vessel;

thus the agglomerate particle size in CSE tests would be

smaller than the size obtained under accident conditions.
Since E increases with particle size, the test results i

would be conservative compared to the LOCA. This argu-

ment may not hold for particulate iodine if the iodine

is associated with other than solid fission product
,

aerosol. As will be seen, particulate iodine is removed '

i
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. faster than cesium and uranium aerosols. A conservative

estimate was obtained byTincluding data on washout of

cesium and uranium aerosols.
Spray drop size.would be expected to influence the

washout rate-because the capture efficiency varies with

drop' size. Test'results could be used directly provided

the drop size spectrum were the same in the full sized
containment as in the CSE tests. CSE tests used G-3* and
A-50* nozzles, which reportedly produced drops having

mass median diameters of about 1200 microns (52) Thus.

the results obtained in the present study will apply

directly to containment systems which use sprays of the
size produced by these. nozzles.. The'effect of drop size

on aerosol washout rate, and application of the present

results to sprays of different drop size are discussed

in a later section of this report.

Ideally, test results would be translated to full

sized containment sprays through use of the single drop

collection efficiency, E. This could be done if the (

correct average drop size, d, were accurately known. In

order to avoid difficulties in defining the correct

diameter, the quantity E/d was correlated rather than E

itself.

For an aerosol composed of a finite number of size
,

I groups, the fraction airborne at time t after a puff
,

release is given by:

-A t -A t -A t -A t

h=fe +f* +I* * *'f e (77)y 2 3 n
o

* Spraying Systems Co., Bellwood, 1]linc4s
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where C = aerosol concentration at time t,

C = aerosol concentration at time zero,g

f fraction of original aerosol in nth size=
n

increment,

)'n * 2 = r m val rate constant for nth

size increment.

The washout of a heterodispersed aerosol is depicted
schematically in Figure 18. At time t, the fraction air-

borne may be computed from Eq. (77), or it may be computed
from the average A by:

= exp(-A } " **E 2 I (*avg d avg

At a particular value of C/C Eq. (78) can be rearrangedg,
3hFto give t as a function of (E/d) and C/Cg:2V

In -
3hF 0t=- 2v (79)

( )
avg

When one substitutes Eq. (79) into Eq. (77) the result
. |1s

Un=k EC ([) (80)E fn exP=

o n=1 .Eg)
avg
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FIGURE 18. Definition of a Mean Washout Lambda

Eq. (80) defines a relationship between .(E/d),yg and

C/C fn, and E /d. The numerical values of f dependc' n n
only on the particle size distribution. Therefore if it

is assumed that'the particle size distribution is fixed,

f becomes a constant in Eq. . (80). E /d is a parameter
n n
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whose numerical value depends on both the particle size-
distribution'and on the spray drop size. If attention

is. limited.to' cases.for which both the particle size
and spray drop size distributions are fixed, this para-
meter also becomes a constant in Eq. '(80) . For the i

present study we will' consider only experimental data :
for-which-both f and E /d can- be considered constant.n n
Therefore Eq. (80) defines a functional. relationship.
between (E/d) avg and C/C . The fact that such a. rela-g

tionship exists is:important because it shows that for

a.given aerosol and spray, (E/d) is'a function of-
'

yg
C/C only. Experimental results correlated in this way 'g

should be useful in' predicting washout in containment
vessels.

$
If one plots experimentally obtained test data as.

suggested above, the results will be as shown schematically
in Figure 19. 1

Line A in Figure 19 denotes the average" value of
(E/d) avg for a spraying time corresponding to a C /C '

'

g
value of k Line C represents the average - (E/d) avg f#y.

spraying which begins at a time corresponding to C /C = k '

g y
and ends at a time corresponding to C /C = k . Line Bg 2

represents the average (E/d) avg for spray operation be- ,

<

ginning at time zero and'ending at a time corresponding
to C /C = k . The vertical spacing between lines A, B,g 2

and C in Figure 19 depends on the degree of polydispersity
of the airborne particles. If the particles were all -

the same size,-the three lines would be co-linear. As

the standard deviation of the size distribution increases .

The. vertical spacing between' lines A, B, and C would in-
t

crease.because the aerosol remaining airborne at any time

>
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Drop Collection Efficiency Divided
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.

would be smaller in size, and less easily removed than

| the aerosol present at earlier times.

!

!
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6.3.3 Review of Available Experimental Data
|

|
<

For the present study, data must fulfill several-

characteristics to be useful. These requirements ars:

(1)- Spray and vessel parameters including flow
rate, fall. height, and vessel volume must be

known~,

(2) Spray drop size must be reasonably close to

that generated by the 1713-A spray'noz'zle. "

'

(3). The. particle size distribution must be of'a

similar magnitude, or smaller, than the size
P

distribution to be encountered under accident
conditions.

(4) Experimental' data must include spraying times,
and C/C at the beginning of each spray period,g

,

so that an average A can be computed.

.

In the search for applicable data we looked at con-

tainment research programs carried out in the U.S. and
in Europe. As described below, it appears that only the

USAEC Containment Systems Experiment P,rogram reported ;

information of direct use.

The Swedish program on spray removal of iodine con--

ducted at Studsvik involved a'model containment vessel- 1

32.5m in volume (21) Unfortunately, the tests involved.

elemental iodine alone, and no effort was made to study j
either particulate iodine or other fission product aero- I
sols. Therefore, while the iodine washout behavior

observed at Studsvik generally supports spray technology I

it does not provide information of direct use in the

present study.
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The more recent Swedish. study of' iodine behtvior at
I Ithe decommissioned Marviken reactor showed effective

removal of-elemental iodine, but the samplers used did

not permit particulate iodine.to be separately identified.
Japanese. studies,~ carried out in a vessel 1.5 m

diameter by 3 m higb(20) , were focussed on the behavior
of elemental iodine and methyl iodide. No results were

reported on particulate iodine or other aerosols.
Italian researchers have studied iodine washout in

the PSICO-10 model containment vessel. While most tests

dealt with elemental iodine, results for particulate

associated iodine (iodine on the particulate filter of

the Maypack train)'were given for several runs (22) ,

3
Results of tests in the 95 m PSICO-10 vessel'which yielded

data on particulate-associated iodine are summarized in
Table 25.

TABLE 25. Particulate Iodine Washout
In The PSICO-10 Vessel (22)

Run Spray C C
No. Period (g ) ( 1) (f)

No. begin end avg,

s

105 1 4.4 7.3 0.087

2 7.3 25. 0.076

3 25. 8730. 1.0
7

107 1 3170. 3.2x10 2.0

108 1 1430. 4600. 0.41

Note: For all of above tests, spray flow rate = 80 t/m
and fall height = 9 m. The spray nozzle type was
described as a " pine cone".
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Unfortunately, the Italian report does not include

the size of drops ~ produced by the " pine cone" spray
nozzle. This lack of a drop size prevents inclusion of |

the PSICO-10 results with data analyzed in this report.
Work carried out in the Nuclear Safety Pilot Plant 't

(NSPP) at Oak Ridge National Laboratory ( } was directed-

primarily at removal of elemental-iodine and methyl
iodide. The gas sampling method'used in NSPP tests did

not permit the behavior of particulate iodine to be !

isolated from that'of elemental iodine, so no results of

direct applicability to tht present study can be obtained

from NSPP iodine tests. A number of NSPP tests were !

conducted on spray removal of cesium and uranium aero-
D3)sols For these aerosols, it was generally found |.

that initial washout was rapid, and that for longer times, :

the washout rate slowed. As will be'seen later, this

behavior is consistent with that observed in CSE tests.- j

Extensive measuremer, ts of spray washout of aerosols |

were obtained in the CSE program. Results for washout |
of particulate-associated iodine and for cesium and

uranium aerosols are discussed in detail in references
34, 48, and 52. Results of CSE tests on washout of parti-

culate iodine are summarized in Table 26. The data for

particulate iodine are shown graphically in Figure 20.
The data plotted in Figure 20 exhibit the antici-

pated decrease in drop collection efficiency with frac- j
tional collection. Based on these data, a conservative

estimate of washout could be made by choosing E/d = 0.3
-l'for.C /C from 1 to 20. For C /C values larger thancm

g g

20, E/d values are larger than 0.05 cm
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TABLE 26. Particulate lodine Washout in CSE(48,52) |

4

CSE Spray Release C /C C /C (E/d{ 9OTest Period Conc. At At
~

'

8No.- No. ug/M Start End cm

3A3 1 3.6x10 1.5 2.77 0.3932 3.6x10 4.8 27.7 0.39-

3-A4 1 4.2x10 1.4 28.0 0.51 *

32 4.2x10 32.3 382 0.15'3 43 4.2x10 5250. 2.8x10 0.07

3A6 1 7.0x10 1.75 58.3 0.613'
2 7.0x10 250. 7000. 0.21

4A7. 1 1.3x10 2.89 33. 0.58
2 1.3x10 33. 1600, 0.16

3

4A9- 1 1.5x10 2.7 107 0'73.

* Release conc. determined by extrapolating measured
conc. to time zero.

1

- !

I

In order to assure that a conservative estimate of I

(E/d) avg was arrived at, CSE data for cesium and uranium
aerosols were also evaluated. Results of spray washout

of cesium aerosols are summarized in Table 27.
The data of Table 27 are shown graphically in Figure

21. The trend toward lower (E/d),y as fractional wash-

out increases is similar to that seen for particulate

iodine in Figure 20. However the drop collection effi-

ciencies are somewhat smaller, demonstrating that the

particle size for the cesium aerosol was smaller than

that.for particulate iodine. A conservative estimate of l

(E/d),yg based on the cesium data can be obtained by
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~1
choosing'(E/d) avg = 0.l'em for C /C values rangingg ,

from 1 to'100. For C /C values larger'than 100, ]g
~1(E/d) avg values are larger than 0.01 cm .

,

TABLE 27. Cesium Aerosol Washout In CS2 (4 8,52)

CSE Spray Release JC /C C /C E rg U ""9! Test Period Conc at at !
No. No. pg/M Start End d_y -

- -.

-

.s
- A3 1 4800 1.6 2.7 0.33 1

2 4800 4.8 18. 0.31
3 4800 48. 240. 0.20

-

,

A4 1 7000 1.4 11. 0.37 -

2 7000 14. 120. 0.14 1

3 7000 580. 9300. 0.026 |
>

A6 1 1800 1.8 6.0- 0.23 ;
2 1800 6.0 33. 0.098

A7 1 2600 1.3 8.7 0.34
2 2600 '12. 93. 0.13 i

4 2600 740. 47000. 0.067 i

1

A9 1 3000 2.5 18.8 0.411
2 3000 18.8 51.7 0.22-
3 3000 51.7 250. 0.083
4 3000 366. 1500. 0.014

:

Washout measurements were also obtained for uranium
aerosols in CSE, and the resulting data are summarized

in Table 28. The data for uranium oxide aerosol washout
are shown graphically in Figure 22.

.

,
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TABLE 28.- Uranium Oxide Aerosol |

Washout in CSE '

;

1

'CSE Spray- Release C /C C /C E "9g g "
. Test Period Conc at at
fNo . No. pg/M Start End -l *

g
|

A3 11 12000 1.7 2.4 0.14~
L 2 12000 4.3 10. 0.20

| A4 1 13000 1.2 4.3 0.23
| 2 13000 6.5 28.'9 0.095

i
A6 1 1800 2.6 5.6 0.13

2 1800 5.6 29. 0.10
'

,

A7 1 2500 1.25 5.0 0.26
i 2 2500 5.0 b9. 0.14
|

| A9 1 500 2.3 6.3 0.19

(E/dgyg values for uranium oxideThe measured

aerosol are consistent with data ch'ained for cesiumc

aerosol. The detection sensitivity for uranium was much

lower than for cesium and iodine, and as a result the

washout of uranium could not be followed as long as for

the other aerosols. The few uranium data available can

be conservatively represented by the lower limit line

shown on Figure 21 for cesium aerosol.

From this review of available large scale test

results on aerosol washout, a conservative estimation of

particulate-iodine washout can be obtained by choosing

(E/dgyg = 0.1 for C/C values from 1 to 0.01, and 0,01
g

for C/C values smaller than 0.01.g

1

'
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'6.3.4 Effect of Spray Drop Size
|

The.results given above apply to spray systems which ;

produce the same. drop size distribution as was'used in CSE-

tests. The effect of small changes in drop size distri- j
bution can be estimated using the. theoretically predicted !

variation'in E with drop size. A method for applying th'e
|
Ipresent results to a different size distribution will be

outlined in the following paragraphs. ;

The mass median diameter of containment spray drops. ,

is in the neighborhood of 0.1 cm. T1. efore the E values

(corresponding to (E/dgy values of 0.1 and 0.01) attrib-

uted to sprays in this study fall in the approximate

range of 0.01 to 0.001. From the theoretical predictions

shown in Figure 16, the potentially controlling mechanisms

include diffusiophoresis and interception. Diffusion.is

eliminated because the aerosol particle diameter in

containment vessels is greater than'0.0lp. Diffusio-

phoresis was also eliminated as a contributing mechanism

by the conservative method used to select (E/dgyg from

the test data. As noted earlier (E/dgyg was chosen con-
servatively from data which included tests using recircu-

lated hot spray. For such spray no conde.1sation on drops

would occur, eliminating diffusiophoracia. Therefore

for the conservative (E/d{g values identified here,
interception is necessarily the dominant capture mechanism.

For interception, the capture efficiency varies.in-
I }:versely with the. particle size

D i

E=k E (82)g ,

I
.
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where E = target efficiency for interception,

D- = aerosol particle diameter,
P ,

d = drop diameter,

k = a constant.

If both sides of Eq. (82) are' divided by d, and if

kD is redefined as.a new k, the result is:p
2

1

E k

g = d' (83)g

The overall E/d for a spray can be obtained by

summing E/d for each drop si'ze increment:

'f f
~

-h+d-f+ff+...fy (84)(h) =k
d 0 davg y 2 3 n

. .

where f = fraction of spray in nth size increment, ,n
d = average diameter of drops in nth size

,

increment.

Values of k in Eq. (84) could be obtained by choosing

f values which apply to CSE test sprays, and by setting

(E/d{yg equal to 0.1 and 0.01. Use of these two k values

with f values for a different spray would allow newn

(E/d{yg to be computed. The particle washoutvalues of

rate for the new spray could then be computed using

Eq. (78).

Many exinting'PWR containments employ the 1713**

nozzle which appears to produce a drop size spectrum

** Spray Engineering Co., Burlington, Massachusetts
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similar to those of.the G-3* and A-50* nozzles. Equiv -

alency of drop size for iodine absorption was demon - 1

,

strated in sequentia3 tests which employed G-3 and 1713-A

. nozzles (1 ) The removal rate was similar for the two -
.

tests (1 } Based on this evidence it is'likely that-the.

E/d values obtained from CSE tests can be used for
containment vessels using 1713-A spray nozzles operating

at 40 psid. r

f

7.O SUMMARY'AND CONCLUSIONS

This. report is a review of spray washout in the con-

tainment vessels of light water reactors. Spray systems i

may be included in containment vessels as an engineered

safety feature to suppress pressure and scrub airborne '

contaminants in the unlikely event of a loss-of-coolant-

accident. The efficacy of spray scrubbing is important

in the siting of power reactors because the spray removal
'

rate directly affects the calculated radiation dose from

the design basis LOCA received by people in the plant

environs.

A large body of information is available to aid in

the assessment of spray performance. In this report the

most relevant work is reviewed to show the technical basis

for the spray models which are currently used by the NRC

staff to make conservative predictions of washout under

postulated accident conditions.

Specific conclusions and summary. statements which

are supported by this study are listed as follows.

* Spraying Systems Co., Bellwood, Illinois
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1. Mathematical models are available1to conserva- '

:tively predict washout for the several physico- ^

,

chemical forms of iodine.

2. For elemental iodine, the most abundant airborne

iodine species, a stagnant film model has been '

adopted by the staff. This model is a simplified
,

form of the equation for absorption by a rigid -;

sphere accounting for mass transfer resistance in
-

both the gas and liquid phase.

3. Absorption of methyl iodide, the most persistant 5

iodine form expected to be present in post-
|

accident atmospheres, is predicted by a model in
,

which it is assumed that both falling <*. mops and
,

wall' films are stagnant. For most spray solutions
,

methyl iodide absorption is too slow to appreci-

ably affect two hour dose calculations.

4. Aerosol particle washout is_ predicted using a !

simple model in which conservative estimates of

the single drop collection efficiency-are obtained

from large scale experiments.

5. The composition of spray solutions plays an impor- j

tnat role in the absorption rate of elemental !

iodine because the numerical value of the' partition

coefficient applicab3e to spray washout depends

on solution reactions. Experimentally derived

partition coefficients are available for plain

boric acid, for sodium hydroxide solutions, for

trace level hydrazine solutions, and for solutions

of sodium thiosulfate.

6. Methyl-iodide is absorbed'only slowly by spray

L solutions which do not contain special additives.

143
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Of the spray solutions currently in use, only-

sodium thiosulfate at.1 wt. percent enhances the

absorption' rate to an appreciable extent. .For the

thiosulfate solution, absorption by wall. liquid

films is typically more important than that by

falling spray drops.

7. Surface deposition of elemental iodine can be

predicted using a model in which it is assumed
that the limiting transfer resistance. resides in.

the gas phase boundary layer. Predicted surface'

deposition rates are small compared to spray

washout rates.

8. Spray.absorpuion has been studied for many. years
in many countries. Based on the results of

theoretical studies and experiments'of many size

scales, the models adopted by the staff are

supported by firm technical bases.

.

* n
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SPIRT

(A Program for the Calculation of Spray Iodine Removal Transients)

1. Purpose

The SPIRT code is intended for the calculation of iodine
removal constants (lambdas) for post-LOCA containment spray
systems. The code was written to permit the evaluation of
the following effects encountered in the analysis of spray
systems:

effect of the spectrum of drop sizes emitted by thea.

spray nozzles, as opposed to the single drop size used
in hand calculations.

b. effect of drop coalescence (which cannot be determined
by haud calculation).

the precise solution of the time dependen; diffusionc.

equation.

2. Mathematical Models

The mathematical models used to achieve this purpose may be

summarized as follows:

a. Drop Size Spectrum

The spectrum of drop sizes emitted from the spray nozzles
is represented as a two-parameter log-normal distribution
function. The parameters for this statistical distribution,
i.e., geometric mean and standard deviation, are supplied
as input. In the code this distribution is represented

by a finite number of discrete drop size groups. All
calculations involving drop size are then repeated for
each drop size group.

b. Coalescence Calculations

The coalescence calculations are based on the assumption

that each drop collision results in a coalescence. The
number of drop collisions are derived from geometrical
considerations which are based on an assumed maximum
entropy spatial distribution of all drop sizes.
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c. Solution of Diffusion Equetion

The time-dependent diffusion equation is solved for each
of the. drop size groups in the distribution. The first ,

twenty terms of the infinite ceries solution of Dankwerts ,

are used. '

In addition to these models several auxiliary routines
are used in the program to obtain the thermodynamic
and diffusion characteristics of the main constituents
of interest in the post-accident containment, i.e., steam,

[air, water, and iodine. The two main sources for these
auxiliary models are:

L. F. Paraly,'ORNL-TM-1911, Oak Ridge National Lab., 1967
'

J. H. Perry, Ed., Chemical Engineers Handbook, 4th Ed.,
McGraw-Hill, 1963

3. Programming
a

The SPIRT code does not use any numerical routines, with the
exception of a simple bisection routine used to determine the
roots of a trans-cendental function used in the solution of the
diffusion equation. Instead, explicit functions are used to
describe the main variables.

The principal advantage of the SPIRT program lies in the -

capability it affords for repeated solution of these explicit
functions for the large number of drop sizes normally present
in a typical drop size distribution. The program is writte2
in FORTRAN-IV (level G) for the IBM 360 computer. An effort
was made to use only standard ANSI syntax, to facuitate the
use of the program with a variety of digital computers. The
FORTRAN listing is attached,

,

4w

.
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-SPIRT INPUT FORMAT

Card number Parameter ' Unit Remarks
and format

1 TITLE (I) - -

20A4

2 NGRP - Numbers of groups of drop sizes to be used in
6I3 calculation.

NTYPE There are two ways to read in drop size distribution.-

Either by reading in actual distribution, or by
reading in a geometric mean and standard deviation,
and ask the computer to generate a distribution. Since
there are two types of drop size distribution (spatial
and temporal), there are four possible numbers for this
entry:

1 Computer will generate spatial drop size distribution $
based on input geometric mean and standard deviation. ~

2 Computer will generate temporal drop. size distribution
based on input geometric mean and standard deviation.

3 Computer reads input spatial drop size distribution.

4 Computer reads input temporal drop size distribution.

NSTEPS Number of steps from the ne2zie.down to the floor at which-

drops can interact'and coalesce. If NSTEPS = 1, there
is no interaction. For most calculations, the magnitude
of NSTEPS is chosen such that there is 1 step /ft fall
height.

.

-
_



Card Number Parameter Unit Remarks
and Format
(cont'd.)

NREAC 0 or 1. _
-

0-4 no methyl iodide removal
1 => methyl iodide removal

Number of data points for drop size distribution toNDATA -

be read in (used only if NTYPE = 3 or 4; NDATA = NGRP).

3
3 CNTVOL ft Total containment free volume I

SE10.3

FRCVS Fraction of above volume sprayed-

FLOW gpm Spray flow rate

ZMAX ft Fall height. One average height is used for all
locations in the sprayed region.

EFC 0, to 1.0. Collection efficiency of drops when.they-

touch each other. EFC = 1.0 is most conservative. S
-

H - Elemental iodine partition coefficient

4 TNORM F Normal temperature at which spray water is stored.
8E13.3

U
TEMPF F Maximum post-accident temperature

DMEANG cm Geometric mean drop size:

If NTYPE = 1, input is geometric mean for spatial
distribution.
NTYPE = 2, input is geometric mean for temporal
distribution.

NTYPE = 3 or 4, this parameter is not used.



Card Number Parameter Unit Remarks
and Format
(cont'd.)

SIGMAG - Geometric standard deviation for above parameter.
Not used if NTYPE = 3 or 4.

-I
RK sec methyl iodide ;iydrolysis rate..

methyl iodide partition coefficient.HR -

2
5 AWALLR ft Interior surface over which laminar boundary layer flow occurs.
8E10.3

2
AWALTR ft Interior surface over which turbulent boundary layer flow

occurs.
Spray water wall flow fraction.WALLFR -

U
WALLDT F Temperature difference across wall / gas boundary. m

$

CNTDIA ft Containment diameter
2

WALLSP ft Containment wall surface area impacted upon by spray.

6 D(I) cm Used only if NTYPE = 3 or 4. Drdp size diameter for
8E10.3 size group I (use as many cards as needed to describe

all size groups).

Used only if NTYPE = 3 or 4. Relctive population for7 F(I) -

8E10.3 each size group I.

- - - -

,,

,
- s

- - 6
,

*
e

a s - - -

. .,
. . .



_ _ _ _ _ _ _

.

<

w

(>
/

SAMPLE INPUT

I .

i

//TIPSPRit JOB (WDCle280.Al.*P. 5. TAM *
//$7EPl E XEC FORGLEGO.0Pf!ON 5=' SIZE = t 172000.6144) * eREG10N. LOA 0=180K,
// CORE =200K
//LDAO.SYSLIN DD DSN=WDC1TXP.SP!RTPLO.VOL=$ER= FILE 29sONtf= FILE,0!SP=$HR
// 00 05N=w0ClHZF.5fEAMTAD VOL=5ER= FILE 29eUN!T= FILE.0!$P=5HR

I//GO.$Y51N CO *
5 AMPLE INPUT

SO 3 1 0 50
2.520F * 06 7.4006-01 3.000E +0 3 1.000E *02 0.000E *00 5.000E * 03

**7.000E * 01 2. 600E * 02 1. 000E * 00 1.000E * 00 1.000E * 00 1.000E * 00
4.200E*05 1. 500E *0 5 0.050E * 00 2.000E* 00 1.300E*02 1.000E*04

'
s

1.8006-03 6.300E-03 8.800E-03 1.130E-02 1.380E-02 1 630E-02 1.880E-02 2.130E-02
' 2. 380E-02 2.6 30E-62 2.8 80E-02 3.130E-02 3.380E-02 3.630E-02 3.880E-02 4.130E-02

4.3 80E-0 2 4.610E-02 4.880E-0 2 5.130E-02 5. 380E -02 5.6 30E-02 5.880E-02 6 130E-02
6.380E-02 6.630E-n2 6.800E-02 F.130E-02 7.380E-02 7.630E-12 7.880E-02 8.1301-02
8. 380E-02 8.630E-n2 8.880E-02 9.130E-02 9.380E-02 9.630E-02 9.880E-02 1.013 E-01 .

1.058E-01 1.075E-01 1 125E-01 1.1 T5E-O L 1.225E-01 1.288E-01 1.325E-01 1.425E-01
'1.613E-01 1.738E-01

1.100E-02 2.700E a2 5.600E-02 1.500E-01 9.500E-02 '8.000E-02 7.000E-02 5.100E-02 .

6.600E-0 2 4.400E-0 2 2. 600E-02 2.200E-02 1. 700E-0 2 2.000E-02 2.300E-02 1.100E-02
1.100E-02 1.500E-92 1.200E-02 1.300E-02 1.100E-02 1.600E-02 1.200E-02 8.000E-03 ,

8.000E-0 3 f.000E-03 1.100E-02 9.000E-0 3 1.100E-02 9.000E-03 8.000E-0 3 7.000E-03
5.000t-03 5.000E-n 3 7.000E-03 6.000E-03 5.000E-03 5.000E-03 5.000E-03 4.000E -OL
5.000E -03 4.000E-0 3 5.000E-0 3 4.000E-0 3 6.000E -0 3 5.000E-03 2.000E-0 3 1.000E-03
t .000E-03 2.000E-0 3

/8
..

d

G.

O

,

W

<
, \ I
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//fEPSPIRT JOB (WDC1.280. Ale *P. 5. Tape
//51EPl E XEC FORGU"J.5f A f uS=0LDe N AMEa * WC01TgP,$PIRTPLO* ,DISEsFILE29
// COMP.5YSIN DD *
C SPIRTPLS lAUGUST 1978 VERSIONI
C
C SPRAY $ 0Dlhi REMOV AL TRAN51ENTS
C

C0wMGN /CNTRL / NIN, h3VT. NGRP, 4 TYPE. MODEL, NREAC, NDATA
C OM MON / INPUT /CNfy, CNTV7. CNTD FLO. F ALLH. EFC, TNORM, TEMPF. H,

1 OMEANG, SIGMA", RK. HR, wALLFR, HALL,hALLLRehALLTRe
2 WALL 0fewAtt5P
COMMON / PROP 5 / PAIRe PSTM. FRAI4. FR$fMe VF, SMITN0s ETAllQ.

1 NHOLIQ, R10 AIR, RH0$fM, RHOAIN. HG, HF, HLIO,
2 LTAAIR, ETA 5fM. ETAMIX, DIAIR, Cl5fM. OlMIX, DSUBL
3 ,DMCHi, CLCHS
CC""DN /9R3P5 / 0150), D5AVEE50), FI5O), FfEMPt501,

1 vicRt501, REYN38501. TFAlt(503
COMMON /MA51R / K5uc6tsoi, # 5unt t 5Cl e FMinDtiOI, EFitMI5 ole

1 ERIGCt501, LArt(Sole LAM 2t50). LAM 3450)
CodMON / REACT / EMlxRf50), ERGDRI50). Law 4tS08,

1 LA*>tSct, LAM 6tSol, WLAu
COMMON /CATAL / DElfAP!4).CMi*l,5tGMAl448
C ON M 0l4 / AR R A Y 5 /1 ( 5 0 ) , Y t 501. hP0l NT

DIMEN110N TITLEf201. FFl508
#EAL K5USG, K5UBL. L AM1, L AM2 s L AM3, L AM51, L AM52 L AMS)
GEAL LA*4 LAMS. LAM 6, LAM 54 LAM 55s LAMh6
REAL LNOG

C
N!n = 1
Nfhil s f,

Pl = 4.14159265
Nil 1L = 2G
MCDEL a 4

C
C READ INPUT

1 REA0 ININ. 160. E ND= 999) IfliLEtif, 1 = 1, HTITL1
,

halfEINOUf,101)
wRITEINGuf.2001 IT!!LEllie ! = 1, NilfLi
mRiffth3UT,210)
READ IN!N. 110) NGRP, NTYPE. N5fEPS, NREAC, NOATA
wPlfEtNUUfel$1) NGRPe NfYPE, NiiEPS, NREACs NDATA
wolTEth;uf,2701
PEAD t h i t. , 120) CNfv0L. FRCVie FLOW. IPAX, EFC, H
e Ri f t t *43UT,20 2 ) CNfv0Le F4CVS, FLOWe IMAX, EFC, M
hRITEthout./101
READ t',14. 170) ThCRM, TEMPF. DMEANGa SIGMAG RK, HR
hpITEfNOUT.2"21 INGAN. TEMPFs DMEA\h SIGMAG, AK, HR
hRilE(NDuf 2'Ol
READ th!N. 120) AWALLR, AWALTR, WAltFA, WAltDie Chf DI A W ALL5P
WRiftIN191 202) 4mALLR, AnALTR, WALLFa, WAttDT, CNTDIA. WALL 5P

REAC TABLE OF FROP SIZE CATA IF NTVPE * 3 CR 4
fF (NIYPE .tT. Il GO 10 2
IF {NCAIA .Lf. 43 Cf! TO 991
wRlitlNCUT,'501l

hR f 1( I NMi f, t'll
kl AD tralN, !?On (DtII,1*I.NOATA)
he l li t ario f , loll (Dill,1=1,NCATA)

wolfitNuff,/All
# t AL' (414, 1/01 {Ftil,Isl.NCA[Al

WRITEINQUfe2828 (Fll?ela1 NCAIAI
C
C CONVIRT INPUT PARAMETERS TO METRIC UNIT 5

2 CNivf a 28317. * CNiv0L
C%iv * CNivi * FRCVS
CNfD = 10.48 * CN1DIA
rLo e 11.0 - wAttikt * 28517 * FLG1 / 17,48*60.)

10.4a e f>AXF Al tH a

eA6tLN=AmALL#81/1.0%
h Al ti d s A, gt t e * 121. 0 5
hALLshAlllR*WALLTR
W ALLSP* matt $o e 929.g3

C

160
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C CALCULATE PPOPERTIE$
CALL PROPER
hR!fEtNOUT,1100)
WRifE(N9Uf,1110)
WR!fEINoutell01) RHULIO. RHOAIRe RH0$iM, RHOATM
WRI T E I N90T.,il 20)
WRiTEtNUUfell01) ETAl!0 ETAAIR, ETA 5fM. ETAMIX
WkiIf(NOUf.IlTO)
WRl!EtNOUT,110ll 05UBL, DIAIR, Dl5fM, DIMIX. SMITN0

C
C ESTABLISH OROP SilE DISTRIBJTION

CALL LIST
C

C WRif f INIT I AL DISTRIBUT ION
WRITEiNOUT,12003 *

WRl1E(NCUT.12101
00 10 i = 1, NGRP
WRlfL(NQUf,1201) le Dill Fill, FTEMPill, VTERill. REYN0ll)

10 CONF!NUE
halfE INDUT,90ll
00 701 I = 1.50
Xtil * 0. *

Yll) = .0.
701 CONT INUE

CD 102 1 = 1,NGRP
Xtt) D(1)=

Yll) Ftll=

102 Cn:J!INUE
hPOINT a HORP

g
CALL XVPL0f
00 705 1 = 1,NORP *

Ytli = FTEMPt!)
,

705 CUNIlhUE
CALL XYPl.DI

C

C INITIAL DROP SilE STAilSilCS
SUMN = 0.
SUMD * 0.
SUMF 0.=

SURF = 0.
SVOL = 0.
5Lnu s 0.
5LN50 = 0.
CRPV = 0.
1X = 0.
! = 0.
1,0 20 1 e 1, NGRP

Di = Otil
$UMN e SUMN + FTEMPfl1
SUMF = SU4F + Ftll
SUM 3 = Sum 0 + FfEPPill*Dt!)

= SURF * FTEMP(Il*Pl*D(!)**2SURF
SVOL = 5VOL * FIEMP(l) * O t ll** 3
DRPV * DRPV + FTEMP(ll*Pl*0fil**3 / 6.0
SL40 * SLND * Fill *ALUG{DIl

x x * F I F MP f l ) * A L OG 101 )XX a

20 CONflNUf
SUMD / SUPNONM =
SCEf(SURF /tPl*5UMNilDSM =

'
( S v0L / ? UMN ! * * { l . / 3. )DVM *

LNDG * SLND / SUMF
XX/5UMNVY a

OWEA % = EXPf! NOG)
E XP(YY)V =

1, NORP -CD 25 1 =

DI a D(Il
SLNSU = SLN50 * Fill *(ALO3tDil - LNOGl**2
1 = l * FIEMPill*(ALOGt01) - YYl**2

25 CONilNUE

161
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SIGS * SCRfl%LN50/5UMF1
5IGT * 50RilF/5UMN)
SIGrAG = fxPE5tG58
w = EXPis1Gil
WRiittNOJf,10401 DRPV
WRITE (NOUT 1070) ONMe D54 DVM
WR11EINGUT,1080) DME ANG, SIGMAG
hRITEIN00fel081) V, W

C
C C ALCULA'E COALr5CtN$r EF FECf

Di = FALLH / N5ffPS
'

1, N5 f E P500 50 ISIEP =

C Al.L CCAL5t Dfi
50 00Nilh0(

C
C F INat Disf RieuT10N

CALL '50BT
00 5% 1 = 1 NGRP
TFALL(Il = IMAX*30.48 / VfERill

Ftll / IFALLillifCNetit e

55 EONilNUE
C

C WRiff FINAL DISTRl60llDN
WRifftN001.l?208
WRifE(NOUf,1?!01

DO 60 I = 1. NGRP
WRIIEthouiel201) I, Ollie Fill, FTEMPille VTERllte REYNOlli

60 CONilNUE
WRifE INOUfe90ll
00 701 I = 1.50
stil = 0.
V41) = 0.

70) CfWf t huf
(.0 704 Is 1,NGRP

Dillxill *

Yll) fill'

104 r.t.911 hur
C AL L AYPluf
DO 706 i = leNGRP
Yill = FfEMPfll

706 CONilNUE
CALL XYPLOT

C
C FINAL OROP SifE STATIsitC5

$UMN = 0.
= 0.SUMF

SUMD = 0.
SURF = 0.
Sv0L = 0.
SLhD = 0.
StN50 = 0.

* 0.CRPV
xx = C.
t = 0.
00 70 1 = 1 NGR P
DI = D(!!
SUMN = SUM 1 + FTEMPill

$UMF * F(!)%UMF =

$UMD = SUMD + F TE MPlll*Dil l
SURF * F f EMP(I I *Pl* Di d l**2SURF =

Sv0t = SvDL + FitMPfli * 0131**3
DRPV * FitMPill*Pl*Dille*3 / 6.0DRPV e

SLND * SL NO + F il l' ALOGIDil
XA KK * F IF MPill* AL OGIDil

70 CONilNUE
SUMG / SUMNDNM =

DSM a SCRil5HRF/(Pl#50MHil
(5V0t/%UMNI**(1./ JetDvM =

LNUG a 5tND / SUMF
YY = XX/5UMN
DMtANG e EtPILNDG)
DO TS I e le NGRP
01 * Dill
...N50 = 5tN 50 * F11 )* t AL OG t Dil - LNDCl **2
I = 2 * FTEMPilletALOCsoll = YYl**2

75 C ON f l NUE
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SIGS s $0RitSLN50/5UMFl
51G1 = SCRT(7/5UMN)
$1GMAG = EXP(SIGhl
W = ExPISISil
W R i f E t N00 7, l e',0 ) DRPV
WRITE (NOUT,10fD) ohm. DSM. DVM
hRifftNOUfe1060) OMTANG, $1GMAG'
WRifEIN001,1081) V, W

C
C MA55 THANSTER CALCULAll0N

IF (MUCEL .to. 08 CD TO 99
CALL MASTRN
LAM 51 = 0.
LAML2 * 0.
LAM 53 a 0.
LAM 54 * 0.
LAM 55 O.
LAM 06 0.=

Wa l T r ( Nflu f e l1001
f>0 'O 1 * ! NGRP
hRIIEtNUUI.17011 ! KSU8C(Ile ERIG0ll), LAMl(Ile

i LAM 2(!), LAM 3ffl

LAM 51 * LA451 + LAM 1til
L AM52 = L A452 + L AP28 !)
L A"53 * L A453 + L AM3t il

80 CONT!NUE
witTE(NOUT.1310) LAMSte LAMS 2, LAMS 3

C
C CALCULATE MASS TAtNSTER WITH f. HEM. REACTION FOR METHYL 100!DE

IF INREAC .NF. Il GO TO 98
CALL REACTN
WRifE(N00Tel4001
00901 = 1. NGRP
hRifEtN00T.1201) I, EMIXRt!). LAM 5(II, ERCDR(Ile LAM 4til lam 6til
LAM 54 * L AM54 * LAM 4til
L AM56 = L AMie * L AM6t !)

90 CONTINUE
WR!iL(N00f,1410) LAM 54 LAPS 6
WRITEINGUT,1420) WLAM

C

C CAI.CULATE FLEMrNTAL 800!NE PLATEOUT
'

98 C ALL PL ATO IL AMPL),

MP i iE ( NOU Pe l * 00 l t. AMPL
1500 FOMPAI(IHO, toX,'EL EMENT AL 100!NE PLATEOUT RATE CON 5fANT !$',

1 I X e E 10. 3,8 PER HOUR'l
99 CONTINUE

GD 10 1
C
C
C CRROR MESSAGES

991 WRITE INDUT.90018
999 $ TOP

C

C

100 FORMAT (20A4)
101 FORM Ali lHis 4 t X,8 5 P I R 78,// s 32X,85 PRAY 100lhE REMOVAL TRAN51[NT'

I /,15X.' ACCIDENT ANALY51$ BRANCH - 8,

2 '0!v 0F $1TE SAFETY AND ENVIR ANALYST $'e/,44X,'USNRC',//l
110 F ORMAf t 613)
120 f0RPAT(AC10.1)
200 FONWAlflHO,4tX.*l N P U T' //e1X,20A4)
2 01 F O.t P A f t e X .6 t t 3,12 X i l
202 FORPAftBilXe1PE10.3,4Xil
210 FOAr A f t 1H9, 'NU. OF GROUP S' ,3 X, ' Ol $ f R. TYPE ' ,4 X ,' NO. OF $TE P$',

1 3Xe'MFTHYL REM /L'e2Xe'TBL. DATA PTS.'l
220 FORM Af f lH0e ' CONI.VLLUMt

'r ALL HEIGHT e ,3x,'FR ACT.5 PRAY' 2X '
',3Xe $ PRAY FLOW 8

! 3X. e COLLECTION ',1X,'I2 PARIN.COEF',/,
2 1X, ' (CU.Fil 'e3X.' 'e3Xe* (GPMI 8,
3 3X. ' il f l ',3X* EFFICitNCY',3X,'fC-LIC/C-GA$18)

230 FOR=AfilHO ' NORM. AIR TEMP'e2X.eMAX.ATM. TEMPS,3Xee0 ROP $12E,CM',
1 3X e' 5f D.0E VI AIN. e 3 X e 'RE ACTN R ATE K' e 2 X,'ME THYL P ARIN.' e /,
2 IX.' 10E5 F1 ',3X,' IDEG F1 ',3X,'4 GEOM. MEAN)',
3 3X ' tGE0ME TRIC) *e3X,' (t/$EC.) ',3X ,8 4 C-L I Q/C-G A51' l
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240 FORMAft1H0e' LAM.B.L. AREA ' ' ,2 X e 'IUR.B.L . ARE A ' ,1 X, ' WALL FLOW 8 ,3 X , .
1 ' WALL DtLIA l ', 31,8 004I. DI A. ' ,3 X,' W AL L F L OW AREA *,/,
1 IX,' fiQ.Ff.) ',1X,' 150.FT.) 8,3X,' FRACflGn ? 1X,$

2 8 - t 0F G F I *, 3X,' I FT. I ',2X,8 150.Fil 'l

250 F 0H P Af ilHO,8 7 %Fi t HI OM9P sitt Dl51kluullON',/,
1

lx,*tDISTHirufl0N 15 SPAtlAL lt NTYPE = 3. ',
2 ' If MPr'R AL IF NivPF = Al'8

251 F our Af t tur','twup Sitt tMl;uuN558)
2 5/ F OM P Al l lHO. * 8 Pl 00t NCY (DWurs/LC OR DROPS /CC/SECI'l

1001 FORM A f l 3X ,13,6 t lPE 12. 3. 3Xi l
' 1040 FORM Af t lHO,'INITI AL LIQUID VOLUME (CC OF LIQl/tCC GA518,

1 14 X ,1 PE 10. 3 9
1050 F ORMAf f 1Ho or t NAL Ll0010 VOLUME (CC OF L IQl/ICC GA51',16X.1PE10.31
1070 FORMAfflH0e'7HE NUwBER, SURF ACE, AND WOLUME ME ANS (CPIs /,

1 IX,'3F THE TEPPORAL Ol5TRIBUTION ARE',9Xe3t1PE10.3.5X11
1080 FOR >A f f lHO,' f HF GECMET RIC ME AN (CM) AND GECM. STD.8,/,

1 I X ,'Dr VI All 0N FOR THt SPAf!AL 0151RIBuil0N ARE',14X,
2 2(l'Elo.3.5X11

1081 FORraftlHO,81HE GECMET41C MFAN (CMI AND GEOM. STD.8,/,
I 1X,80* V! Ail 0N F CR THE TEMPCR AL 0151RIBU!!ON ARE' e 13X e
2 2tlPE10.3.$X81

1100 F ORMAf t 1H0e / ,36X s 'C ALCULif ED PROPERT IES'l
1101 F 0H M A f t t X ,R i l PE 10. 3.5 XJ i
1110 F0dMA f t 1HC, * L IQ. DEN 5:T V',3X,' Af R DEN 5 fiY a 2X,8 5f EAM DEN 517Y',

1 3X,'ATM.0tN51TY'./.
I 2 X .4 f ' t L P 5 /CU.F il' ,3X i l

1120 FOR M A f f lHO, 'l lQ.V15CUS! I V' ,2 X,' A I R V!5C05 t TY' ,21,' 5f M.v! 5C051TY',
l' 2 X,' AT M.V l 5Los t iv 8, /,
1 IX,4t' IPC15Li ',2Xll

,2 X ,' AIR DI F FU51 V.8,2 X,' 5f M.DIF FU51V. ',
' 1130 F ORW A f t 1HO,'L IO.Ol F F U5 t v.',3 X,8 5CHMIDT NO. 8,/,

1 2X,'ATM.DIFFU5tv,'
2 IX 4g, (Ca2/SEC) ' ,3XI I

1200 FORPAillH1,36X,'DRCP SilE CALCULATION',//.
1 IX,' INITIAL DRUP Silf OlifR10Uf!ON',/1

1201 F 0p * A f ( 2 r . l i,7 X ,3 t t pE 10. 3. 5X i l
1210 F OR mail 1 X,' GD P.No . ' ,3 X . ' 0* 0P 5tlE.CM',3X,' DROP 5 / CC ',

I lx ,' D'HP 5/CC / 5F.C 8,3 X ,' I E R M.VE L. .CM/ 5' ,2X ,' R EV NOLD5 NO. ' )
1220 FOMwAf t 1Hl. 34X 'LPLP $llE CALCULAfl0N',//.

I lx ,8 015tRIBuf!ON AF IER CONDENS Ai!ON AND CDALE5 CENSE'l
1300 F ORM A f t 1Hl 34 X. 'F A55 IP A45F f R C ALCul All0N',/ / ,

1 IX,'LeP.NH.8,)X,8CA5 FILM COEF8,
2 2X,'t P!GI U OR4P' ,4 X ,'L APn0 A M I X(0 ' ,3X,'L AMOCA F ILM',
3 3X ,' L A MI:D A R I G 10' )

1310 F04PA f t lHO,37,8 f 0T AI LAFADA (1/HRl*, 19X, 3(IPE10.3,5Xil
1400 FDRMAfflH1,22X,8MA55 IRANSFhR WlIH SIMULTANEDUS CHEMICAL REACTION,'

1 , / ,2 5X ,' t Mf f HYL ICD IDE RE MOV AL BY THIOSULF AT E SPRAY 51',//,
2 la,'G2P,NO.',

1 31,' E P! Xt 0 DROP' ,3 X, ' QDROP (RIGIDl',2X,#E RICID OROP',
4 3X,'LAPDCA PIX ED* ,3X ,'L APDCA p lGID')

1410 FORMAfflH0,3X,'70iAL SPRAY LAPBDA WITH CHEM. REACil0N II/HRI',18X,
1 2ilpfl0.3,5XII

1420 FORPAf t lH0.37.* t Arc 0A FOR W ALL FILM EF FECT (1/HRI8,4X,1PElo.31
901 FORMA f t 1H0,'F DLLUwlNO ARE Th0 PLOf 5 0F OROP SIZE V5 ',

1 'SpATTAL THEN TEMPJRAL DISTRIBUTION',/s5X,'X-AXI5 **.
2 ' DROP SilE IN CM',/,5X,8Y-AXIS = RtLAllVE 015T.8)

9001 F 0k P A f t lHl e ' INPUT E R k 0 R',//.
I II,'luturFICIENT DROP SI2E DATA'l
FNJ
$UBROUf!NE PROPER

C

C THli $UEROUilNT C ALCUL ATES THE DEN 5 tiles, V15C051 TIE S, AND
C Olfl uSt VI TIE S PE QUI RED FOR T HE SPR AY AN ALY115

*

C IHE C ALCUL ATION OF GA5 W15C051 TIES AND DIFFusiv! TIES ARE
C ACApfED FROM L.F. PAR 5LY, ORNL-TM-1911
C

C0" PUN /INPUf /Clif V, CNTVT, CNTD, Ft 0, F ALLH, EFC, TNORM, TEMPF, H,
1

DMEANG, SIGNAG, Ak, HR, WALLFR, WALL,WALLLR,WALLTR,

2 W ALLOT.W ALL5P
COP MON / P ROP'. / Palp, P5fM, IRAIR, FR5fM, VF, SMliko, ETAllQ.

164

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



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

I RMOLIO RHOAIR, RHOSTM, RHOAYM, HG, HF, HLIO,
2 ETAAIR, ETA 5fM, ETAMIX, DIAIR, DISTM, DIMIXe D5UBL
3 ,0MCH3, DL CH3

REAL NUM, M OL W
TEMPC = (TEMPF-12.01 * 5./9
TEMPK = TE MPC * 2 73.1
PAIR 14.7 * ( TI MPF + 4 60.1/ l T NOR M *4 60. )=

PSTM P5LITFMPF)=

PATM e PAIR + PSTM
FRAIR a PAlR / PATM
FHSTM PSTM / PATM=

C L10VID DEN 5tfY
PHOLIQ = 1.0/V5LITEMPFI

C
.

ISATURATED CONDITIONS A55UMEDIC DEN 5ITY OF AIR-STEAM MIXTURE
Ph0 AIR = 0.0908 * 460./(TNORM*460.)
HG = H5 VIP 5fM,7,5,VG)
WHo%IM = 1.0/WG
kHuAIM = HHUAIR * RH05fM

C
C CALCULAIE VI'5C95f rY OF SIEAM
C REF. KEfNAN AND KEYE$. P. 23

P5fMKG = 1.1532 * (P5fM/14.696)
NUM a 1.50! L -05 * SukiffEMPKI
OE40M = 1.0+ 4 4 6. 8 * ( 1. / IE M PK I
ETAU = NUM / DEN 9M
'f l X P = -1140./itMPK
FlOFP 1.0E-4*tt./TEMPKleP5TMKG*(6.36-2.31E-03*lo.0**iEXP1=

F20FP = 1.00-46.0399*10.0**t-0.005476*TEMPKl*(P5fMKG**28
ETA = EfA1 * F I CF P * F 2 Ut P
FfA$fM s (TA

C
C C Attut ATE v!$Lrsif V LF AIR F ROM PERRY 13RD ED.),PAGE 370

ETAA!H ( 1. 709E- 04 ) * ( ( IEM P K /2 7 3. ll * *. 768 )e

C

C CALCULAll MitlH8f VISCOSITY
(1.+ttrTAAIR/ ITAL **.5)*(t!8./29.l**.25)l**2NUM s

l>L40H a l4./ 50H i t ?. l l * t t. *( 29./lR. l **.b l
PHill e NUM/DINOM
NUM = ( 1. * f i t T A /E T A A I R l * *.5 D ( 129./18. l * *.2 5 ) l * *2
DENOM =14./5"RT(2.llo11.*(18./29.l**.5)
PHI?! = NUM/OfMCM
DENGM 1.*(FR$fM/FRAIRl*PHil?=

IERMI = EI A Af P / DLNOM
DEuCM 1. * ( F R A ld /F k S T M) * PHI 21=

TL RM2 = E TA / DE NOW
ffAMfXs TERMI * TERM 2

C

C CALEULATE IHE DIFFUSIVITY OF 100!NE IN AIR AND STE AM
EPSin 550.=

FP5?K 97=

FP55K . i ra .

EP512K 5JRf(EPSIK*EPS2K).

EP513K 53RilEPS!K*EP53Kl=

COL INI = 0. 34 74 + 0.1478*1EP$12K/TEMPK)
RAIR = 3.61 7
Rl 4.992
RIAlk 0 5*tRAIR*Ril=

f Of M . 50Hftil.//SA.lett./29.ll
H e ( 10. 7 - 2. 46 4 UF Ml+ 1.0E-04
PFUNT= I E M* g * * [ .5

$8FFUNT*F0FMNUM e

P TOTLs (PAIR *P$fMI/14.696
DENOM= PTOTL* RI A!R*RI AIR *COLINT
ptAlp. NUM / DfNUM

C STEAM AND MiyTURE
COLINT = 0.36 74 * 0.3476*lEP513K/YEMPK)

2.655RW =

His = 0.5*(RW*Ril
SQRitti./254.1 + (1./18.9)FCFM =

(10.7 - 2.46*F0FMi*l.0E~04B =

B*PFUNT*F0FMNUM e
PTDiL*RlwoRlw* COL;NTCENOM =

DISTM NUM/nENOM ,
=

DIMix = 10/(FR AIR /0! AIR * FR$1M/015fM)
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C
C REPEAT CALC. OF GAS DIFFU51Villf5 FOR METHYL IODIDE

*
FP$1K 3 565.

50RitEPhlk+EP52KlEP512K *

EPLl3K a SQNitLPS1F* CPS)K)
COLINI * U.3674 * 0.347B*tEP512K/IEMPK)
V0 = 62.1

!.1R * V0**ll./3.1kl *

.0.5*tRAIR+RilRfAIR *

F 0F M = SCRf11./142. * 1./29.1
(10.7 - 2.46*F0FM)*1.0E-04h *

Be Pr u'If *f 0F Ff.U M =

Di' NOM ' PIOTL' RIAIP*RIAIR*COLlNT
DIACHa NUM / DE 'dO M

0.3478*tEPS13K/TEMPK)COLINT = 0.36T4 *
klw = 0.5*lHd6RI)

SCRitti./142.1 + (1./18.31f 0F M =
110.1 - 2. 4 6 *F CF M )* 1.0E-04B =

NUM = P,Pr uNf oruf M

Pf0fL*Rlw'RlW'COLINTDENOM =

NUM/DENUMDISCH =

1.0/tfRAIR/DIACH * FRSIM/DISCHIDMCH) e

C
C C ALCUL ATE VISCASITY CF WATER FROM PERRY'S HANDBOOK (4f H EDI,
C PAGE 3-201

TCM8 = TEMPC - P.453
VSCINVs 2.148 2 * t i CM 8 e 5Lgi t 807 8.4 * TCM8+ fCM81 ) - 120.
ETAlly = 1.0/VLCINV

C

C C ALCUL ATE DIF HJ51VITY OF IODINE IN WATER FROM
C Pf%kY'S HANDBK.44fH tD.), PACE 14-21

VO s 71.5
X = 2.6

18.MOLW .

DMut = T.4E -08 * SQ4TIK*MOLWl/V0**0.6
05UPL = D*Uf * IEPPK * V5CINV /100.

C

C REPEAT CALC. OF (! QUID DIFFUSIVlfY FOR METHYL 10DIDE
V0 62.1
DMUT = T.45.-00 * SQRilx*M3LWl/VD**0,6
DL CH1 = CPUI * ItMPK * V5CINV /100.

C

C C AL C'JL ATE SCHMIDT NUMBE R
SMl lNO = E T AM IX/ t RHOAIM*0.016016*DIMI A )
NITUMN

END
SUBkOUTINE DIST

C THIS ROUTIME 5FT5 UP THE INiilAL DISTRIBUTION
COMMON /CNikt / NIN, NOUT, NCRP, NfYPE, MODEL, NREAC, NOATA
COMMON / INPUT /CNfV, CNTVT, CNTDe FLO, FALLH, EFC, INORM, TEMPF, H,

1
DMEAPIG, $1GMAG, RK, HR, W ALLFR,W ALL,dAltLR,W ALLTR,

2 mALLDT, WALL 5P
COMMON / DROP % / 0450), DSAVEtS01, Ft50). TTEMPt501,

1
VT E RIS01, RE* N0150), IFALL(Sol

DIMEN5 ION F F t 501
REAL LNX2

3 14159265PI =

FT0f = 0.
X1 * DMfANG
GRP 3 NGRP
LNX2 = At09tSIGMAGl

0.18DMAX =
C

C E51ABLl5H DROP Siff INCREMENTS FOR LOGN3RMAL 015TRl6UTION
.

II (NfvPE .GT. 21 GO TO $
DELLOG = rALOGt0 MAX - ALOGtX!ll/ttCRP - 1.01/2.1
DMlhLN = ALOSix13 - CELLOGotlGRP - 1 1/2.1

1003I * to N#,RP
XI = 1

EXPT 0MINLN * IXI-1.Ol*DELLOGlDill =

3 CONTINUE
CALL v5UOT

C
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5 GD 10 (10.15.20,25), NTYPE
C

C ASSUME LDGNORMit SPATIAL DIS TRIBUTION DLR!vED FROM INPUT VALUES FOR
C LOG Mt Ah AND LPG SID. DEVI A!!0N.

10 00 11 ( = 1, NDR P
(FALL (Il FALLH / VTERill=

X = D(fl

Fill = EXP(-0.5*tfALOGlX/Xil/LNX21**21)
FFill i Fill * Pl * Dill * * 3 / (6.0 * TFALLilli
FTOT * FTOT + FFil)

11 CONTINUE
GD 10 30

C

C A5;UMF L OGNORMAL TE PPOR AL O! 5IRIBUTION DERIVED FROM INPUT VALUE5
C F C1 L OG MF AN AND LOG 5ID. DE Y! Afl0N.

15 DO 16 I = 1, NGRP
X = Dill
TFALLlit e F4LLH / VIER (!)
F i l l = F EPI-0.5 * t ( ALOG t X/X 11/LNX21 * *2 91
FFill = F(!) * P! * D|l)**3/6.0
F T0f = F T0f * FFill

16 LONTINUE
CD T0 to

C

C USE TABULAR INPUT FOR DROP 512E DISTRIBUTION
C ASSUME INPUT CATA IS SPATIAL DISTRIBUTION

20 NGRP a NDAT A
CALL V5Uet
DC 2/ ] = 1. NOAIA
ffALL(1) fALLH / VTER(Ils

|Itil * Fill * PI * 011)**3 / 16.0 * fFALLill)
F70f TiOT + IFill*

22 CONTINUE
GO TO 30

C
C INPUT DATA 15 TEMPORAL DISTRIBUTION

25 NGRP = NOATA
CALL V5UOT
DO 26 1 = 1, NDATA
TFALLtil=FALLH/VTERill
FFill = Fi!) * PI * D(!)**3 / 6.0
FTOY FT01 * FFilla

26 CONTINUE
GO TC 30

C
C NORMAttlE DROP SilE DIST, TO TOTAL SPRAY FLOW

30 DO 35 I = 1. NGRP
LSAVFill = Dtll

FILMP(Il = (FFil)/Ff0fl * FLO * 6.0 / (CNTV * PI * D(1)**3)
Ffil FTEMPtli * TFALLt!)3

35 CONT! flue
R E T UR N

ENO
SUCROUTINE V5b8T

C THIS SUBRCUflNe CALCULATES TERMINAL VELOCITIES. IT 15 ActPTED
C Wie H MINOR CHANGES FROM L.F. P AR5tY. ORNL-TM-1911
C (VARIADLFS U$iq IN THIS RUUllNE ARE IN METRIC UN!i5)

CCMMON /CNf RL / N!No h00f, fl0RPe NTYPte PODEL, NREAC, NDATA
CDMMON /PR3P% / P AIN. P5IM, FRAIR, FR$fM, VF. SMITNO. ETAltQe

1 RHOLlG RHOAIRe RHOSTM. RHOATMe HG, l#Fe HL10,
2 ETAAIR, ETASTM. ETAMIX, DIAIR, Ol5fP. DIMIXe DSU8L
3 .OMCH j e DLCH3
COMMON / DROP $ / Uf50), D5AVil50le F t5ul, FIEMPl50le

! VIER (50), REYN0150le IFALLt50)
65UBC * 980.
KPGC = G5UBC**0.Tl4
P HOML i * PH04TM * 0.016018
XPRHOA = RHOMEf**0.286
CELRHO = (MHOLIO - MHOAIMl*0.016018
X PDRHO = DE LP HO** 0. f14
XPETA ETAriX**0.428*

ORAG * 0.44
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C 4:1T E . OHAG C0tFflCl(NT APPLIES FOR REYNCLD5 M25. 080VE
C APPR0x. 800. 70 SMuciH T HE CMANGE. $1 ART CDA'* A8150N AT RE=600.

DC 10 1 = 1. NCRP
Olll**1.l42XPCP =

VfEH1 = 0.153*XPCC+XPOP*XPORH0/tXPAHOA*1 PETA)
REYN01 * Dill *VitR1*RH04Cf/ETAMIX
VIERt il = Vif RI

= R'VN01W E Y Na t ! )

IF (PtYNot .LE. 600.) CD TO 10
VICR2 = 50Rit4.C*G50BC* Dill *0ELRHO / (3.0*RHOMEf*0RACl)

= AMIN 1 (VIER 1,VfLR2)VTERill
RFYNotti e bill'VIERill*RHOMET/ETAMIX

10 CONTINUE
ACTURN
FNa
500RLU11NE COAL 5 toll

C
C IHlt '.U B A qu T I N F C AI CUL A f f 5 IHL M AX. POSSIBLE EFFECT OF OROP

C Cf; ALL5CLNCE UN IHE DRCP SilE 015fR18Ufl0N.
C Alf. - P AsE NAG AND G ALL Ar,HER, nuclear TLCHNOLOGVe Xe 4. 1971

COMMUN /CNTRL / NIN. NOUf, NGRP, NiyPE. h0 Dele NRE AC . NO AT A
COMMON /lNPUT/CNTV, CNTVT, CNTO. FLDs FALLHe E F C. TNORM. TEMPF, He

1
OMEANG. SIGMAG, RK, HR, WALLFR. WALL WALLLR,WALLTR,

2 W ALL OT , W AL L5P

COMMON /0ROPS / 0150). 05AVEt50). Ft50). FIEMPt50).
I vier (50), RE Y N0 t S 01, 1FAlt(50)
DlMENSION COLLt50,501 COLLil501

3.14159265P! =
C
C CAtCULATE NO. FF COLLl510N5

DO 60 N = 1 NGRP
! = NGRP - N + 1
COLL 511) = u.

00 40 J = 1 1
0FLTA/ = 405 t VTERill - VTE R tJil

(0111/2.00 + OtJi/2.Ol**2DIAM s
COLLileJ) =E FC* Pl *DI AM*10EL T AV/VTE R(Ill*F ill *F(Jl*02
IF (CCLLil,J) . L E . O'. ) GO TO 4C
T ADO = CCLL ti e J)

C
C CALCULATL SI /C OF COALE5CFO ORUP5 AND REDISTRIBUTE THEM

DCUAL = (Ctll**3 * OtJI'*3)**tt./3.1
11 = 1
Nul = NGRP - t

20 CONTINUf
00 30 L = 11. NMI
IL L

16(LCUAL .t E . 105AVEtLl*05AVEIL*111/2.) GO TO 31
30 lbutir.Ut

DCOAL = tt0CnAL**31/2.Ol**tt./3.1
7. * (ULLtleJlf A:)D s

* 1II

60 TO 20
31 CONTINUE

_
C

C A0JU5f IVOLUMEl PE AN OROP SilE OF THE GROUF RECIEVING
Ot !Li = (IF (!L)*0t !Ll **3 * F A0090C0AL'*11/tF ilLl*F A00ll

**t1./3.1
1

ft!L) = Fitti * FA00
C
C A0JUST SilE 0!$fRIBu!10N OF THE SMALLER OROPS

F(J) = F t J1 - COLLI!.J)
C
C CALCULATE NO. OF COLLI 5 IONS OF GROUP |

COLLit!) + COLL t i,J)COLL $til =

40 CONilhut
C
C ADJUST Si!E 0151RIBui10N OF THE L ARGER OROPS FOR
C THF CCALE5CED OROP5

COLLill)Fill = Fil) -

IFiftll.LT.O.0) F(1) = 0.0
60 CONilhuE

REIURN
Ek)
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50tiROUT INE M ASTRN
C THis Sup 0HilNr CALCHLAfE5 MA55 TRANSFER EFFICIENCIES AND '

C LAMDuas Ino t Ar.H DROP Silt. THE FOLLOWING OPfl0N5 ARE AVAILABLE
i C kHott 1, r,Mirf!!H5' MODEL

C Muhr t 7. ' tar,qaNr glgM ponEL

C MHut t = 3. olblu DMDP MODEL
C MDDEL =4 ALL THREE M00 Eta
C REF. - PC *>f M A AND PASEDAG, WASH-1329
C
C THE L AMBb4 ' RE5UlilNG FROM MASS TRANSFER WITH SIMULTANEOUS CHEMICAL
C REACTICN 5 '. E . ME THYL ICDIDE REMOVAL BY SColUM THIO 5ULFATE SPRAYS,
C ARE C ALCUL A)'D WHEN NRE AC = 1
C REF. - CANCKw Tf5, TRANS. FARADAY 50C. , 4 7. 1014 1951

COM"0N /CNTR, / NIN, NOU f e NGRPe NfyPE, MODEL, NREACe NDATA
COMMCN / INPUTS;*4IV, CNTVT, CNTD, FLO. FAL LHe EFC, TNORM. TEMPF, H,

1 DMEANG, SIGMAG, RK, Nd, WALLFR. HALL,hALLLR WALLTR,
2 WALLOT. WALL 5P

-

COMMCN / PROP 5 PAIR. P5fM. FRAIR, FR5fM. VFe SMlfND, ETALIO,
t RHC,!Q, R40 AIR. RH0$fM. RH0ATM, HGe HF,'HLIO.
2 tTAAlle E T A5f M, ETAMIX, O! AIR, Ol5TM, O! MIX, 05UBL
3 .0FCH3. DLCH3
COMPsN /OR3Pt / 01501. DSAVEtSole FISO), FTEMPf501,

1 VilHI50)e uVNot501. IFALL(S01
C(* MON /MA5f2 / F50PGl%0). K5UBLl50). EMIxDt50le EFitM(501,

1 ERIGD(50). LAMitS0), LAM 2150), LAM 3(50)
00' MON /PEACT / tMIXR(50), ERGDR(50), LAM 4tSCl,

1 LAM 5ts0), LAM 6(50le WLAM
REAL K50BG, K5UBle L AMI. L AM2 e LAM 3

'
REAL LAM 4 lam 5 LAM 6. KGC H 3 e KLCH3
DIMLN510N F Vf 50)

- #

DIMEh510N ALPHl501 BETAl50le GDRCPt50)
DOU8L E PRfC IS ION SH.THET A, A50
PI = 1.1415976')
5MI3 = 5MITNn**tl./3.)
00 10 I = 1, NGRP
LAM 111) = 0.

tA"?(lI * 0.
LAWill) 0.=

0.LAM 4til =

4AM5(!! = 0.
LAM 6ft) * 0.
CRICDill 0.=

FMIXR(1) * 0.
FRr.CRtin = 0.

C

C CALCULATE VOLU"E FRACTION OF FLOW FOR E ACH GROUP
TFALL(1) FALtH / VTERitt=

FVill = Fill *yl*0ftl**3/t6.0*TFALL(!!)
C

C C ALCUL AIE LIGul0 AND CAS AN) LIQUID FILM DEP05ffl0N VELDClf!ES -
,K5UDGt!) (nlMix/Dtill*12.0*0.55*50RTtREYNotill*5M11).

K5UtLill 2 0*Pl*Pl*DSUBL/(3.0* Dill)=

10 CONilNUE
- '-

GO TO 1100.200.300e 100l e M00E L
C
C WELL MIXE0 MODEL

100 00 150 1 = le NGRP '

EMix0til = 1.0 _

EAPO * 6.0 * KSUBGill * IFALL(Il / 10(1)*H) wif (EXPO .GT. 70.8 GO TO 130
EMixD(!) 1 0 - EXP(= EXPO)=

130 LAM 1til = 3600.*FVill*H*EMix0ll)
150 CONIINUE

1If (MODEL .NE. 4) CD TO 399
C

C STAGNANI f!LM MODEL

1
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200 00 250 I e 1, NCRP
EFILMil) = 1.0
EXPO = 6.0*K5UBG(1)*iFALLll)/(Dlll*(H + K5UBGill/R508L(llli
IF (EXPO .GT. 10.1 00 fu 220
EFILM(1) = 1.0 - EXP(-EXPol

3 600.* F V 41 ) * H* E F i t M ( I )220 LAM 2(1) =

250 CONTINUE
IF (P.00EL .NE. 41 C0 TO 399

C
C Alal0 ONOP MODFL

300 00 350 1 = 1. NGRP
K500Gt!)*0(ll/(2.*H805UBL)SH =

SUMAIN * 0.
00 330 J = 1, 20
ASQ = ALPHAISH.Ji+*2
THETA = 4.0eD50BL*1 FALL (1)/(0(II*0ll)I
IF ( ASQ*THET A .GT. 150.) GO TO 330
$UMAIN*SUMAINe6.085H'5H80EXP(-A5Q*THE1A l/(ASQ*A50*A5085H4(5H-1.ll

330 CONTINUE
ERIC0ll)= 1.0 - SUMATN
LAM 3(Il = 3600.*FVill'H*ERIG0(1)

350 CONilhut
399 REIUMN

C

C
C MA15 IRANSFER WITH SIMULIANEOUS CHEMICAL REACT 10N
C

ENTRY RE ACIN
GQ TO (400.600.600,400), MODEL

C
C WELL Mixt 0 OROP MODEL
C REF. - 705fM4 AND HILLI ARD AN5 TR ANSACil0N5e 12e P.698, 1969

400 00 450 1 = 1, NGRP
1.0 * RK*fFALL(1)EMIXR(Il =

3000. * FVill*HR*EMIXAtilLAM 4t!) =

450 CONTINUE
IF (MODEL .NE. Al GO TO 900

C
C STAGNANT FILM PCOEL WlTH CHEM. REALil0N DELETED.

' C
C RIGIO OROP M30FL
C- REF.- POSTMA, PNWL-B-417, 19TS

600 00 650 1 = 1, NGRP
= RK * TFALL(IlAl pH( ! )

BEI At t ) = 4.P * OLCH3 * TF ALLill/(Olll*0(Ill
AN = 0.0
5UM = 0.0

620 AN = Ar4 . 1
EXPON=0.
IF((ALPH(!)* BETA (1)*(AN*PI)**21.LT.150.)EXPON=EXPl=(ALPH(ll*BETAI

1 I)*(AN8Pi)**2))
ANUM =ALPH(1)*(BETAlllelAN8Pil**2/lALPH(ll*BETAttl*(AN*Pil**2

4

1 ll*(1.-EXPON)
DENOM=ALPH(I)+ BETA (II*(AN8P!)**2
TERM *ANUP/DFNOM
$UMs 50Me if kM
F %Rn+a( At PH(1)* l.1/ t BET AlI} * ANePl*PI)
11 ( ERROP/ SUM .GT. 0.01) GO 10 620'

O DR U Pi l l sH . * P l * SUM
ikG0g(lisi.60DROPll)*BCTA(18/l4.*PI)

3600. * FVtil * HR * ERGDRillLAM 6(1) =

L AM5(ll = 00 ROP (I)
650 CONilNUE

C
C C ALCULATE WALL FILM EFFECT

900 WLAH = 0.
IF ((WALLFR*CNf06 .LE. 0.) CO 10 999

WAttFR * FLOWALFLO e
DELTA = (t3.*ETAll0*WALFLOl/(RHOLIQ*Fl*CNT0ll**0.333
RKOL = SQRT(RK+0LCHil

= 3600.* W ALL5P6HR*REDL*I ANH(50Ri(RK/DLCU3l*0ELT A)/CNTVTWLAM
999 RETURN

END
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SUBROUTINE PLATO (LAMPLI
C

THIS SUBROUTINF C ALCUL ATES A REMOVAL COEFFICIENT (LAMBDAl FORC PLATEOUT OF ELEMENTAL 100lNE ON THE CONTAINMENT LINER.
COMMON /CNTRL / NINe NOUT, NGRP, NTYPE, MODEle NREAC. NDATA
COMMON /INkUT/CNIVe CNTVT. CP. 6 0. F LO. F ALLHe EFC, INORM. TEMPF, He! OMEANG. SIGNAG. RK. HR. WALLFReWALL.WALLLR,WALLTR,

2 W ALL OT ew ALLSP

COMMON /PR'JP5 / P A!R e P5fM, FRAIR. FRSTMe VFe $MITNO, ETAL10e4 1 R HUL I O, PHDAIR. RH05fMe RHOAIMe'HG, NF. HLIQe
2 ETAAIRe ETASTM. E'AMIX DIAIR, O!$fMe DIMIX. 05UBL
3 e0MCH3. OLCH3
COMMON / REACT / EMixRt50). ERGDRiS01. LAM 4450).I LAM 5150le LAM 6t50). WLAM
REAL Le L ample K$UBCL.KSUBC T
LAMPL . D.
PLATLM * 0.
PLATTA * 0.
IF (WALL *CNTD* WALL 0f .LE. 0.8 CD TO 99
P! * 3 14159265
G * 980.
DEL T = (WAL LOT!*5./9 e
f.f t A 1.0/ttfEPPF-32.l*5./9. * 2T3.8*

R HU = 0.016018 * RHUAIM
LROL3 e RHO * RHO *G*etTA*0ELT/(ETAMIX*ETAMIX)L * 305.

C
C LAMINAR FLOW (L A550MtD EQUAL TO 305CM.I

XLAMaL
GR ASNO = GR OL 3 * L *L *L
K5UBCL a (0.59*0!MlX/Li*tGRASN0*$MITN0l**0.25
PLATLM e 3600.*K5UECL*WALLLR/CNTVT

C
C TURButENT FLOW REGION

GR A5NO = GROL 3 * L *L *L
K50CCT = (0.1380lMIX/Li*tGRA5N0*SMITN0l**(1.0/3.01
PLA11R = 3603.*K5UDCl*WALLTR/CNTVT
WRITE INOUfe9T) PL AT L M s PL AT T R.RHOATMe RH0e GROL 3.GR A SN0e R $UBCL ,

1 E5UBCT PAltLR WALLTR
9T FORMAltlHie' PL ATLM ,e ptaggg s,e RHOATM 'e' RHO e,I * GROL3 8 8 GRA5NO e,e K50BCL 'se

2 * KSUCCT *e' WALLLR 8.8 WALLTR ' ,/ e lo t 1 PI E 10.318
C

C TOTAt LAMPDA f0R P(ATlOUT
9 LAMPL = PLAllM PLAffR

R f f Ur 4
99 Wallt IN0VT 1001

100 GDRMAft1HI,3f,8 WALL PL ATE 00T C ALCUL Afl0N ABORTED DUE TO '.
! ' IMPROPER INPUT'l

RETURN
END
DOUBLE PRECI5!0N FUNCTION ALPHA (SH.J1

C
C THIS FUNCTION C ALCUL ATES THE FIRST 20 ROOTS OF THE
C FUNCTION ALPHA /TANfALPHAl * SH = 1 * 0.
C

00VtLE PRECISION ZER0eDELTePIsXeXIeFeSH
O!MENSION F t 100)
PI =0.3141592653589T930*01
ZERO = 1.00-11
ITER = 1

C
C USE BISCCTION METHOD TO FINO ZEROS

DELT = P1
J * PIX e

xt= x - Pt
F t il * X1 *0C05 t K11 *.tSH-1.0l*D$lNIX11

1 ITER e ITER *1
FilIERI . x*DC05tXI * 15H-1.Ol*05tNtXI
IF (F(ITER)*Ft|TER-1) .GT. 0 3 GO TO 2
DELT = -DELT

2 OELT e 0.580ELT
IF (FilfER) .GT. -lLR0 . AND. F t .'ERI .LT. 2Etol Go 79 J

|
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X= X + DELY
IF liiEH .LI. 50) C0 TO 1

C
C ERR 0k MtSSAGE

WRITEINout: 1001
WRifEINDUfe2001 Je$ hex,FilfER).0ELT ,

C

3 ALPHAS X
REIURN

100 FORMAft1His30Xe'...[RROR...'//' AFTER 50 ITERATIONS FUNCTION',
1 * ALPHA HA5 NOT CONVERGED.'e/e' THE VALUES FOR J, SHe Xe 8,

2 'F f ! !F R ), AND OFLT ARE'l
200 70kMAll1HO.13,3X.4015 41

(NO
SUBRouilNE XYPLOT

C

C YHl5 5UBROUf !NE Ploti ONE DEPf NDENT VARI ABLE AG AINST AN
C (NDEPENOfNT YARIABLE. THESE ARE NAMEO, RESPECilVELfe
C Xill AND Yll).
C
C UP 10 FIFiY (501 04fA POINTS MAY BE USED.
C

COMMON /CNTRL / NIN: NUUfe NGRP, NTYPE, M00!L, NREACs NOATA
COMMUN/ ARRAY $/Xt50),Yt50),NP0lNT
DIMENSION IXt50) 1Yl501

C SCALING
XM AXs AMAX 1 t x t il e X t 2), X t 31. X t 4 9 e X I S I .X(6) .X I 7,* ,X t 8l e X t9) .

1 Xt101,Xt11),X1121eXtt3teXtl4leXt15)eXtl61eXtifle
2 X t l Bl e X t 19 5 X t 2 0l e X t 211 e X t 221.X f 2 3 ),X t 24 ) ,X t 2 51,

3 Xt26),Xt27).X(28).Et29),Xf28) Xt29),X130 lex 13tl,
4 Xt32).X(331sXt348 ext 358,Xt36),Xt37).X138),Xt39).
5 X(40),X t 41),1f 421 e X14 3) X t 44 8.Il451 e X t 461 X t 4 7) .
6 Xf481.Xt49).Xt50ll ,

YMANsAMAX11Yll),Y(2),Yl3),Y(41eYl51,Y(6),YlfleYl8|eYt9),
1 Yl10).Yllti,Y(12),Ylli),Y(14)eYll5)eV(16),Yll?),

2 Ytl88,Yt19),Yl201.Yl219eYt221eYl23).Yl241.Yl25),
3 Yt26),Y127) Yl28),Yt291,Yl28) Yt29),Yl30leYt31),
4 Yt321.Yll31,Yl34leYl35teYl36),Yt37).Yl381.Yl395e
5 Yt401eYl4LleYt428 Yt43),Yt44),Y(45).Yl461 Yl47),
6 Y(488,Vt49),Yl50ll

YSCA1,f = YMAX/50.
X5CALE = XMAX/50.
00 11 I = 1,50
XXX = Xtil/XSCALE
YYY = Ytll/Y5CALE
!Xtti = XXX
!Ytli = YYY

11 CONTINUE
C
C LABEL Y-AXISt

WR!fE INDUT,501) YSCALE
WRITE INOUTe502)

C
C PLufflNG AND LABELING OF X-AXI58

1.5000 18 I =
IF ll-NP014T) 17,17.18

17 IF I!X(1) .[0. O f CO TO 13
IF flXtil .EQ. IXft+11) CO TO IS
If Ily(Il .[0. 01 GO TO 200
IR5 = lYll)
CO 10 ( 20 l e /02.20 3.204,205,206.207.208.209.210e

1 211.212:213.214.215:216.217,218.219220e
2 ??!.272.221.224,225,226.227,228.229.230.
3 231.232.231.234,235.236.237.238,239.240s
4 241.242,243,244.245.246,247.248.249.250lelR$

200 WRifE INOUT,600)
GO TO 12

201 WRiiE INDUf.6011 Xill
GO TO 12

202 WRifE INDUf,602) Xill ,

GO TO 12
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203 WRi f f: IN0ufe6038 Xt!)
CO f0 12

206 WRiiE INDUT.604) Xtil
GD 10 12

205 WRifE INGUf 605) Xtla
GO 10 12

206 WRITE INDUT,606) Xtil
GO TG 12

207 WRiiE INOUI,607) Xtt)
GO f0 12

208 WRI TE IN0VTe608) Xtil
GO TO 12

209 WR!if INUUfe6091 Xtil
CO 10 12

210 WRITE 14001.610) Xtil
GO 70 12

211 WRITE (NOUTe611) Xtil
GD 10 12

212 WRITE (NOUTe612) Xti)
GO TO 12

213 WRITF (400Te613) Xill
GO'to 12

214 WHlit tiluu f ,614 ) Xtli

Go f0 12 .
215 WRITE IN00Te6151 Xtt)

GO TO 12
216 WRITE INOUTe616) Xtil

GO 10 12
217 WRiiE INDUfe6173 XI!)

GO 10 12
218 WRITE INDUT,618) Xtli

GO TO 12
219 WRITE INDUfe619) Xttl

Go to 12
220 WRITE INOUI 620) Xtla

GO TO 12 -
221 WRITE (NOUTe621) Xtil

GO 10 12
222 WRITE INOUT.622) XIII

CD TU 12
223 WRITE INDUTe623) Xtil

GO TO 12
*224 WRITE IN0Ufe624) Xtli

GO TO 12
225 WRITE INOUfe625) Xtli

GO TO L2
226 WRI TE INGUfe626) Xt!)

60 70 12
227 WR!it (NOUfe627) Xtll

GO 10 12
228 WRI f f IN00f e628) Xtil

CO 10 12
229 WRiiE INGUT 629) Xtli

GO 10 12
230 WRifE I400fe630) Xtil

GD 10 12
231 WRiiE (NOUfe631) Xill

GD TO 12
232 WRllE trF)Uf e632) Xtil

GO 10 12
233 WRITE INDUT 6331 Xtil

GD 10 12
234 WRiiE (NOUT,634) Xtil

GD 10 12
235 WulfE INOUI,615) Xill

GO TO 12
236 WaliE INDUT,636) Xfil

GO TO 12 4
t

237 WRif f (NOUT 63fl Kill
GO TO 12

238 WRllE INOUfe638) Xtil
GO TO 12

l
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239 WRITE (NOUT,6393 Xill
GD 10 12

240 WRifE INOUT,640f Xtil
GO TO 12

241 WRITE INDUT,641) Xtil
CD 10 12

242 WRiiE (HOUf,6421 Xtil
GO 10 12

243 WRIIE INDUI,6431 Xill

GO TO 12
244 kkilf INQUI,6443 Xtil

GO TO 12
24S WRiff (NOUfe6451 Xill

GO TO 12
246 WRITE INOUT,646) Xill

CD TO 12
247 WR!fE (NOUT,647) X(1)

GO TO 12
248 WRITE INGUT,6481 X(1)

GO TO 12
249 WRITE INDUT,649) Xill

GO TO 12
250 WRITF (NnUT,650) Xtil

GO 10 12
13 WRifE INOUT,503)

IXill -112 15 PACE = IXI!+1) -

IF fl5PACEI 18,18.801
801 00 802 J = 1,ISPACE
802 WRI TE (NOUT,503)

18 CONTINUE
291 WRITE (NOUI,5041

WRifE (NOUT,5051 X5CALE,Y5CALE
WPITE IN007,5061
00 15 I = 1,50
WRifE INOUT,507) Xtil,Yll) 1Xille!Y(1)

15 CONilNUE
C

501 FORMAT tlH1,45X,'Y-Axis (ACTUAL Y-VALUE/',1 PIE 9.3 'l',/,

1 13X,'08,8X,' 58,8X,810',8X,815',8X,'20',
2 8 X , ' 2 5 ' ,8 X ,' 30' ,8 X , ' 35' ,8 X ,8 40' ,8X , ' 4 5' ,8 X ,8 50 ' )

12X,'l---------l , ---------l',.........g.,,........'.'I.,..........l.,502 FORMAT I.IH
,

g.

2 *---------18,*---------I*,'---------I',

3 *---------I','---------I'l
503 FORMAT (IH ,12X,'l'l
504 FORM AT ( 1H3,15X ,8 5C At LNG F ACIORS t * , //,

1 18X,*lN0lPfN0fNT VARIABLE 5.F.',

2 ' 0FPENDENT VARIABLE 5.F.')
505 FORMAT (1HO,20X,281PIEl0.3,17XII
506 FORMAf (1M1,10X,' X(Il ',4X,' Ylli 8,4X,

1 'lXtil',2X,'lvill')
XI 2tl5,2Xil

$07 FGRMAI (10X.211PIElo.3.40'l600 FORM AT (2Xelpil10.lelX.
601 F OMMAI (2N,1P1E10.3e1X,'li1X,81'l
602 FORMAY 12X,lPIE10.3.1X,'I*,3X,'2'l
603 FukMAT (2X,1plE10.3,1X,'!*,5X,83')
604 FDPMAI (2X,lPIE10.3.1X,'I',7X,8481

( 2 X ,1P 1 E 10. 3,1 X ,' I' ,,9 X ,' 5 ' l605 FORM AT
(2X,181El0.3 lX,*1' 11X,'6'l606 FORMAf

607 FORMAT (2XelPIE10.1,1X,818,13X,878)
60 8 F ORP A T ( 2 X,1P LE 10. 3,1 X ,' I' ,15 X ,' 8 ' l

609 FOP.Mai (2X,1 PIE 10.3.1X,'l*,17X,89',l610 FORMAT (2X,1P1E10.3,1X,'18,19X,,go 1
611 FORMAT (2X,1P!E10.3.1X,'I',21X,'11'l
612 FORMAT (2X,1plE10.3.lX,'I',23X,'12'l
61) FOPMAT 12XelplE10.3,1X,'I',25X,'13'1
ble 704 MAT (2X,1P1E10.3.1X,'1',27X,'14'l
615 F OR M A T ( 2 X, lp i f l 0. 3.1 X ,81 ' ,2 9 X , ' 15' l
616 F 0k M A I (2X,1 PIE 10 5.1X,'I',31X,'16'l
617.FORMAI (2X,lpitto.3.1X,'I',13X,817'l
618 I OR MA I (2 X, lP I E lu. 3.1 X ,' I ' ,3 5 X ,81n ' )
619 F ORMAl 12X,iPIF|0.3,1X,*l',)7X,'19'l
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620 FORMAT (2XeiPIE10.3.!Xe'l'e394 '20'l
621 F ORMA T (2Xe lPIE10 3.1X. * I' ,41X,'21')
6 22 FORMA T ( 2 X e l'1E 10. 3.1X. 'l ' ,4 3 X. ' 22 ' l

623 F ORMAT 12 Xe lP1E 10. 3.1X,'I',,4 5X,8 2 3's624 F OR MA T (2X. ! PIE 10. 3.12, * I' 4 74. '24'l
625 FORMAT (2X.1PIElo.3elt s g e ,494, e25')
626 FORMAT (2X,1P1E10.3.11,'l',51X 8268)
62 7 FOAMAT ( ? X,1 P l[ j Q. 3, % X , ' [ 8 , $ 3 X , ' 2 7 ' )
6 2 8 F 00 M A T ( 2 X.1 PIE 10. 3.1X ,'I' 55X,'2 8'l
629 FORMAT (2X lP1110.3.1X,'I'e57X,'2981
630 FORMAT ( ? X,1P ! E 10 3. l X . ' I s . 5 9 X . ' 3 0' )
631 FORMAT

(2X.jp1E10.3,1X.*1',.61X *3181632 FORMAT 12 X. l P IE 10. 3.1 X ' I' 63X.'32*l
633 FORMAT ( 2Xe lP I E 10. 3.1 X, * I' ,65 X 8 3 3' )
634 FORMAT (2X,tP1E10 3.1X,'I'e67X.'34')
635 F0aMAT I ?I. !P IE lo. 3. !X ,'I' .69X,8 35 8 )
636 FOPMAT

8 2X, lo 1E 10. 3. ! X. 'I' . 71X,8 3 6'. )63 7 FORMAT (2X.1Plflo.3,1X, ego,733,e37 )
63 8 F OR M AT ( 2X,l P1E 10. 3,1X s 'I' .75X ,' 38')
637 FDnMAI 12X. ! PIE 10.1 14.'I' 77X ' 3181
640 FukMAT 12 X, l P I E 10. 3.1 X , ' I' . 7 9 4. 8 4 0 ' )
641 F uk MA Y 12 X e lP I E lo. 3,1 X ,' I' .81X . '41' )
642 F0aMAT ( ? X, lp l E 10. 3.1 X ,' I ' ,8 3 X, * 4 2 ' )
64 3 F OR M A T ( 2 X lP lE lu. 3.1X 'I' ,85X. 8 4 3' l
644 FORMAT ( 2X s 1 PIE 10 3,6 X e ' l' ,8 /X,'4 4 ')
645 FCA MAT (2X,1 PIE 10. 3.1 X ,'I' ,894,'45 e g
666 FORMAT (24.!*lE10.3.1X.'I',91X '46')
647 F0#MAI (2X. j p !E 10. 3 e l X, 'I' .93X,' 4 7 8 )

64 8 F OR 'A T ( 2 X e l P !E l o. 3.1 X ' I',e 95X . * 4 8 ' )649 F04MAI 12X.1 PIE 10.3,1X.818 9 7X , '4 9 81
650 F04 MA T 12Xe lPIE 10.3.1 X. 'I' . 99X,8 50'l

RETURN
END

/*
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