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REACTOR TECHNOLOGY MEMORANDUM

FISSION PRODUCTS - IODINE

FORMATION AND REMOVAL IN

POWER REACTOR FACILITIES'

I. I!(TRODUCTION
,

The formation of radioactive iodine and its release characteristics
under potential accident conditions as well as the engineered capability
for its removal from the containment a+,mosphere by mechanical and chemical
means are under continuin6_ study by the Regulatory staff. The evaluation
guidelines presented in this memorandum are recommended for use by DRL
in the evaluation of power reactor facilities until such time as chan6es
are made on the basis of further r,esults from continuing research and.,y,

development. 'Ihese guidelines are generally consistent with past
* *

- practice.

II. EVALUATION GUIDELINES

f Total Available Iodine in Containment,

The percentage of iodine available for release from the containment
atmosphere to the environs should be assumed as 25% of the entire
core inventory at end of core life, in accordance with assumptions
in TID-148h'4.

@ (2) Organic Iodide in Containment Atmosphere

The average percentage of all iodine isotopes present as .nethyl
iodide (or higher homologues) within the containment atmosphere
for both the two hour period and thirty day period subsquent
to the design basis loss of coolant accident should be assumed
to be 10% of the iodine available for leakage from the containment
atmosphere of a single barrier system and 8% of iodine available,. ,

for leaka6e from the containment atmosphere of a pressure suppression
'

system.

(3) Particulate- Associated Iodine in Containment Atmosphere;

The avera6e fraction of all iodine isotopes within the primary
containment atmosphere, subsequent to the design basis loss of
coolant accident, that is associated with airborne particulate

matter should be assumed to be 5% of the iodine available for
leakage from the containment atmosphere.

(4) Iodine Removal - Single-pass Filter System

Credit given in terms of an iodine reduction factor for an
1acceptably designed sin 6 e-pass filter systen for removal of
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iodine isotopes (other than those associated with particulate
matter and those in the methyl form) from a stream of air taken
from a secondary containment source and passed throu6h the filter
system should not exceed a factor of ten, aNpt.that a factor
of up to twenty may be allowed for systems desigwi to rigid
standards supported by a program for extensive testing and
surveillance.

-

(5) Iodine Removal - Containment Recirculation Filter System

Credit given in terms of an iodine reduction factor for ari
accaptably designed containment recirculation filter system for
removal of iodine isotopes (other than those associated with
particulate matter an1 those in the methyl form) from thes

containment atmosphere shall be calculated by the method given
in Appendix A, Part IV. Claims exceedir)g a factor of four
should be referred to RP for evaluation.

(6) Iodine Removal - Containment Spray System

Credit given in terms of an iodine reduction factor for an
acceptably desi ned containment spray system for renoval of6
iodine isotopes (other than those associated with particulate
matter and those in the methyl form) from the containment
atmosphere shall be calculated by the method given in Appendix
A, Part V. Claims exceeding a factor of four should be referred
to RT for evaluation.

g (7) Iodine Removal - Combination of Containment Spray and Single-pass Filter

Credit given in terms of an iodine reduction factor for a
combination of acceptably designed containment spray and sin 61e-pass
filter systems for removal of iodine isotopes (other than those
associated with particulate matter and those in the methyl form)
from a stream of air taken from a secondary contairument source
and passed through the filter system should not exceed a factor of
twenty.

(8) Iodine Removal - Combination of Contairunent Becirculation Filter
& Containment Spray System

Credit given in terus of an iodine reduction factor for a
combination of an acceptably designed containment recirculation
filter system and contairnent spray system for removal of iodine
isotopes from the containment at.mosphere should not exceed a factor
of six. All such systems should be referred to RT for evaluation.

.
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III. APPENDIX

Appendix A provides a discussion of the bases for the evaluation
guidelines established in this memorandum.
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1. n"CANir in7f DE "" ACTinN T9 rqMTAIN9t"T trton' tic"E e

A. T11F.nPETICAL AW1.V91S
4

A theoretical study perforned by the nivision of 9eactor I.icensine'of t

the various ornanic iodide fornation nechanisns (1-5) (in terns of aer- .

centane of iodine available for leakaae f rom the containnent buildinn I
'and based on T10-14844 release and nlatenut assumptions [ r,]) indicates

that less than 0.5% vould he derived fron the fuel, a naxintn of about
5% could he forned in the pressure vessel hv nas nhase reaction, and an ,

'

additional 1-5% forned by a tine dependent surf ace reaction in the

containnent buildinn. ThereTore, on the basis of these calculations,
the naxinun percentane of nethyl iodide uht ch could he nroduced smder '

,

optinun conditions would not he exnected to exceed 10% of the totali

iodine in the containnent buildinn. Details of calculations will be
i nublished separately.

The contributinn fornation ncchanisns and anplicable values aret
,

i
; 1. Fon1ation in ruel and "elease at "eltdomn.
| 1he calculation is based on the joint probability of conbination of

the volume fractions of the core inventory fission product todine;

and 300 ppn carbon. This vialds 0.12% of the core inventory iodine

.
or, assuning a subsequent four fold denlegion of the inorcanic

! Guil fraction, about 0.5% nf the iodine ultinately available for leakace
~ ~ ~ ~ ' from the containment. ;

!

| 2. c.as phase Peaction Near core,

i The calculation is based on 1-induced fornation of nethane fron an
assumed two percent carbon dioxide, radiolytic and thernal formation
of nethyl radicals and a non-equilthriun quasi-kinetic treatnent of

: reactions with available nolecules to nroduce both nethyl iodide and

nethane accordina to mthlished rate constants. An estinated 27 of
| the released iodine nay be converted to nethyl todide by this ncch-

i anisn or, assuninn a subsequent tuo fold depletion ,gf the inoraante
fraction, about 4% of the todine ultinately available for leakace :'

f rom the containnent.
F

3. das phase "caction in containment.
,

These calculations are based on the simultaneous emutlibrium thernal1

.
formation of nethyl lodide in a ster -air atmosphere and on the

!

,
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equilibriun radiation fornation for an absorbed dose of 10 rads6

for todine in the ans phase in the containngnt. linth nochanisms
would probably convert less than 0.5?. of the iodine in the con- >

j tainnent to the organic forn. Manid desletion of the airborne
'

j iodine probably nakes these nochanisns innortant only for about,
a three hour period.

r4 9urface Tornation.
A nechanisn involving deposition of nolecular todine on surfaces,
conversion to the organic forn, and subsequent

rapid desorpgionhas been postulated. A deposition rate constant of 14 10" en/see
has been used, representing an approxinate unner limit for connon

.

reactor construction nat'erials. A slow renoval constant of 1 hr-I
.

was assuned/or the depletion of the airborne iodine by all other'

nechanisns. The average rate of ne'thyl iodide formation was cal-
culated for bare stainless s teel in a stean-air atnosphere and a
naxinun iodine surface concentration, usine, a rate constant of
1.5 x 10-3sug/n2.nin. The nuantity of nreante iodide forned by
this nechantsn is cumulative, risinn, to a naxinun of 0.57 of the
containnent iodide concentration within three hours after releaseI

and dropping gradually to about 0.17 after 12 hours. In the fol- I

lowinn days the cumulative e f fect would continue. it is estinated
that the maxinun quantity ninht rise to as nuch as 107. fron all
sources during the 30 day post accident oeriod

!

A sunnary of the cunulative percentane of nethyl iodide as a
;gggg function of total iodine concentration in the contcinnent buildine'

and based on the above theoretical nodel is niven in Table 1.
IL . EXPE'tI!! ENTAL RESULTS

Laboratory experinents on release from irradiated Un , r with sinulants ,2'

have produced organic iodide fractions ranrina from less than 17. to approx-
instely 4% under conditions representative of those which prevail followinns

i
a loss-of-coolant accident. Ilicher values have been obtained under unusual *

conditions not considered typical of post-accident conditions. These include:
1. Hinh 112 and low 12 concentration '

2 Unrealistically hinh nethane concentration

3. Very high air tenperatures (above 1100*C)

4 cn; nas cooled reactor atnospheres. '

1 h
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TeMLE 1

O_ROANIC 10DIDF mRMATION

Hourly Fomation of Organic Iodide as Fraction of Total Iodine in Containment
&

Fortaation Mechanista
das Phase Total % i

Time (hrs) Fuel Reactor Cerntainment Suriace* CH 13,

'

0 O.5 4 4.50
'

1 O.2 4.70 .

l

2 0.2 0.3 5.2C
.

3 0.1 0.5 5.80 I
!

4 0., 5 6, 30

5 0, '4 6.70 ;

|
6 0.3 7.00 *i

7 0,3 7.30 !

8 0.3 7.60
;

9 0.3 7.90
{

10 0.2 8.10

11 0.2 8. 30

12 0.1 8.40

| 12 - 720 0.1 - 0.0 10.00 nax

;

*All values are r,1ven for typical M1R. Reduce surf ace foruation values to
0.7 of the above values for typical BIR.

i
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TABZE 2 .

.i

SELECTED REFERENCES ON ORGANIC IODIDE FORMMION

Percent

Reference Experimental Conditions * Orzanic Iodide
3

ORNL-3776 CMF: simulant, I-131 tracer + I-127 (2mg/m )
Semiannual Tseport 1. Air 30 Psia 4 hr O.6%
December 196k 2. 50% steam-asr 40 psia 4 hr 1.0%

3 50% steam-air k2 psia 18 hr 2.4%
4. 50% steam-air 40 psia 5 hr organic contamination 3 2% 9

- 5 50% steam-air 44 psia 5 hr O.25% CHu added 5.o$
6. 50% steam-air % psia 18 hr O.25% CHg added _t.0%
7 50% steam-air M psia 9 hr O.25% CH4 added 42.0%

.

ORNL-3843, CMF:
Semiannual Report 1. UO27000 Mwd /Tmeltedinair SS clad
June 1965 50% steam-air 40 psia 3 5 hr 0.6%

'
,

2. simulant 7 2 mgI /100g melted in air SS clad .p
50% steam-air in tank psia 5 5 hr 2.6%

3 simulant - U02 mixture melted in air Zr clad
50% steam-air in tank 27 psia 5 hr -

1.4%
4. simulant - UO2 mixture melted in steam-He 'Zr clad '

1.6%50% steam-air in tank 27 psia 5 hr
TREAT:

Zr clad UOp melting by transient 1000 psia steam 25% q
ORNL-3915 CMF:
Semiannual Report 7000 Mwd /T melted in steam-air SS clad
December 1965 steam-air 29 psia 3 hr 1.2%

Flow Exp:
1 ag/m3 2 atm 100* C RH-90% 17%I2

. . _
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TABut 2 (continued) -

Percent
Reference Experimental Conditions Organic Iodide

I
ORNL-4071 CBF:

iAnnual Report UO 1000 md/T melted in steam-air Zr clad '

g
December 1966 30% steam-sir 29 psia 3 hr 1.2% 1

TREAT:
underwater melting of Zr clad UO

CRI: -
2 by transient 0.005%

I2 releast under ambient conditions 30 pois 9'

1200 ft3 SS tank 22 hr O.7%

OR & 4226 ORR:
.An:naal Report UOp melted airflow for 20 min initial final

December 1967 5 hr aging at 35* C
. 2.6% 4.'0%

at 103* c .' 3 0% 36%
NSPP:

800 me I-131 + 400 mg I-127
1300 ft3 70 hr continous agitation. 2.0%CRI: -

I-130 SS liner 22 hr 3 5% (max)
- -

HI-130 SS liner 22 hr 3 3% (max)

E L 11329 into steam 1000*-1300* C ,' 10.1%April 1967 into steam + hydrogen 1000*-1300* C 16.0%

AEC-CONF-650kO7 Zr clad UO2 (0 5-100 *d/T) heated to can meltiner, 0.4-3%Int. Symp. on Fiss. some fuel melting, released to steam-air ata
Prod. Release and
Transpor+,under
Accident Conditions
April 1965

ORNL-TM-1864 In-pile, Zr clad UO2 (melt) 3 59 k.19%
Nucl. Safety Report .-
March-April 1967

.

,- m- -- -w_.c - g n -g- -- g- -.--a.
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TABLE 2 (continued) '

PercentReference Experimental Conditions Organic Iodide

ORNL-TM-1986 In-pile, Zr clad U (melt) 3 2% (max)W e1. Safety Report NSFP: run 19; I2+ air (stirred) 2.0%July-August 1%7

EE'L-581 ADF: UO (0 35 *d/T) and simulants heated to melting, 0.1-2%March 19$8 $teamorsteam-airsweepgas
O

TRG Report 956 (v)
U02 (150 *d/T)* 3~kII 12 **l****

UKAEA CO /CO + 1000 ppm CH4 20.0%2May 1965 ,

CO /C02 10 O%
'

CO /CO sat H Op 2 4.0%

key to Experimental Facilities .'
#

-

CMF (Contairraent Mickup Facility): 180 1 SS vessel,
up to 45 psia steam-air atmosphere

3NSPP ( m elear Safety Pilot Plant): 1350 ft SS vessel
designed to model fission product transport

|

CRI (Contairmaent Research Installation): 30 gal primary 9simulator tank,1000 gal contairsment vessel
j

ADF (Aerosol Develo g nt Facility): 154 m3 coated steel '

veasel and 0 9 m' SS veasel )
'

.

Qe data reported out of this facility have been adjusted (here)
4

'

by a factor of two (2) to conform with the TID-14844 assumption
regarding plateout. !)'

i
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Ten percent, therefore, represents a conservative upper limit for the
organic f raction of the iodine airborne le the catainment teder con-
ditions considered typical for a loss-of-coolant accident in a water
reactor and includes a margin of conservatism to accotet ft,r the maximum
formation rates by several dif ferent mechanisms. Table 2 stswearises the
pertinent references.

.
'11. PARTICtrtATE-ASSOCIATED FRACTION IN CONTAINMENT ATMOSPHERE

An estimate has been made of the maximtss weight of particulate-associated
iodine which can remain airborne (7-10). The conditions for hornogeneous
nucleation of iodine particles from the vapor phase have been shown to be
mfavorable in the plentsu (11) because critical saturation limits are not
exceeded. Therefore, it is assused that all particulate-associated iodine
is adsorbed on surfaces of other materials as a monornolecular film with
an acconnodation coef ficient of unity., An average particle radius of 0.2 p

'

is asstssed, because this represents the approximate size of ministra settling
velocity. A theoretical maxintra of 5% of the iodine available for leakage
from the containment could be adsorbed on particulate surf aces. This is in
good agreement with several experimental results.

A. T1(EORY

As a trnptions :

31. Total of 107 particle s /en aerosol with r = 0.2 pw an
2g 2. Each iodine nolecule occupies 50A surface

| 3. Only iodine is adsorbed on surf aces

Calculations:

1. Surface / particle
S=4wr 2 - 12 57 rn2 - 12.57 (2 x 10-5)2

= 5 x 10-9 en$
m

2. Total surf ace available/cn3
3

Sy = S(particles /cm ) 7-

-3
= 5 x 10-9 caz.30 cm

2- 5 x 10-2 en fen

.

_ - - , - _ _ , . . . _ _ - , - . , . . - - __ , - - - _
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3. Total particle surf ace in containment
10 3St"Sv*V (V' '4 x 10 cm for ty

cm /cm3)(4 x 1010 cm )pical PWR)- (5 x 10-2 2 3

= 2 x 109 cm2

4 I?axiansa pe;sible ntsnber of iodine molecules adsorbed
N=St

7"
cm /50 x 10-162= 2 x 109 2cn /moleeule

= 4 x 1023 ^ molecules
= 0.65 gm. moles I2 adsorbed

5. Maximtsa possible weighd 'of adsorbed iodine
W ='(po. gm. moles)(molecular weight),,

i (0.65)(254 g)
- 165 g iodine

6 Total weight of iodine available in containment

WT = core inventory /4
* 3500 g

7. Maximum percent iodine associated with particulates
Percent . 165

3500 x 100 = 5%

.. III. SINGIR PASS FILTER SYSTEMW
A single pass filter system is located outside the containment building and
is not required to handle the bulk cf the fission product release. It only
filters the out-leakage from the containment building. Therefore, a time
dependent reduction factor is not applicable for this case and only the ef-
flumat cleanup f actor is evaluated.

he overall iodine reduction factor (IRF) for a single pass filter system is
'

taken as the efficiency for the fraction of removable iodine, reduced by the
sism of the fracticmal bypass flow and fraction of non-removable iodine.

A. AVERAGE CASE

For an average system, a 95% renoval efficiency fe r inorganic iodides is

meetsme d. This represents the lower limit reported in charcoal adsorption
tests at 100% relative humidity (12). A 3% bypass flow and 10% organic
iodide are assumed. The iodine reduction factor is defined as the ratio
of the mase fission products vented to the environment without any cleanup
system versus the mass released with the specified filter ?ystem.

i ,

I
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IRF = total release
[1-(efficiency x fraction throunhput + bypass)] + non-removable

1=

(1-(0.95 x 0.97 + 0.03) ) + 0.10

1 1=
,

[ 1-0.90 ) + 0.10 = 0.20 .

=5

B. SUPERIOR CASE

A superior system is one built and maintained according to rigid specif-*

ications and standards and tested at frequent intervals. For such a
system, a 98% inorganic iodide removal ef ficiency and reduced 1.5% hypass-<.

flow may be granted. Then

IRF = 1

( 1-(0.9 8 x 0.985 + 0.015) ] + 0.10

1 1=

(1-0.95) + 0.10 = 0.15

= 6.7

IV. INTERNAL RECIRCULATION FILTER SYSTUt

Reduction of airborne fission products by a continuous recycle filter system
is considered here in terns of their time rate of addition to the system. The
limiting cases are (1) an instantaneous release of the total quantity at time
zero (puff release) and (2) a constant and continuous release over the entire
time period under consideration (continuous release). The nathematics for
the intermediate case of release over a limited portion of the operational per-
iod is also outlined (13-14) . The discussion is general and applicable to all

| filter materials. Specific reconmendations are given in Section F.-

A. PUTF RELEASE'

The rate of change of airborne fission product concentration is

de = OEsc (1)
de V

,

.~
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where c = airborne concentration at time t
t = total time of operation
Q = flow rate through filter (s) pe. unit time
E = removal efficiency
V = total containment voltree
m = atmospheric mixing f actor

A separate equation of this type must be written for each component of
inte re s t. Integration of the above equation gives the fraction of the
initial concentration remaining airborne at time t

.c__ = exp -{ [(OEm/V) t].) (2)
Co -,

where c = airborne concentration at time zeroo

For a specific reactor system

2=n (3)v
where n = ntsnber of air change cycles per af t time

| Then

,c__ = exp -{[(nEm) * t]) (4)
ilegg ce~ = exp { - (= , t) )

where ex= nEm

= removal constant for component x in tmits of reciprocal time

The total mass of a single component available for leakage with an operative
removal system, over any time period starting from t = 0, is obtained by
integration of the above equation and multiplying by the leakage fraction.

| Then
t -

ML = Le V I exp[- (ext)] de (5)o
o

= Le V ,{ 1 - exp [- (=, t)])o
=x

where L = containment leakage fraction per unit time
| V = containnent volume

1

.'

_ __
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The mass available for leakage in the absence of a renoval systen in

fQ= lev de (6)o
o

,

= Lc,Vt

The iodine reduction f actor (IRF) for a filter systen is the ree'procali

of the ratio of these two quantities
.g.

IRF = ( L/'t't)"I = 'f (7)g

= == t

(1 - exp {- (*x t) ) ]

For a nunber of conponents derivative from a single fission product isotone,
e.ach conponent is weighted by its note fraction average over the entire
con tainnent volune. 9pecifically, for fission product iodine the conpon-
ents may be classed as inorcanic (elenental and hydronen iodide), organic
(nethyl iodide and higher honologues), and that associated with particulates.
The overall iodine reduction f actor (IRr) for a puf f release is then

IRr = 1

T rFi o p
(-(=i )] + g (1-exp ( -( ao)]A .py (1-exp (1-exp{ -(=o } ] (8)t t c t

whe re Fi = nole fraction of inorganic iodine
,

O =i = renoval constant for inorganic iodine

F = nole fraction of organic iodine'

o

= renoval constant for organic iodine=
o

F = nole fraction of particulate iodinep

= renoval constant for particulate iodine=
p

\ .

| B. CONTINUOUS RELEASE
1

! ror a continuous and censtant release of fission products over the entire
period, the rate of decrease in the airborne concentration is

nEnc (0)dc < R -
|

| dt V V

!

where R = input rate (nass oer unit time)

|

|

_ _ _
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Solution of this equation over the limits t = 0 to e = t gives the in-
stantaneous airborne concentration at time t

c=R {1-exp (- (OEmt/V])
QEm_

(14)

The ratio of mass of material airborne to total mass added, at tine t,
is

M eV = V {1 - exp (- (OEmt/V)) ) (11)
=

y Rt OEst

1 (1 - exp (- ( ==t} } }=
,. ,

,; .

The amount of material available for leakage with an operational internal
recirculaticus filter system is then

t

Mt= f (Uf) de (12)
o
t

f {1- exp [-(=, t) ] dt )a

and sirae y = Rt
Ig t

5 * / f, { 1 - exp [-(3, t) ) d t) (13)I
o.

Integrating

g = LR t + LR exp [-(=,t)] - LR (14).) 4"x.,

and the fractional leakage is

ML
=L

h =,Z t [=,t + exp (-(=,t)] - 1] (15)

The annount of leakage in the complete absence of a safeguard system would
be

t

M'g = / LRt dt (16)
o

= 1a .
2
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and the fractional leakage is

2LRt

M't = 2 L_t, (17)=

Rt 2. -

k
The iodine reduction factor (IRF) for the case of continuous fiss' ton
product imput and simultaneous removal is then

IRF = M',' = Lt /2
(L/=,Zt) [=,t + exp (- (=,t)] -11 (18)

2 2
=1 t

= 2[=,t + exp(- (=,t)] -1]

'

C. RELEASE OVER LIMITED TIME PERIOD

For the case where the fission product release is constant and continuous
over the tine period t = 0 to t = t, and operation of the cleanup systen

continues beyond that time for a period T for cumulative tine t = t+T,
the applicable equations are:

1. the fraction of fission products airborne at any tine

Me+T= 1 { 1 - exp (-(=, t) ] } {exp [-(=,T)l) (19)
,t

~ inte Nt
-

2. the fractier. of fission products leaked

L (20)
.7e- {e,t - exp [-(=,T)] + exp (- (=,(t + T) ]) }Mt=

"T

and

3. the iodine reduction factor
2IRF = =w t (t + 2T)

2 { =, t - exp (-(=,T) ) + exp (-(=, ( t + T) ))) (21)

D. FILTER EFFICIENCY

The initial ef ficiency of the charcoal filter system for elenental iodine
and for hydrogen iodide can be assumed as 907., with a 57 reduction for
each successive pass. Therefore
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= n E (.90 -[ .90 (p-1) .05]} (22)
=

p
p

where = cumulative value for e=
p x

,

where p = number of passes

For nost systems, the average efficiency of the filter system for in-
organic halogens during the initial two hour period is then about 0.80,
and the mixing f actor can be taken as 0.9 for the total containment
volume. Over a longer time period, the average filter efficiency is
taken as 0.50, and the mixingxf, actor as 0.75 of total volune.

'

E. NON-REMOVABLE CQiPONENT '

For the case of a puff release
t t

Mt = LC V [ c / dt + (1 c ) f exp ( =,t) dt) (23)o
o o

= LC,V (c t + [ 1- c ] [ 1-exp ( =, t) ) )
=x

and, with no removal system

M' = LC Vt (24)
! then

| IRT' = LCoVt
LC V { ct + [1-c ] [1-exp (-=xt) ) ) (25)o

ex
where IRF' = nodified IRT

c = fraction unrenovable iodine

but, for all cases of interest 1 > > exp( = xt)
.

I and IRF' t
-

(26)'

ct + 1- c

"x
- = rt .

= , ct + ( 1- c )i

! 1 1-c
or IRF' 'c+ IRF

-- . _ . _ -,. . - , , - _ .
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". RECOMfENDED P90CEDURE

The iodine reduction factor for the two hour release is to be calculated
on the basis of a 1/2 hour initial release time of the iodine from the
core and on the calculated number of containment air changes per hour.
A nixing factor of 0.9 for single containment shells and 0.8 for secti' nedo
compartment shells is recocnended.

Credii for effective removal of inorganic iodine is to be given only for
representative charcoals which have been tested under post-accident con-
ditions and have shown removal capability of 98+% for representative bed
depths at 98% relative humidity. Fractional removal credit for the or-
ganic iodide fraction may be granted for certain impregnated charcoals
under conditions of low f ace velocity and, incident relative hunidity of-

less than 70%.

In the absence of specific safeguards to prevent the charcoal temperature
from exceeding 250*C (480*F), where appreciable fission product desorption
begins, no removal credit is to be given for iodtne dose reduction by
internal recirculation filter systems for pont-accident eines in excess
of two hours, llowever, the two hour holdup credit is to be anplied in
all ins tances. It is recommended that the maximum permitted dose reduction
factor for systems with cooling adequate to dissipate fission product de-
cay heat he based on the charcoal iodine retention capability under con-
ditions of reduced tiow. This is dependent on the. ntriber of filter units ,

i reactor power, carbon weight and surf ace area and the design flow rate.

| All cases will be evaluated by RT on an individual basis.

C. CALCULATED VALUES

The following data are for Turkey Point Units 3 and 4, riorida onwer and
|
| Light Conpany and are illustrative of typical PW9 current units (15),

0 = 37,500 cu. f t./nin per units

| V = 1.55 x 10 cu. ft.

The nunber of installed filter units is three. A single failure criterion
reduces this to two units operational under pos t-accident conditions. Then,
the number of containnent air changes oer hour is

0n = 2 x 3. 7 5 x '10 x 60 = 3
1.55 x 106

.
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For the initial two hour period an averaRe filter efficiency of 0.80
and a nixing factor of 0.90 are asstrned for inorganic iodine. The
fraction of inornanic todine is taken as 0.90, with the renninder
considered unrenovable.

'

1. Puf f P,elease

IRF = 1/[3 x 0.80 x 0.9 x 2) [1-exp-(3 x 0.80 x 0.9 x 2)]0.90
.

= 1/(0.95)_ ( 1-e xp-4. 3)
4.3

= 4.3/(0.95)(0.986)

= 4.3 .

2. Continuous 9elease '

IRF = (4. 3) 2
2 (4. 3 + exp (-4. 3) -1] (0.90)

~ *
(0*90)2 (4. 3 + 0.014 - 1)

*I
(0.90)6

= 2.6
Y

3. pelease Time (t) of 1/2 Hour and Filter Operation Tine (t + 'r) over
a Two Hour Period

I P. r = (2.17) x 1/2 x 7/2
2 { 2.17/2 - exp (-2.17 x 1.5) + exp (-4.3) ] (0*90)

| 4.7 x 7/4=

(0*90)
| 2 (1.08 - 0.05 + 0.01)
! 3.6

V. SPRAY SYSTE't

The renoval of todine by sprays is evaluated by applying the following procedora,
nodeled on the work %y Griffith (16-18). For the general case, transfer of
iodine into the drop proceeds across a stagnent gas surface layer followed by

,

| adsorption into the liquid by either a dif fusion mechanism or by chenical reaction.

A. Pl!YSICAL ADSOP.? TION (EOUILIBRIlft PA9TITION)
i

| Spray systens t. sing only water have a naxintn renoval capability determined
| only by the equilibritn iodine partition factor. This partition factor,
1
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defined as the ratio of the weir.ht of iodine per unit volune of water to
that in an equal volume of air, is strongly tennerature dependent and de-
creases from about 100-200 at 20'C to 10 at 100*C .at a pH of 7. The
solubility increases rapidly with increasing pH value. The actual renoval
capacity of a water spray is therefore dependent on ratio of solution to
air voltane , temperature, and pH. Only the case for a puff release vill
be considered here. That for a continuous release is sintiar if the equil-
ibritsa time is rapid and the total release is complete during the time
period under consideration.

At equilibriun

*

C
7

-=R (1)
'

Cg '.

where C = iodine concentration in liquid phase

Cc = iodine concentraion in gas phase

9 = equilibriun partition f actor

Assuning all the iodine is initially in the cas phase, the naterial balanca
at equilibriun is

(2)Vg (Cat - CGt) " Y CLg ,

M
but CL = RCat~

then
Vn (Cci - CGt) - V RCct (3)L

The iodine reduction factor is
!

I (gg - Vn + V n (O'

t

YGCCC

=1+V, t
R

-

Vn
'

B. GENERALIZCD CA9 ABSn9PTION INCLUDINC CHE'tICAL REACTIn'f.

The naraneters required for the calculation of iodine by falling droes
are:

|

|
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1. Cas Filn Mass Transfer Coefficient (Ranz and Marshall)

D't, 1/2 1/3
k- '' 2 [2 + 0.6 (Re) (Sc) ] (5)g

d o.T
4

2where D = diffusivity of I2 in air-steam (cm s e c"I)
M = molecular weight of iodiner

d = diop diameter (cm)
R = gas cons tant = 82.3 cm3 atm deg"I
T = temperature (*K)

9e = Reynolds number = pvd,
9

Se = Schmidt ntnber =1,
pD

p = density of air-steam

v = teminal velocity of drop
u = viscosity of air-steam mixture

2. Cas Phase Deposition Velocity

Vg = RT
M .kI g (6)

Tor iodine

~1Va= 9 4. 7.k en sec at 20*Cg

~1121.k en sec at 100'C=
g

3. Liquid Film ?fass Transfer Coefficient

2 DKt = 2F t (7)
3 1r-

I

where Dg = diffusivity of iodine in water
= 1.14 x 10-3 cm2 sec at 20'C
= 5.15 x 10-5 cm2 see at 100*C

4 Water-Air Partition Factor for Iodine (pli dependence)(19,20)

(r1 fft+] + v43 1/2 (1/f f21 + K2)~ ! (8)R = [721 + (1 + 2r? [121) /

Ki (I ]2

|

|

|
.

Ie
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N
N.s

''S c re [T2) = iodine concentration in solution
25'C 100*C

K 1 = [I ) aq9

lI2 J gas 83 9.1

- o

= II 1 768 ' 3053K2 ._

[I ] aq (I-)
2

K = [H+1 II"1 fHIol
fI I 5.40 x in-13 1,57 x 19-l'2 aq

I+1 II'lK " IU24
~I11.2 x 10'II 1.9 r 10(I ) aq ',2

5 Overall 'f ass Transfer Velocity Into Drop

1 -1 + 1 (0)
V v

n g RQ
6 Total Surface Area of Drsos in Containment

9 = 6 fh
dv (10)

3
'

chere f = ficer rate (cm /sec)
h = drop f all height (en)
d = drop diameter (cm)
v = terninal velocity (en/sec)

,

7. "enoval Tine Cons tant

4 = "DS (11)
| Ve

trhere Yn = overall nass trans fer velocitv
V = containment voltane (em3)e

i

|
8 Averar,c "enovel Factor

| (1 ,t) ,y, = 1 - en I- (1 et)) (12)exn -

A st

I
I

h Dh

a . _ ,
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C. DROP SIZE VARIATION

The drop size spectrten can be aestuned to approximate a log normal dis-
t ribution. A complete description includes a mean geometric drop dia-
neter and the standard deviation from this mean geometric drop diameter.
The reduced surf ace area associated with larger drops nust be comperi-
sated by an empirical reduction factor of the calculated spray renoval
time constant based on the geometric standard deviation.

o geom correction factor
1.0 1.00
1.5 0.50s

1.8 O.25
'

2.0 0.15
',

,

D. RECO!0 ENDED PARA 5.ETERS

ne input paraneters recocumended for calculating the iodine removal
capability of alkaline aqueous sprays for elemental iodine are tabu-
lated below:

i vc = 6.0 cm/see at 130'C and 55 peig
i

Kt = 3.4 x 10*3 cm/see based on 1000 drop dianeter

he water-air iodine partition factor R is calculated by the following
procedure.

The total core iodine inventory based on 500 day operation, for a 2500
Weh reactog is approximately 12,000 g. The containment volune is taken
as 1.5 x 10 ft3, and the liquid volume as 1/100 of this, vor this, the
iodine concentration in solution is calculated as follovs:

25% of 12 released to containment = 3 x 103
cm3 = gAir Voltsee = 1.5 x 106 gg3 4 x 1010 74 x 10 1

Liquid Voltase - 4 x 1051

If the entire amount of iodine is asetssed in solution (this introduces
only a negligible error in the following calculations), then the aqueous.

iodine concentration is approximately 1 x 10-2 g/L or 5 x 10-5 mole s /1
This value is then used to derive the water / air pargition coefficient.
For pH = 4.5, temperature = 25'C, and (I2) ag = 10" noles /1, the value
of R - 9.5 x 102 Above pH = 9, the partition coef ficient is very sen-
sitive to both changes in [H+] concentration and temperature. The value
chosen here is to be considered as representative of average post-accident
conditions, with a factor of conservatism introduced by using the minimun
temperature.

|

|
!

e

!

|

|
t

. .
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For solutions which remove elemental iodine from the gas-liquid interface
~

by a rapid and irreversible chemical reaction the liquid film resistance
is effectively zero. In this case, the overall mass transfer velocity
into the drop equals the gas phase deposition velocity. Experinental
results indicate that this model is applicable for several chenical ., con-
pounds, such as sodium thiosulf ate, hydrazine, etc. For solutions where
an equilibrium between the elemental iodine and a soluble spacies exists,
the effect of the liquid film resistance may become appreciable. 9uch a
model is applicable for ilkaline solutions which are pH controlled by the
addition of sodium hydroxide.

In the absence of definitive ,information on the stability of certain
additives under post-accident' conditions , it is reconnended that all
spray systems be analyzed on the basia of an alkaline solution of pH -,

9.0 and with the inclusion of a liquid film coef ficient as indicated be-
low. The overall iodine deposition (mass trar.sfer) velocity is then

1 =1 + 1
Vn Vn RKg

=1 + 1

4( 9. 5 x 10 ) ( 3. 4 x 10-J)6.0
m.

- 0.16 + 0.31 = 0.47

, VD = 2.1 en/sec

Other input paraneters are functions of a specific systen and included
in the application. Ccnversion factors required are:

Fron To Factor
| gpn em77sec 6.31 x 101
l ft em 3.05 x 101

u em 1 x 10-4
3 4cu. ft, em 2.83 x 10

ft/ min en/sec 5.0R x 10"I

E. CALC 1' LATED VALUE

The following example is for Crystal "iver 3, a typical current mP snray
I systen. Calculations are based on one of eso subsystens operational.

'

1

|

|

|

|
.. --.

-
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flow f = 1500 gpm = 9. 5 x 104 3cm /see<

height h = 90 ft = 2.7 x 103 cm
'

diame te r d = 1000 p = 1.0 x 10-1 cm
t e rn, vol. y = 400 cm/sec = 4.0 x 102 cm/sec
cent, volume vc = 2 x 106 ft3 = 5.5 x 1010 cm3 ,

Using these values and the above VD = 2.1 cm/see,
A s = 6 VD fh

Ve dy

4= (6)(2.1)(9.5 x 10 )(2.-7 x 103)
(5.5 x 101v)(1 x 10-1)(4 x 102),.e.

, .

= 1.47 x 10-3 sec-1

nultiplying by 3.6 x 103 sec/hr

A s = 5. 3 h r-1

For an assuned standard deviation of 1.5 from the mean geometric drop
diameter the correction factor is 1/2 and

( s) corr = 2.6 hr-1

ggg The variation of the IRF for the initial two hour period, with different
fractions of non-removable iodine, is given by

IRF' = 2

( 2 c - (1 - c / 0L ,)corrM

l c 1-c/As 2 c- 1- dig IRF'
O.00 0.38 0.38 5.3

.05 0.36 0.46 4.4

.10 0.34 0.54 3.7

.15 0.32 0.62 3.2
, .20 0.30 0.70 2.9l

No specific credit has been given for the effect of additives in sprays
because neither their conpatability with reactor materials nor their
iodine removal ef fectiveness has yet been conclusively demonstrated. How-
ever, the greatly increased partition coefficient due to the hydrolysis of
iodine in alkaline solutions han been applied.

.-- - - .

y -- -
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The mass transfer coef ficient has been calculated with the liquid phase
resistance included. This is probably applicable to solutions using
sodium hydroxide only, but conservative for solutions which include
endium thiosulphate.

VI. SPRAY & FILTER 9YSTE't COMBINATIONS '

A. SPRAY AND EXTERNAL FILTER SYSTEM

For a spray plus once - through filter syste,m working out of separate en-
closures, where the charcoal adsorbers are not exposed to high tenper"
ature and high humidity, these can be considered as successive cleanup
systens and the conbined iodi,ne reduction factor is the product of that
of the separate systems.

,

.

B. SPRAY AND INTEPNAL RECIRCULATION FILTER SYSTEM

Por a spray plus internal recirculating filter systen, competing in the
s ane c ont ainmen t , the combined reduction factor must be based on the rel-
ative renoval rates of the two systems. The spray systen can be assumed
to be a nore rapid removal device and full credit given for its operation.
The filter systen, working sinultaneously, renoves a smaller fraction of
the entire airborne inventory per pass.

Cleanup is taken as a competive rate phenomenon of two zero order reacticns.
Exponential renoval factors equal to those for the separate systens are

guwdy used, with the total factor equal to the product of the exponentials.
-

The spray renoval factor is equal to

A s"VSDC (1)

where VD = overall nass trans fer velocity
SC = drop surf ace area per unit containment volume

|

| The filter renoval factor is equal to
,

r = nE (2)
I where n = nunber of air changes per unit time

E = filter ef ficiency

However, in order to compens ate for dif ferences in renoval rates by the
spray and filter systems, the rate constant for the filter systen is
arbitrarily reduced by the ratin of the two ennstants.

|

|
i
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The fraction of fission products remaining at eine t is then

.c__ = exp { (-( A s + g A F) ] t} '

c ASo (3)
= exp (- (a + A /A s) t1

'

s

The overall iodine reduction factor for a puff release is
IRF = Agyt

[1 - exp - (A t) )
'

gp
'

2where 137 = Ag + A !A ' ''

F S
'.

The dose reduction factor for a combined soray-containnent recirculation
filter systen should be calculated.on the basis of the separate constants
for each system, with a suitable reduction for the effectiveness of the
filter system. A further correction is required to include the effect
of a non-removable fraction.

C. IODINE REDUCTION FACIORS GRANTED

The Table below lists the dose reduction factors for spray - filter systens
required by approved applicants through r bruary 1968e

g DOSE REDUCTION FACTO'IS

SITE LO'J POPULATION
BOUNDAFY ZONE DEDitCTIo'1 rACT0"PROJECT P(71ER (Mut) (feet) (Miles) E.S.O. STTF. LPZ

Indian Pt. 2 2758 1584 0.6 spray-filter 3.0 11.0Me t. Ed. 2368 2000 2.0 spray 5.3 4.0Diablo 3391 2640 6.0 snray 2.9 0Rochester 1300 1500 12.0 spray-fil te r 1.3,6.0* OPoint Beach 1 1396 3920 7.0 spray 0** ORobinson 2095 1400 5.0 spray 5.0**' O
Conn. Yankee 1473 1740 9.5 s pray- fil te r 0 0

* Factor of 6 required if building wake was not included in meteorological model.
** Reduction f actor not ' required, but stated in P.S. A.fl. ("ublic 9afety Analysis) that

if dose reduction factors were required of 10 for the site boundary and 20 for the
low population zone would be used.

*** Estinated. Not specifically stated in Public Safety Analysis fleport.
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