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ABSTRACT

(1) After identifving and analvzing all socurces of non-condensible
7309 Y g
gases in the "bubble", we determined that a cocntinuing
growth of the "bubble" during the period Friday, March 30

through Sunday, April 1 as reported in the press was not possible.

(2) During the first sixteen hours after reactor shut down,
boiling of the primary coclant water took place and
therefore in the worst case stcichiometric amounts of
hydrogen and oxygen were produced by radiolysis of the
primary coolant water. At the end of the sixteen hour
period, the maximum amount of oxygen in the non-
condensable bubble, including O, introduced f£rom addition
of air saturated water, was .7% of the hydrogen which

is well below the explesion limit,

(3L After this sixteen lour period whea boiling had ceased,
no further oxygen was produced by radiolysis of the
reactor coclant water., On the contrary oxygen was
recombined with hydrogen due to radiation at such
a rate that the oxygen dissolved in the water was
completely removed in less than five minutes. The
subsequent removal rate of oxygen Irom the bubble Dby
dissolution and radioclysis in the water depended

essentially on the rate of dissolution.
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at-oduction

On Friday, March 30, two days after the accident at the
Three-Mila Island Uniz-2 Station, reports of a hydrs-ogen suszle
inside the reactor vessel began to appear in the news media.
The following excerpts taken from a series of ticles in the
Washingt=on Peost give scme indication of the ture ¢f the
information that was baing provided to the general public.

"rhis bubble had appeared late Thursday or
early Friday. At first, tle Metropolitan
Zdison peocple believed thit it was a steam
subble. Then the experts from 3abcock and
Wilcox which built the plant and the Nuclear
Regulatdry Commission agreed that, with
pressures up to.looo psi in the reactor,

it couldn't possibly be a steam budble. A
steam bubble would have collapsed. That
left only one possibility:; a gas bubble
containing hvdrogen, temperamental volatile
hydrogen. The bubble, a thousand cubic
2eet and growing would make Saturday the

worst day of the crisis”.

"mhe second alarming development was the gas
wubble centaining nydrogen, 1000 cudic Z2et
in size at= =he top of the reactcr. The rsactor

nad become 30 hct that the coclant waterl



had decomposed to its primary elements,

oxygen and hydzogen. The biggest dangers

was that the bubble would cSontinue T2 GIOW
forcing all the coolant out c¢f the reacsor,
allcwing the temperature of the £uel zods to
build up until they reached 5000°. At

shat heat, the uranium would begia to melt.
Short of the meltdown, there was a possibilic
of an explosicn either in the containment
building or in the reactor core. COn the

2irst day of the accident, there had been a
small hydrogen explosion in the contalnment =
an event Met Zé officials didn't tell state or
federal officials gbout. When NRC expertc

found out, they launched an immediate eifort
to anali’ze the physical chemiscry of the bubble.
Thornburgh was t21d that the NRC's analysis
showed that the hvdrogen could become flammable
or explosive in a matter of days. A Princeton
University scientist calculated that the

energy in the bubble was encugh to set off an
explosion equal fo three tons cf TNT. Such

e force could rip the tocp of the resactor

dome right off, flcoding the contal.nment wict
-adisacstive debris., There were also Zfearcs

sgen would escape to the cInTalnnanc

h

and axplode there. One engineer salculazed
that a hvérogen explosicn tarze times tne

force of Wednesday's clast might breax



~2e four foot zaick walls of the consainmens

releasing radiocactive materials int the aiz”.

*Just before 3:30 p.2. (Sa:u:da?, Mazch 31) cSae
the final straw. Associated Press sent Qut an
urgent story warsning that the bubble situation
had beccme extremely dangercus. I Sace,

the story warned, the unnamed experts were
warning that the bubble might axplode at any

minute”.

"3y 10:00 a.m. on Monday, they were readying
bulletin material that would take the werd
across the country., Minutes later the dispatch
was torn from the wire machine at a Harrisburg
radio staticn. An announcer read the news

at 10:30: 'the hydrogen bubble was nearly

gone and coocling of the reactor was continuing'”.

While the details of the hydrogen bubble story vary iz tlhe
differen~ media accounts, =hey all contain the basic elements;
that is, there was a aydrogen bubble inside the vessel and it
was growing and about to explode at any Icment. In this paper,
we attempt %o address both of these points; tlac is, coulé the

aubble have been still growing during the pericd Fricday tazrough

Sunday 2né was there any possibility of tie Sudkt.
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Throughout the periecd of concern, the water insile the reactor

vessel was being maintained at an average temperaturs c£ about

230°F and a pressure of 1000 %o 1100 psi. Circulatinn was Deing

maintained bv operation of one reactor Ecolan: sump in the A

loop and heat was being removed through the A steam generator.

The primary system £l as indicated by the £flow meter in tle

hot leg of loop A was about 40% of full flow. The heat generation

rate inside the reactor vessel w;s in the order of 27 MW from

£ission product decay plus 6.7 MW due to the operation of

ths one reactor coolant pump for a total of 1.2% of full power.

All but one of the outlet thermocouples located di:e;:;y above

s core appear to have been working normally. Most of these

shermocouples indicated temperatures within a few degrees of

280°7 althouch, a few were as much as 100 to 200°F haigher,

Howewver, none were reading in excess cf the saturation temperature

caxrresponding to the pressuze range of 1000 to 1100 psi (550°F).
To address these two questions,"t ;s necessary t0 starst

by identifying all the possible sources of gas which could have

contributed =o the bubble inside the reactor vessel. The first

and most obvious source of gas in the bubble wcuild be water

vapor. However, at 280°F the vapor pressure of water is only

49.2 psi absclute. Since the total system pressure was at tle

order of 1000 to 1100 psi, it can readily be seen that water

vaper could only have contributed about 3% of the total volume

of the dubble.



~he nexs scusce =2 zas":o be ‘considered are e staple
isotcpes of Xrypton and Xenen which are formed as a resul: o3
cadisaczive 3escav of the fission produsts inside the Iuel
slement. During normal operation, alm.s: all of chis gas 33
retained within the uranium dioxide fual pellet. The remalincer,
of she order of a few percent, is released from the ceramic

fuel pelless t=o the void spaces inside the zizcaloy cladding

of the Zuel element. During :he.cve:bea:ing cf the core wnich
sesurred on the first duy, the zircaloy cladding on most of the
fuel elements was neavily oxidized and cracked. Ia addition,

as the ceramic pellets themselves heatad up, scme cfv:he gas
retained in the UQ, was released. It is therefore reascnable

=5 assume =hat some substantial fracticn of the stable Xrypton
and Xenon isctcpes in the fuel was released to the gas bulble
inside the vessel. If one assumes that all of the Rrypten and
Xenon stable isotopes that were present in the core were released
o t=he reactcr vessel during the overheating, and that ncone
escaped through the stuck open relief valve, the following simple

calculation shows that this scusrce of gas could have contributed

only a few tenths ¢f cne percent of the total volume of the budble:
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zrop x 2772 MW = 2.63 x 10° MWD
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MWD = 0.36 gram 8‘35 £issioned
Total Fission yield of stable A& and Xe

0.25 Mcles of Gas(l)
MoLe O:f D432 -1sSsione

~c235

>r

235 U -
= Mole T

3
11 ters STP £t - 3
x 22.4 —as x 0.035 g7 211 2£° at STP

v, = 211 g3

| 24
LY
L

T, = 452°R (32°F)
P, = 14.7 psia
T, = 740°R (280°F)
Pz = 1000 psia

v, = 211 x {557 X 783 = 4.7 22 az 280°F and 1000 psi

Subble volume measu:ements(Z) made on the 3lst indicate about 13500 5:3

at 970 psig and 280°F. Therefore the contribution of Xrypton and

Xenon was 0.3%.

(1) D. R. QOQlander "Pundamental Aspects of Nuclear Reacteor
Tuel Slaments" TID=-25671l-Pl, EROA, 1976, pp. 201-2.

(2) 230%h General Meeting = Advisory Committee on Reacs=sr Safeguaras.
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the uraniunm dicxide sellets during -adrication. S>iscussions

wizn =he 3ascock ani Wilcox Company have indicated that tfie ot i
amount of helium lcaded into all of the fuel

pins at fabricatica
amounted =2 1,092 standard cubic feet. This helium Iill gas

also contained small amounts of oxygen and nitrogen impurities.

The amount of nitrogen was 32 standard cubic feet and the amount

of oxvgen was 8.5 standard cubic feet. If it is assumed that all of
the pias in the core failed and released all cf the £ill gas then

the volume of this £ill gas at the conditions of the bubble,
280°F and a 1000 psi, would have been 25 cubic feet. Again, it is
apparent that the £ill gas itself is a rather small fraction

of the total volume of the bHubble.

Another sourze of gas which has been considered is the
nitrogen and oxygen dissolved in the water that was injected
into the plant during the accid. 1¢. The following calculation
shows =hat this source of gas could have contributed at mosc 13
of the volume of the bubble.

Infsrmation received from the Babcock and Wilcox Company
indica=es =hat 284,000 zallens of borated water was pumped Ia%0
the primary system. Assume that this water was saturated with
air at about 1 atmosphers pressure and 10°C (50°F). At these

3

condi=ians about 23 =m” of air will dissclwve in a liter of water.

.o
"

The compesizion of the dissclved gas will De ulcuc 34.3% oxvsen.



Amcuns of Air in Wazer Added =0 tie Svstem
3 liser cm3 Aiz - 2k d &
2.34 x 107 (gal) x 3.79 === % 23 |e——— = 2.47 %X -V =R
gal liter

2.47 % '.07 (p-n:,' Air) 273 3 -
R g x <2 = 1.07 x 10° gram Moles Alr
2.24 x 107 (em™/Mole) 283
’ 3
1.07 x 10° (gram Moles) 2t

- —— - | e a.:

i34 |(grams/pound) ® 2.35 pound moles ai

Amount of Air Dissolved in =he Water in the Primary System

From =he TMI safety analysis repert, it can De determined that

+he water volume in the reactor coclant system is about 11,500

Subtracting 1300 ft3 for =he bubble leaves 10,000 £:3 er 74,800

gallons cf water in the reactor coclant system. Thus, the amcount

of water pumped into the reactor coolant system was almost four
times the amount present in the system, the remalinder escaping

sarcugh the stuck open relief valve, To provide an estimate of

the maximum amount of air =hat could have been present in tle

bubble, assume =hat the water escaping through the relief valve

contained no air. With this assumption, all the air from this

284,000 gallons of water pumped in remains in the reactor coolant

system either dissolved in the 74,800
system or in the gas bubble.

the water

The distribution of

gallen of water in

- all

and the gas bubble can be calculated Ircm Zeazy'

“he
bewween

5 Law:



?ai: -8 xa;.: (L)
Where: » . = smar=ial pressure of Als in the sas
air g .
‘“--e
Bien ® Mala fraceizn 2% Air in the water
X = HZenrv's Law constant for ALS

\
/

(1.3 x 10% psia/mole fraction at 280°F

slus =he material balance shown in eguation (2).

xu: Ml + Y is Mg = M’aiz (2)
Where: M, = Total moles in liguid phase
Hg = Total mcles in gas phase
aai: = Total moles of air
!ai: = Mole fraction of air in the bubble

and Racult's Law

»
Pai: = Pt “aig . (3) .ol
Where: ?t = Total pressure

From eguaszions (1) and (3)

= X X

; = T "
a.lrt t "alz

P,
alr

or Yair = Xair §
e

Substitutiag into equation (2)

M_.
& alrz
- l 5. -

As calculated previously M,,_ = 2.35 pound moles
-

-
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Assuming that the total moles in the liguid phase is essentially

equal to the mcles of water:

w, = 10,000 (£23) x 57 (#/2¢3) = 3.11 x 10% pound moles of wazes
B I3 (s/mole)
1 - 53
Mg 0 ® E: - °°°g°3§3‘xx7%%p° £t = 139 pound moles of gas
Thezefore:
2.35
X =

4 1.3 x 10° 2

1l x 10" + S B x 1.89 x 10
10

X . =8.7x10°°

From eguation (1)

6 6

P.._=1.3x 10° x 8.7 x 107
P ... =1l psia .
From eguation (3)

Y ... = 1] osia

air - 1300 psia
! psia

Yair = 0,011

Thus, the maximum amount of air in the bubble is 1.1% or 16.5 £t3

based on a 1500 £+ bubble at 280°F and 1000psia. The amount of
air dissolved in the water would be (xai: X M:) = 0.26 pound moles.

Approximately eight hours after tle beginning of the accident
the reactor coolant system pressure was reduced o approximately
400 psi. Under 2ese cecnditions, scme £raction of the borated
watser contained within the core flocd tanks would have Deen

o, | ; . o= & :
indectad into tShe reactor € clant syvscten. uring normal operations,



cne =s-2 flo0é zanxks 2re malntainad at 2 pressuse ef 500 381 =¥
a nizczogen gas slankes. The wazer level in the tanks 1s malias inec

O

occlan

sv a serias of chack valves whish open as the reacssT
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—=

¥
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sressuse falls below 500 psi. The Zollowing analysis

(3}

~me amount of dissolved nitr-ogen brought iato the srimary syst2
feom =he core flood tanks amounts =o only a Iraction of 1%
of the tctal volume of the gas bubble.

Each of the two core flood éanks normally contain 1040 523

cf borated water (2270 ppm 3orcn) and 270 e’

of nitrogen at

500 +# 25 psig. The minimum pressure indicated during the accident
was 440 psig. Under these conditicns the aitrogen would have
expanded discharging about 1000 gallonms of wazer from each tank.

2000 (gsal) x 8.5 DOuWRds 4 454 IEBB o 7.8 x 105 grams of water

gadl souna
Py = XXy :
2y = 585 psia

K = 1.4 x 10° ssia cc-STP/g of water at 30°C
Xy = 585 = 0,42 Cc=-STP/g of water
T ¥ x 10-
0.42 <, gi‘izfe,) x 7.8 x 10° g of water = 3.2 x 10° cc-sTP
- . - -
3 ,
2 3 6 ( l 2 ft 1 803 -
3.2 x 10 ee) x O BECTTL x 0.033 e = 114 £¢ ST?

At the =ondi=icns of the bubble, 1000 psi and 280°, this aitzogen
would have contributed 2.5 1:3.



i3

T2 =ozal volume of all the gas sources identified zaus

cubic feet at 280°F and 1000 2si cr

wn

far is of the order of 12
7% of the gas bubble. The two scurces oI gas which have act
vet been considered are hydrogen freom ta corrosicn ©

zircaloy by water according to the reaction:
2z + 2320 ~ Ir0, + 232

and the hydrogen and oxygen formed by the radioclysis of water.
The core of the Three-Mile Island reactor contains approximately
21 tons of zircaloy cladding not including fuel pin end gictings,
instrument tubes, or other zircaloy components in the reactor.
Prom the above reaction, it can be seen that cne pound mole of
zirconium reacting with waters will produce tweo pound moles of
hydrogen gas. The 21 toas of zircalcy cladding correspends L0
460 pound mecles of zirconium ‘which if completely reacted would
produce 920 pound moles of hydrogen. It was shown earlier that

che 1500 cubic foot bubble at 280°F at a 1000 psi would centain

of the order of 200 pound moles of gas. It is therefore apparent

that hvdrogen frocm the zirconium water corrosion reaction is
more than sufficient to contribute the other 92% of the cbserved
gas bubble wvoluxe,

The final potential sources of gas, hydrogen and oxysen
Zrem radiolvtic deccmposition of water, will De considered in
de-ail later. However, iz is appropriate at this peint ¢
consider whether any of the socurces of gas which have Seen
identified =hus fa- csulé have contribused to <he impressicn

=hat the zas bubbla was still growing. To address ehis suastion,



sonsiderad as significzans. While this Is admissedly a susely
arsisrary cSheice, 1t seens unreas razle %hat a 2wch sma..2T
growth rate (e.3. l3% per day) weould nave been repcorzed DV ITn
news media us =he immediate danger indicated by tle excerpts
irom the Washington Post. It should De remembered that the budble
measuremencs over the peried in éuestion exhibited a downward
srend, albeit with considerable scatter in the results, and_:ha:
the bubble growsh "threa:" disappeared gquicskly Irom the xedia.
Sowever, it is appropriate toc ask if the infcrmatlion at hand

was sufficient to preclude an immediate threat due O growth cf
the bubhle.

All =he sources of non-condensable gas, except Zor hydrogen
f-om corrosion of the Zircaloy and radiclytic decompesiticn which
bas not yet been discussed, amount to at most 50 ft3. iace
most of these gases would have been released =arly in the sequence,
and their =octal volume was small, they could not have contributed
to the impression that the bubble was growing. As will be shown
later, radiclytic decomposition of water in the presence of a
substantial over pressure .f hydrogen could not have produced
more gas. In fact the reactor was nermally operated with an
overpressurs of hydrogen %o prevent radioclytic deccmpesiticn of

=ne water. Thus steam ‘ormation and additicnal corrosion of the

Zircalecv are zhe only possible scurces of gas which neec <o ce
ad3-sgsed with respect =2 the guestion oI ceontinuel IuZs.s ZITWIL
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Given tha= the reactor coolant was at average ctemperatuls
of 280°7, a pressure o2 1000 :5 1100 psi, and under Z2orced
circulatisn corresponding =o about 208 of full flow (40% i one
loop) , continued bubble growth due =2 steam fcormaticon was 2ot
possible., While scme local beiling or even steamn blanketin
in damaged regions was possible, the steam leaving such a region
would tend to condense in =he surrounding subcocled water. IZ
steam did manage o reach the gas liguid interface and enter tle
bubble it would condense on the cold walls of the primary
system which by this time would have been in equilibriumwitl
the reactor coclant at 280°F.

The possibility of additiocnal corrosion generated hydzogen
giving rise %o significant bubble growth during the period in
question is scmewhat more complex. However, it is guite reascnable,
given a general knowledge of the Zircaloy corrosion rate as 2
function of temperature and the existing plant cocnditions, €0
conclude that it was very unlikely that significant corrosion of
the Zircaloy could still have been taking place. Figure 1 shows
the corrosion of Zircaloy in terms of oxygen pickup as a functicn

of time and tzmperatu:e(3'4) 2

. An oxygen pickup of 0.15 grams/cm
corresponds :o the complete corrosion of the 0.028" thlickness of
she fuel pin cladding. The vertical line at 0.15 g:an/c:z indicaces
that cladding regions at temperatures above v 1150°C would have been
completely oxidized during the first day and thus could not

have been centributing addisional hydrogen. TFor a clad regien

£o0 sontribute hydsogen :h:ogghcu: the period between the Iirst

- "lol‘\ﬂa

and fifeh 2ay ists semperature would have £o e zelsw v U

n

(3) QRALNIOREG - 17

(4) Lustman and Xenzie "The Metallurgy of Zirconium”



Using t.2 same l10% per day rate as :ne.defin:
subble g=ewsh, and recalling t2ac =he 1500 2¢
139 pound =oles of sas, significant growth would e 12 peoun
molas of nvdrcgen generated oOr adout 9 pound moles o2
sxidized per day. Nine pound moles of Zircaleoy corresseonds =2
all of =he cladding on about 750 Zuel pins.

The oxidazion of 9 pound moles of Zircaloy would consume
1.3 x LDS ST 2f oxygen per day. From Figuse 1, the average
corrzosion rate during the five day pericd at 1000°C (ceomplete
sxidation of the clad thickness) is 3 x 1L0°2 grams/cmz per day.
Therefcre, to consume 1.3 X 105 grams cf_oxchn per day would
regquire that 4.3 X 106 cmz ar ~ 108 of tshe total clad surface
area in =he core be at 1000°C. Lower clad temperatures would
require a larger area witl a temperature of 800°C cerzesponding €2
che involvement of half of the total cladding aTea in the core.
Such high temperatures in large regions of the core which were
essentially intact at this point (i.e. regions which have
enough uncxidized Zircaloy left ©o represent 2 sOssille scurce of
corrosion) is not plausible given the plant conditions of 280°F,
1000 psi and forced circulation. These regions would nave <0
he steam blanketed since the saturation temperature at 1000 <o
1100 psi is only 330°F. Steam »>lanketing at decay heat pcwer lavels
and 20% full flow could only occur within or downstream oI a
flow blocrkage (i.e. heavily damaged region). Siace the cSI°
uncovering vould have proceedec gener ally f£rom the top of the
core dswnwar., cladding in the upper Ia2glons g2 =he ot (6.0,

4 - - . - . ’ \ .; k . . 2 - -
downstream o2 a Ilow olcckage) wou.ds have —een neavwily SMILZLIsc

- ™ - <& = 2l mgm - &° - - - =
during <he accident. Thersfore, even 1I SIgRiZocanc c.ow s.3ssazes
. = . : E . < . < 1 < - - -
vere sresent during tie ;e L4 :_es:-: l12ading IS temperacuiles
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of she srder of 1000°C (1832°7), the clad ia these regi .ns seuld
act have heen contributing much hydrogen since it would have

already seen neavily oxidized.

dydrogen Explosive Limits

—at? &

Based on the previous discussion the composition of the
subble at the end of the first day, excluding the effects of
radioly=ic decompesition, is indicated iz Table 1. From the
information in Figure 2 of reference 3, the lower limit of
flamability for a hvérogen, 5% steam mixture occurs at 5%
oxygen and the lower limit for detonation occurs at 12%
oxygen. As can be seen from Table 1, the maximum concentration
of oxygen in the bubble, excluding any contribution from
radiolysis, is 0.4%. Thus the kev guestion Deccomes, could
radiolytic decomposition of the water have contributed enough

oxygen to reach levels of the order of S 0 12% in the bubble?

(3) NRC Memcrandum



Table }
.“

Volume at 1000 gsi

Componens and 280°F (£¢3) Mole
Stean 74 3
Xr + Xe 4.7 0.3
N, from Alr 10.8 0.7
N. Zrom Core
Flocd Tanks 2.3 0.2

N2 €rom Eelium

Fill Gas 0.7 0.05
HSelium 23 1.6
Q, £rom Air 5.7 0.4

e

02 from Eelium

Pill Gas 0.2 0.01
Hvdrogen 1349 (balance) 91.7

(&)
L™}

TOTAL 1471 1




Analvsis of O- Swvolution bv Radiolvsis

The absorption of radiation in pure water in a light water
reactor resulss in decoxmposition of the water through a complex
serias of reactions resulting initially in the production ci
reactive species such as: OH radical, hydrogen atoms (H) and

hydrated electron (e~ _ ) as well as the products E, and E,0,.

ag
These species then react in a variety of ways. These reactions

are listed in Table 2 (see for example reference 1l).

L

Table 2
Reaction ; k(25°), (L mol™t s~H Ea (kcal mol -
(1) 2+ 8- 1, | 1 x 1020 3.0
(2) OE + OH = 5,0, 5.0 x 10° 3.0
(3) e, + O = OB 3 x 1020 3.5
(4) @7, BB, 08" 2.5 x 10%° 3.5
(5) @7 o = @ o = Hy + 208" 5 x 10° 5.2
(6) CE + 2y = H + H0 4 x 107 .
(7) ~% + 5,0, = B0, + E,0 2.25 x 107 1.95
(8) B + 5,0, = O + £,0 9 x 107 3.0
(9) ® + 0, - HO, 1.9 x 10%° 3.0
(10) B + 20, - 5,0, 2 x 10%° 1.0
(11) O + 50, = 5,0 + 0, 1 x 10%° 3.0
(12) HO, + HO, = 8,0, +0, 1.6 x 10° -
(13) ", + B0, = OF + 0H” 1.3 x 10%° 3.5
(14) &7 . + 0y = 0,” 1.9 = 10%° 3.3
(15) 7, + 8" - & | 2.3 x 10%0 2.8
(18) .'aq + 8,0 - 8+ ) 16 §.7
(17) B + OE = 2,0 1.5 x 10%° 3.0
(18) B + OF = o7, + Hy0 1.5 x 107 4.0
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The ini=ial vialds of the primary species, I, CH, e

N 3q'
3,0, ad #, are each exsressed in terms ¢f a number called G

e - e ..

ich is =he number of <he species Zormed per 100 ev of radiaticn

¥

W

.

energv assorbed by the water. These imisial vields Zepend
principally on the nature of the radiation being azscorzed

by the water. This is a reflection of the density of ionizaticn
produced by the radiation along the srack in wihick it is
absorbed. In general particles which result in a high deasicty
of radiation along the =raczk (high LET) favor a high iaitial
vield of E, and #,0,. Such parzicles are ol particles, protoms,
deuterons and high energy neutrons (the effect of the neutIcons
ia 520 is due %o the high energy pro=on reccils sroduced

by elastic collisions with the neutIons). The particles
producing a lower density of ions along the track (low LET)

such as § zays and 8 pa::icl;s favor the precducticn of H atoms,
OE radicals and '-aq(2'3)'

Therefore, if water is subjected o high LET radiatien
Jlone, the result would be a high initial yield of H, and E,0,
and, as the concentration of 3202 builds up, reacticns with H,

CE and e-aq will decompose the H,0, to water and oxygen.
A stage is eventually reached when a stoichicometric amount cf

s and 02 would continucusly form as the high LET radlation

is absorbed.

--3
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In a mixed field of radiation, e.g., Y rays and protons
(or proten recoils frcm fast neutIcons), we have a situation
where the 2, and 8,0, resulzing srincipally from the higl LET
radiation undergo reaction with H atcms and OE radicals

produced principally by the low L=ZT radiation, These reacticns

are illustrated by reacticons 6 and 8 in Table 2:

CE + 82 - B + 5,0 (8)

5 + 5,0, ~ CE + HZO (8)

I+ can be seen from these reactions that the CEH and 2

atoms, produced priacipally by the low LET radiation (e.g. ¥ rays)

recombine the hydrogen and hydrogen peroxide to form water in a
chain reaction. Reaction (6) consumes an CH :adiéal destroying
a molecule of ) while producing an H atom; reaction (8)
consumes an 5 atom destroying a molecule of percxide and
preducing an OE radical which then can react by reaction 6
again resulting in an effective recombination of +he hydrogen
and hydrogen percxide formed. Thus the fo:maticn of g, and

0, is prevented.

Reactions listed in Table 2 which compete with this chain
recombination of hydrogen and hydrogen peroxide to form water
are for example reaction (7), (10), (11) and (12) which lead
=0 the formation of oxygen. EHowever, reaction (3) Is a fast
reaction with I atoms leading to the Zformation of the =0,

radical which by reacticn (13) forms hydrogen peroxide again.
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v« =an se seen that anyshing which lsads =2 the increased
sormaziun of H atoms and OH radicals will promote the recom-
sisasisn of avdrogen sersxide and aydrogen. One c2 he MesT
aifective addisives is hydrogen gas which prometes the chall
sequence of reactions (8) and (8) by increasing the racte of
ceaction (6) as well as (9). Another effective method 1s O
increase the ratio of ¥ radiation (low LET) to fast neutIcas
(high LET).

Other factors which must be considered are: the impurities
such as Cl~. These tend tc recombine the radicals E and
CE and prevent shei= availability in recombining the hydrogen

40(3'4). H3igh temperature has'little effec=

and hydrogen peroxi
on the rea:ticn rates producing the hyd:oqcn and hydrogen
percoxide but do have an appreciable effect on the reaction
recombining these products. Hence high temperature tends <0
decrease the formation of hydrogen and oxygen. I£ hydrogen
and oxygen are allowed to escape the aguecus phase by doiling
or by being swept out with an iner+ gas, decompositicn to 82
and 0, will he anhanced due to suppressing the back reaction
(:eccmbina:ion)s.

Wish these considerations, the data cne needs ©O calculate
the rate of 2, ané hydrogen peroxide formation during full power

cperation, at shut down, and during the cooling periocd are:
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Y ray Slux
2. Fast neutzon flugcs
3 3 aceivity in the moderator
4. Thermal neutron { .uxes
5. Initial conditions for any period including
the concentration of the following materials iIn
the moderator
a) 0,
5l By

e) €17, P~ (major probable impurities on*
the moderator of importance)

d) Beric acid

e) NaCH
6) Rate constants for elementary :cacﬁichs (Table 2)
7) Temperature
8) Beiling

The following data were used in the computer calculation
of O, formation.

Q (total neutron flux at full power) =
2.790 x 10%% o em™? sec™t

£  (average initial enmergy of neutzons = 2 MeV

fa (flux weighted macroscopic cross section of core) =
2.28773 x 1072 ea™t

Volume of core = 3.08 x 107 em®

Volume of coolant in core= (3.08 x 10% x .58z = 17,358

Above data were taken frzom Appendix A.

'

*Since the rate constant for OH + hi'ide ion is less z=ian
10° L mol-lsec~l, a simple calculaticn shows that at the
low halide ion concentration present in the reactsr cocl
(.1 pom) , this reaction need not be considered.

ans



The neus-on 3cse when L

2.79 x 10%% « 2.238 x 10"2 x 3.08 x 10" x 2 x 198 _
&l 33
2.2 x 10%% av/T sec
The photon dose at full power at shut down
= 2,2 X 102l eV/L sec Calculated Zrom data

in Appendix A

Energy absorbed due tc total oo , Li recoils from 316 (a,ol)

| ;
Li :eactxonaz

$= (ev/sec mole borem) = . £ & N([3]

= = 2.33 x 10° ev = total o , Li recoil energy

£ = 4.74 x 10°° a/cm® sec (thermal) (Appendix A)
- 1.66 x 10™° mol em™> (zef. 7)
- 7.5 x 10722

13 .32

= 2.33 x 10° x 4.74 x 103 x 7.55 x 10

5

oE A v

x 6.02 x 1023 x 1.66 x 10~
s §.33 x 1017 eV/L sec

This is small compared to the proton recoil dose rate

and is neglected. Total activity due ©0 £igsion products i

-l

secC .

the primary coolant is s X ;011 disintegraticns A
If we 2.timate 1 MeV average energy per disintegration and
=otal abscrption cne would arrive at a dose rate of

5 x 1057 VL™t sec™, a Zactor of about 3 x 10% lass gran =ne
Y 3ase ratze a2+ shut Zown. ZEven alter 30 days Z2llowing sacs
down Tahe Y 3ose zase from zhe Suel is about S
sonss-isutad v the Zlssicn products Saund in She srzinazy SSo.ant.
“werefora, we neglact this contributicen 2 she law 2T 2sse.
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The 5 values wese calctlatzed in the following wal.

o

The averacge logarithmic decremen of enersy loss pe:

o

. - - -
af ascemic wt A 8

fast neusran collision wisa a targe

£ 2

1 (Ae] '

ln gt =1+ 252 12 AL
-2 \

for A = l(proton):

£, = average energy of neutzon sefore collisien
=

, = average anexrgy of neutron after collision

Proton recoil energy = El - £, .

The energies of the proton recoils £:on—the first three
neutron collisions are tabulated in Table 3. After 3
collisions, the proton recoils make only a small contributicn
to the dcse compared to the firse three ccllisions and
their contribution to the dose is therefore neglected.

The LET values in Table 3 were determined by interpclatisn
and extrapoclation from data in reference 3, The s(g‘aq) values
in Table 3 are taken from reference 10. The values for G(H),
G(E,0,) and G(OH) were calculated from a diffusion kinetic

modelll



Tasle 3
Collision + £_(Mev) Z_(MeV) wzr M85 G G(Ep0, GlOR) G ey
2 .
, R 238 .49 .91 .46 .21
. .24 .35
. _g9a 438 562 .30 99

Znergy weighted G values for above shree groups of proten
energy are 3(H) = .31, 3(3,0,) = .95, &(0H) = .37, G(&;) = .833 and

3(e”,.) = .15,all in units of particles per 100 eV absorbed.

q)
We performed two groups of caleulations using our computer

code WR122 which is a modified version of code WRZOLZ.

Since there is some ambiguity of the actual pE of the water | —
we made the calculations for 2 pE's namely 6_and 8 (measured

at room temperature), assuming in the £irst case that pE 5

was achieved bv addision of boric acid and ia the second case

by addition of the same amount of boric acid ané the regquired

amount of NaOE. The calculations were carried out for a

temperature of 280°F under non-boiling conditions and the

ac=ual 57 and COE” concentrations at that temperature wezIse

saleulated for she abcve mixture and used. As confirmed by

sur later calculations, we found that the results wers ROT Very

sensitive o the »E in this range.



The first calculation served =0 verify that during ncrmal
full power operation (with mixed neutson and Y zadiasien), the
steady stacte soncentrations of 52, Hzoz andé Cz are small.

We used =he dcse rates cized in the text. Tor the J vields,
we used the following G values: G(CE = 2.7, G(H) = 0.45,
G(2,0,) = 0.7, G(c'aq) = 2,81, G(B,) = 0.45.
The neutron G value have been described in the tex:.
The ratio of dose rate to nout?on dose rate was about ten
to one anéd weighted average G values were accordingly calculated.
We assumed an initial O, concentration of
0.1 ppm= 3.12 x 1078 M1"! (maximum permissible 0, concentration,
table 5.2-1213). The initial hydrogen concentraticn used
was 1 x 1073 Ml'l, a value in the middle range of values
specified in the above citcd.:ablc. For the calculations
to be realistic, we had to take into account the water

circulation in the core, We used a value of 137.5 x 106

1bs.
water hr'l for the circulation rate and a total coolant volume
of 2.14 = 105 Lls. From these data and the water volume in
the core we calculate that the total water volume circulates
once every 23.6 seconds. As an apprcximation, we assumed
that during this time, the difference in concentration
of a species in the core water and the ocutside loop is
reduced by a factor of l/e.

The results for the first group of calculations can De

summarized as follows:



A. Oxvgen ssncentrsaticon in the core water dsops 2o

[ b
Pig. 2)

o essenzially zero within 14 milliseconds

Q

-

3. A szeady staze concentraticn of about 9 x 10 MWL S

-3 - ‘e is =eached afser 30-100 ailliseccncas

C. The oxygen concentration in the circulating loop
after 100 seconds has diminished to 1.44% of the
initial value (Fig. 5).

D. At the same time, the 3202 concentration i the
circulating loop has essentially reached a

steady state of 9 x 10~ me1 L'l ¥rig. § and 7).

The second group of calcﬁlations was éaﬁ:icd out for
the time 16 hours after shut down when beiling of the water

020 v -t -1

had stopped. TFor the dose rate we used 3.4 x 1
which was calculated frem the data in Appendix A, and zero
neutron dose since the asymptotic total neutron dose (Table VII,
Appendix A) wasnegligible compared to the J dose. Actually this
asymptotic neutrecn dose is higher than guoted ia the
table by a factor of 10 due to the éontribtticn of the
¥ -n reaction on the deuterium in the cooclant Qa:erls
but this value is still negligible and is neglected.

The calculation for the initial cendition {32 and O,
concentrations in the water) was base? on a bubble size

(8,, O, and steam) of 1471 £z’ at 180°C and 970 psi.

We assumed =zhat Juring =he boiling stcichicmetric amcunts o2
'



O, and H, were produced with a G value Zor 7, of .225 molecules
per 100 ev energy abscrbed in the water (one=half of G(H,)).

We alsc assumed that nc gas producticn =ocok place Iin uncovesed

"

sortions of the core. We Zfurther assumed that the fracticn o
2, ventad out during the beiling pericd was egqual 0 the
fraction of hydrogen and steam (added together) vented during
this period. We arrive at a ratio of oxygen 2 hydrogen in
the bubble at the end of the beiling period (16 hrs. after
shut down) of 0.7%.

For the O, concentration in the water, we obtained a
value of 2.6 x 10”4 mol/l. We calculate the hydrogen
concentration to be 5.7 X 10°% mol/1.

The details of thase calculations are given in
Appendix 3.

The flow of cooling water in the core was taken iato
account as described for the first group of calculations,
with the following modification:

1. The flow rate was reduced by a factor
of 5 since only one pump in one
cocling leg was in opc:adon“.

2. The total water volume was reduced

by the volume of the bubble
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«=ese irizial zondiszions and assumptions anéd the

cce

descrised abcve, we cbtained resul=s =-at can e

Wisnain abouts 230 seconds after boiling

ceased, the 02 in the core water is wotally
removed if during this time no further

oxygen is dissclved from the bubble (Fig. 8).
The oz removal curve for the cocling locp

(not sheown) is essentially the same 2xcCept

for a slight delay due to the finite
cizrculation rate.

The rate of removal of oxygen is approximately
linear with time and therefore independent of
O2 concentration within a wide range. TFrom

she rate of removal at the dose rate used,

we calculated an approximate G value for cxygen
removal, G(=0,), of about 1.4 molecules/100 eV.
The behavior of the 3202 and ¥, concentr tion
in the core water is shown in Figs. 9 and 10,
respectively. The corresponding curves for

«he coocling locp (anot shown) are very similar,
Similar calculations for lower dose rates which
prevail at longer times after shut down vyielded
analogous results and approximately the same
value for G’-Cz).
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The value of G(=0,) gupted above was estimated in tne

"

fsllowing way: <the curve ia Fig. 3 shows a slope of about

2.2 x 1074/280 (mol 1™*s l), =ne irradiated water velume i3

e

17853 L. Therefore, =he =otal energy depcsited per seacnd 13

20 24 -1

3.4 x 10 x 17858 = §.07 x 10 aVs

-

The total circulating water velume is 177400 L. Therefore, the
total amocunt of 02 removed in 280 s is
2.2 x 1074 x 177407 = 39 mol O,

Thus

23(molac. per mol) x 100 (eV)

L

I~ 39(mol) x 6.02 x 10

G(=0,)
. 24

280 (s) x 6.07 x 10 (eVs™

= 1.4 mclecules o:/loo aVv

These results show that the only time oxygen was produced
was under boiling conditions-during the £irst 16 hrs. after
shut down. After this period our calculations show that
in the worst case only about 0,7% of O, ~zuild have been
contained in tha bubble. After this period, no further
production of oxygen could have occurred. In fact, the
calculations indicate that oxygen would be continually
consdhnd, the rate being =ssentially determined by the rate
of dissclution of oxygen from the bubble. Even under full
power with mixcdfand neutron fluxes and a very small
hydrogen overpressure of about 1 atmosphere, oxygen would

not be produced but actually consumed until a non-measuxadbly

low steady state concentration of oxygen is reached.

le
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INERGY RTLIAST RATTS INTO THE CORE CTOLANT

The enerzy deposition iz the coolaat as it flows chrough the T™MI=I iTe
{5 srizarily due 20 =wo sources: Zamma (y) emissions and Seca [(3) decar. A
terziary source resulss frem the zeutrsn Ilux interaciioes wizh the water and
soludble borcn, aowever, after shutdown i Is relacively =2izor iz comparisom Wild
she Y and 3 sources. a descriptiom of the calculatiocmal procedure which was
amploved to produce the Y and 3 release Taces follows iz Section I. Sec:zion II
describes the approxization by which the esergy release rate iz zragsformed iaco
an energy abscrption rate. For completaness, az estizace of zhe neuzron Ilux
level following neutronic shutdown is presenced iz Sectloz III.

I. Y and 3 Zoergy Release Ractes

A simplified calculaciocal msdel for TMI-2 was created for the required
caleulations. Relevant details comcerming such quantities as the heavy zecal
loadiag of the izitial sore, pover densities aand rod design were obtained Irocm
the Final Safecty Analysis leport. When certain secondary dectails could zot Dde
obtained from the FSAR, tvpical values were utilized from sizilar plants. A
summary of the calculacional parameters which were utilized in the T™™MI-2 3cdel
is preseunted ia Table I.

The vy and 3 release rates were calculated with the ORIGEN® code. ORIGEN
{s a point depletion code which solves the first order differencial equacions
which descride zhe production and decay of the various suclides. I chis analysis,
the cross section library comtaized 821 fission product ouclides, 146 light
elemencs and =materials of comstruction, and 99 heavy zuclides plus their daughters.
The code plus cross sections were benchmarked agaizst the ANS decay heat staadarzd
and shown =2 produce reascmably accurate PWR spent fuel decay heat informacion.

The ORIGEN isput was created to zatch the information of Table I: <the
key quanticies were the heavy zetal loadiag, power level and bdurzup. The
output vields directly the total release rate (y + 3) and the y release rarte.
The comtributicn from the 3 particles is, therefore, inferred Irom these tTwo
values. The accuracy of :his inferred value is limited due tc the fact that
the ORIGEN output yields only 3 significant digits. Table II lists the photon
energy release rate (MeV/sec for the entire core) as a funmction of ctize afzer
seutroni: shutdown and Tatle III presents the correspounding values for the 3
energy release Tate.

r-

II. v aod 2 Znergy aAbsorptioz Rate in the Coclanmz

The energy release rate values of Secticn I can bde tramsiormed iato whole
zoTe ene~gy absorption rates by utiliziag the followiag approxizacions. Fizse,
iz is assumed that the entire photon populaction is absorbed withiz the oTe
boundaries. This, of course, is a conservative assuxmption. Secondly, tRe
iraczioa of photons which are absorbed ia the coclant is assuTed 0 Je 22ual
to that fracticm of the homogenized (whole cors) =:acToscopis zhoton Tamoval
ccoss secticn whizh is due o the ccolant alome.
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.ne exec;. :Z cthe photom; this dependency will Dde neglected iz this approxizace
analysis 3o as o render cthe problem zanageable. Instead, attenuation coeffi~
cients are selacted a:t the emergy tSear which the great =ajority of photouns are
released: L “eV.* To furcher sizplify the analysis, the Iizc=¢é axcd scoucsural
steel in the core is assumed o absord photons it the same Tate as e element
iron (Fe) does. Likewise, che heavy zetal fuel absorption is andelad by lesad's
(2%) Y-absorpcion properties (this assuapetiom, iz facs, is utilized by 3&W L
their analysis of TMI-2.) Wizh these assumptions, the core photen absorptiocn
properties are modeled as in Table IV. Thus, to a firsc appreoxizacion, it can
be assumed that the coolant absorbs about 12.6% of the total photons released
by the core.

Camma 1--2nuation (or mass attesuatiocn) coefficients are depencent upea

Ucilizing a slightly different approach, the coolant absorptiom Szaczion
i3 arrived at via mass attenuation coefficients as shown in Table V. 3y usiag az
average water demsicy of 1.0 (a comservative assumption) the fractiocm of photous
absorbed within che coclant is coincidentally equal to 12.6% again. As the Two
models agree so closely, this value seems =2 bde an excellext approxization withiz
the context of this azalysis. X

The TMI-2 FSAR (Appendix 6A) comtains a short description of a calculation
concerning gamma absorption iz che coolant following a LOCA and a MEA (maximm
hypothecical accident). [The latter includes the release of 1 of the sollds
and 50X of the haloges inventory and therafore has greater activirly tian would
e expected for TMI-2's current situation.] The LOCA apalysis will serve as a
cetter reference poixnc.

The 3&W (FSAR) analysis uses an unspecified propriecary code: salieat
differences are as follows. The ORIGEN code has over 800 explici: fissicn product
ouclides and hundreds of heavy zetal and s::uc:gial isotopes. The 3&W code has
only 200 £ission products modeled aloung with - ¥~ and ngU. The zeglect of
the remaining isotopes could lead o zom—conservative results, however, details
are too sparse %o allow such a predicticn. The B&W code also allows 3 penetration
through the cladding and energy depositiomz into the water outside the core boundary.
The cumularive effects are to increase the zotal absorption rate by 5+7i. Finmally,
the FSAR analysis was for a core at 520 FPD as opposed to our calculations ac
60 FPD. The impact of the burnup differeatial will be discussed bdelow.

Figure 1 reproduces the LOCA energy deposition curve* versus tize. also
depicted is the energzy deposition imto the cooclaat as predicted with the
ORIGEN code iz comjunction with the assumptions describes above, l.e. 12.62 of
the total will be absorbed iz the coolant. (The cumulative emergy deposition
vas found by applyizg piecewise comtiaucus trapazoidal and Sizpsen iacegratiocn
to the values of Table II.

‘"he seglec: of :the emerzy dependency of the attemuaticz ccefficlents
sbould Ye a second=order effect.

*eoMI-2 FSAR, Vol. 3, Chap. 6, Fig. Sa-3.



Ts san Se seen -ha:t the CRIGEN values agree with tle TSAR 7alues =S Willid
a facszor of l.4. ORIGEN, =0t surprisingly, produces tle 2oTe scaservactive
values detween the Two.

The effact of Surnup upen zhis curve was estadlisned 5y comparing ilnstaacacs
~eous Y~-relaase rates (as opposed to the cumulative enerlgy cepositicn cJurve 32
Tiz. 1) Zrsa the poiac of shutdown zo 30 days after shutdowm. The rasio 32
y=velaase races for 3U = 20,000 MWd/t (392 FPD) co the race at 2,000 ¥Mwd/=
(80 FPD) ranged mcnmotomically from 0.37 at shutdown 20 1.9 az 30 days. The
affect of increased bSurnup would shiftc the slope of the ORIGEN curve iz a
iirecsion which is more comsistent qualitatively with the shape of the 35W
surve; quantizatively the ORIGEN values would thez De wizhia a facsor of 2 of
the LOCA values. 1t is comcluded =hac che CRIGEN values, 12 combizazion wish
a coolant absorption fractiom of 0.126, will yield acceptably accurate values
for the Y-energy depcsition.

The 3-energy deposition values zust be created from che values of Table III
by accounting for 3 pemetration of the cladding azd the possible release of
(primarily) fission products directly iaco the coolant. PemetTacion of the
cladding should comtribute only 2+3 percent to the total energy deposition.

An estimate of the amount of heavy metal and fission products which were

released iaro che c=oolant must be made iz order to account for the second
3 source.

III. Neut-on Flux Lavels

The neucron flux level after reac:or scram is composed of several parts.
Firsc, che full power flux level decays awiy, anormally within the period of
about 100 milliseconds. Secondly, the eq librium precursor comceztration
from full power decays, which produces a s.gnificant geutIon source over a
zime period of ~30 =inuctes. Lastly, the flux will reach an asymptotic level
which represents the multiplication of the residual sources (spontaneocus
fission, a=m and the startup sources) which remaia after cthe first two flux
components have decayed to negliable values.

l. Flux Level Calculatiocnal Procedure

The neutron flux level from the first two comtributors is calculated
via standard point kinetics with 5 delayed zeutTom groups;

a-==°ﬂ+§xic,. (1)
eff  iml ‘
and
)
c,.-—x. CL—:-:\. (2)
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The :omputer code REXINS- was ucilized o solve Zgs. 2 snd direccly yiald
she ‘lux level from this source. The zramsitiom co the asymptoctic flux lavel

sas approxizmated by sizply superisposisg the above solutiom upon the £l
level which resul:s from the aultiplicacion ~f the spomntazeocus Zfission, =2
source and the scartup sources as descrided bdelow.

The asy=ptotic steady=state source =ultiplication cterz of the pelat
xiaetics equation rTeduces =0

S
Sml: i'T, (3)

with s representing the neutron release rate (n/sec) of the individual source.

EZquation J yields the steady—state zeutron production (o/sec). Wheu this
value i{s mulziplied by the effective neutron lifetinme, 24¢¢, the Iotal
average neutron population (# of neutrons) at any poiat ia time is realized.
The neutron density is then formed:

neS_ . tee/Tolume (a/e=). * (&)

The classic zeutron flux can now be-defined as

9527 (n./e.az-«c). (5a)

-2
e lB] et = s 1 ’ (5b)

Voluze [o Z, Volusme

wich v representing the average velocity of the zeutron (approxizated as 7.

Lct! 2‘

and I, being a flux and core averaged aacroscopic abosrption cross sectiocn.
The prompt neutron lifetime (30L) for TMI-2 is ceported to be 2.7! x 10=3
seconds. ([Two different approximations for the effec-.ve zeutron lifetine
ueilizing the calculational model of this study yielied values of 3.1 x 1073
and 1.2 x 10"3 seconds.) For purposes of this approxizate calculation, the
FSAR value of 2.71 % 10™7 geconds will be utilized as approxizactely equal

o Legs-.




2. Sourze wce Seliaizions

The seusron Talease rates (s) iz the cores Teglons ar: astizacted Itom
] separate compoments: spentadecus Iission of the actinides, =-m Teaciicus
(L.2. the productios of 3 parzicles 7ia a=day i3 tradsurazils azd cheis
sudseguent iateraction with 4’0 and 280) and c=he scarzup sources. ORIGZN
srovidas the spontanecus fissicn iaforzmation Via she followizg approxizacion
sor vi

v = 2,8 +0.1225 (4 = 244), (8)

with A represeanting the atomic weight of each spcatanecusly $issioning zucilide.
The energy dependence of these deutroms is 3oC explicitly given; however, It

i{s adequately approxizacted with the 233y fission spectTum. Thereifore, the
figsion neutroms will have a mean emergy in the range of l+2 MeV. The validicy
of this approxizmation has been checked against selected zucllides and has deen

264
shovg to be reasccable (see, e.g., DP=984 and D!f939 for Z“ZCa, Ca, ZSZC:

and —8py).

During startup, externmal sources (Am=Cz—3e) are utilized co Initiate
she zhais reaction. Our informatiom, as of this date, is thac I fixed scurces
wvere in place at the time of the accident. Each source has a’ scrength of 1.4
x 10° n/sec. Since the reported stremgth has only 2 significant digits, varia~
tions in che strength over time are neglected as second-order effects. The exac:t
location of the startup sources is not specified and zust be assumed. 4 conserva©
tive assumption is o place the sources far emough iato the core so that all of
the released zeurrons are effectively multiplied and exhibit the characteristic
£lux shape/spectrum iz the core: this s equivalent Io assuzizg a homcgeneous
dissribution of the axcermal scurces throughout the core. (Iz additiom o being
conservative, this assumption is comsistent with the methodology utilized pre~
viously.) The flux level is them calculated via stasdard source zultiplicatios.

The === source is predicted by ORIGEN via the followizg:

seutrons/alpha disiategration = 10~10 Ei-ss. (7)

where I, represent: the alpha particle energy iz MeV. Eguaticn 7 is bdased

upon experizental results from 233?u02, vet is applied %o all alphba emitters.
The validizy »f this approxima:iom is 2ot kuom; bowever, the impact will Dde
insignifican: as the stactup source deminates tle total source ter:. The 3eaz
enerzy of these zeutrons, for several particular isotopes, was in the Taage of
~2.5+3.0 MeV. Thus, the zeutroz spectTa appear to be sizmilar o the spontazeocus
iission spec:zra, but with a slightly higher zean energy.

Table VI liscs che Zixzed (starsup), = = and spoutazeocus fission zeutron
sousces as a function of tize aftar shuzdown. The values are relatively con-
szant due =2 the axtremely long half=lives associated with 3cst of cthe
detaraiaing reactions and decay chaics.

'
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3. VNeutrom Tlux Lavel Resul:cs

Tables VIIa and VIID list che zeutron flux levels which resul: fream
Zq:2s. 1, 2 and 3. The shutdowm keszs value is 20t accurately kaown; therfe-
Iore, two representative values were chosen (0.%9 and 0.38) =5 illusctrate cthe
esfect ujon the seucron flux levels which can result from varyiag this quaasizy.
duriag the solution of the point kinetics equations (Zqsas. 1 amd 2), the sautdown
lechanisz vas a linear reac:tivity razp izmposed over 1.5 seconds (zhis corresponds
dpproxizately to the tize required to SC3AM). Varyiag the ramp rate had liztle
perceptable effect upon the values, thus the approximation was deemed adequacta.
it sbould be stressed that flux levels of Table VII are based upon the assumptico
that chere i{s no flux sbape change during the transiest. 7Tha: is, the speccral
shifc winich resul:is from the shutdown mechanism is negleczed and does 20t emter
eliher the azmalysis or the spectrum discussicn of the following subsectioz.
Addicionmally, cthe sourse zultiplication term is based upon an approximate

value of 2; (Zqta. 5). As such, the flux values are approxizmace.

4., Neutrom Flux Zoerzy Soectrum

The energy spectrum of the combined neutrom sources will be primarily
dependent upon the lattice parameters and slowing down properties of the core.
The components of the neutron flux are all created wizhin the fuel, and will
thus form their representative energy spectrum iz the same fashioz as czhe
fission neutrons did during full power operatiom. The only differeace is iz
:he neutTons' initial emergy. The fixed startup and spontaneous fissiom
jource neutTons have inirial energy spectrums which are very siailar o the e

fission source, therefore, the resultant ce'l averaged spectrunm will be
virtually idemtical to the spectrum present duri ;g nor=al operation. The o=z
source has inicial ecergy spectrums which are s/ ailar ia shape to the fission
speciTum, but with zean energies which are higher by ~1 zo 1.5 MeV. These
aeutrons would, of course, lead o a harder resultant spectrum than the fission
feutIons would. EHowever, the difference between it and the spontanecus fission
deutrom contirbutlon should be relatively small. Thac is, iz a light wazer
2oderator environment, the differene between a spectTum which results from
fission neutrons at 1*2 MeV and the spectrum from 3-u reactions with energies
sominally near 2+3.5 MeV would be virtually elizinated by the domimant slowing
down properties of water. High energy (i.e. ~1 MeV) seutron reactions would
inzrease significanctly, however, this should Se a second=order effect (glo=
Sally). Thus, the zeutron spectrum which results ‘rom the 3=-u, the spontaneocus
fission neutrons and the fixed startup scurce should be approxizately equal o
the specirum which was present during full power cperaticam.

The delayed zeucrouns, which were created duriag the full power
operatiom phase, typically have apergies iz the range of 250+560 keV. These
energiles are szaller than those of the previously descrided sources, Sut a0t
considerably so. More ‘mportantly, these energies are above the resomance
fange, aod cherefore, the delayed neutroms will bSe affeczed by nearly all 22
the izportazg slowizg dowm processes: the only relevant spectTal effec: wniza
*s 2ssiag Ls, of course, :the 2igh energy effect. The effec: is 2itizated :2
4 cousiderable extext due o the zuliiplicaticn of the dalaved neusrans by ths



98, che s7s%e3 3ulsiilce”

’
.

r exazpla, iz the case wnere Xgausisum * O
- toans wi.l e 2 Zfelaved

- - ’
ot s - ® .3, Thus, only 1 of every 3C 1eu
utTon and the speccral iapact is zegliable.

The enerzv spectTum of the cell averazed neullonm 21ax 48, cheselaTs,
aporoxizmaced wizh the full sover spectrum. A :vpical 5 group steciTul LS pE 14 1
- 1y--——

‘2 Table ViIil Zfor full sower aad L3 =iauctes after shuldowm. Adcdizicnal.?, =2
inferTed aeucTon dezsicy values are also liscted.

5. Apooxizate Neutron Znergy Depcsition
Jurizg Ther=alizatioca °rocess

An estimacte of the energy deposition in the 3oderator which Tesulls

rom the asuc=sn flux was sade with the followizg assuzptioms. Fizst, IR
cno:zy deposiziocn zechazism iz the coolant is assumed to De scatteriag: 2mergy
release due o adbsorptiocns L. neglected. Secondly, the therzalizaction proccss
i{s typified as occurring exclusively iz the moderator regionm (& conservati
assumption) and that each zeutron losses 2 MeV during the process. Tuis las‘
srizeria resul:ts from the fact that the average fission neutron ese.?y 1is
~2 MeV and that ~99.8% of all seucroas slow down o at least group 3 of the 3
group sctructure (.0 of gzoup 3 = 553 eV). Therefore, the energy loss per
seutrTon is approxizacely 2 MeV.

The zeutron source rate which procices the flux levels iz Table 7iI
.4t be inferved by reacrrangiag Eqta. S:

. R

-

$ = Smule : - Volume (:./caz-uc). (8a)
a core

or

s:ul: - 3 2‘ . Volun.co:‘ (a/sec). (8s)

3y inserting a flux value into Eqza. 3b (alomg with the core average =acroscopic
ross seccion and core volume from Table I), the neutrom source rate is found.
Siace 2 MeV are deposited per zeutron, the energy deposition Tate is

* . 1 { /
Dn -2 9 ‘. V°‘““;o:. (MeV/sec=core), (%a)

er

D = 1.40878 x 10° » eV
a sec=core

{9%)



<3 che csnservative assusptisn tha:s d-2 of cthe energy is le?
soolanz, zhe uaiis 27 Ig%a. h are alsoc Mel/sec=szoolaaz. OF
io0lant refers anly 1o that volume 3f vater wnich i3 wiszhia o
tlergr=ceposition densities saould de dased upom :his voluze, aes

surse, :2e
re councarcies:
zhe core
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TA3LI I. Three Mile Isiand Lalt

9 At

2 Calsulacicnal

arazecass ZIar laizial Loadin

Jovers, MWt
Pover Density, W/l core
Core Voluze, 1
Tuel Assem:lv Volume Fracctions
Fuel
Moderator
2ircaloy
Stainless Steel
Vodid

Inicial Loading

xg U
<3 25y

Average Zarichzment wtl
Power Density MW/MIEM
Buraup MWd/MTEX

Zffeczive Full Jower Days

Ag (longest lived precursor), sec™t

Za (9 weighted)

n -
-ii-

30.0

30,790

00303
0.380
0.102
0.003
o.ou

82064
21l

2.57
33.78
2000
59.2
0.00691

2.71 x 10™3

0.0124

2.28773 x 107%




=i3LI II. 4gzsa Ralease Racas alter NeuITonil
$auziown. MeV sec, Iatize Lore
Pazzens =2
—ains TaemEns, Tiasion Actiaides anc Tocsl feom
P - 7 caad ans 3sTusstuse ?Tocucls SaughtaTs Fissisa ?rocusse pt £+
ssdswm 3.88 <16 1.06 «20 1.36 45 $5.3 3.178 «32
iz 7.90 <16 1.6% <20 1.20 #+19 93.3 1.811 *38
0uT 7.37 1§ 1.1 «20 1.03 +19 3l.4 L.206 =29
ours 7.33 +16 8.47 #9 9.64 +i8 89.7 9.442 *19
a0uss T.72 #+16 4.% +19 8.56 +18 85.0 5.012 *19
neurs 7.89 +16 3.73 #9 7.28 18 83.5 -.4606 "".9
zavs 7.66 +1§ 2.51 +#9 4.05 +8 85.9 2.923 *19
d8° 7.58 +16 2.06 9 2.25 *8 89.9 e:293 *1%
davs 7.44 +ib 1.46 +#9 5.28 %7 96:3 1.520 *i9
davs 7.13 +16 9.16 48 3.35 #6 98.9 9.265 *+i8
ia-s .77 #16 §.48 43 3.87 w3 38.9 6.552 -1




TASLI III. 3eca lelease Razed altzer NeulTeonlic
Shuzicwn, MeV./ sec, Iatzire Core
2escent of
wight Toemezt, Tissicn actinidas anc Total 223
.38 e=dd and Ssriccuce 2eoducr: Caughters Fission 2Taoduss
autdown 9.55 +16 S.41 +20 3.4 +19 93.9
3 adla. 8.99 +Lé 1.34 +20 2.61 19 83.%
. mour .39 +L5 §.49 <19 1,47 +19 85.2
. aours 8.92 <15 6.62 +19 1.11 +19 85.5
.2 Rours 3.68 +lé 3.56 <+19 9.46 =18 78.8
'+ 2ours 3.49 +16 2.35 +19  7.96 <18 74,5 '
; davs 7.93 +16 1.47 +19 4,42 18 - 78.5
I davs 7.49 =+lb 1.22 +19 2.46 +18 82.8
- 6.62 <16 9.17 <18 $.79 17 33.4
0 days 3.43 ~+l6 6.30 <18 3,8 <+156 98.3
iC days b.36 =16 4.87 +18 5.90 18 99.0

iZzual %o the difference detween the total release rate (y=3) aisus the Y Telease
race: since only 3 digits are yielded Zrom CRIGEN for these guaatities, the
acsuracy of the above numbers is less than the number of digits presenied.
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Coefflclent®
Reglon (Materlal) (Ref. 3)
Fuel (Ph) 0.0684
Clad and Structure (Fe) 0.0595
Hoderator (H0) 0.0706

TABLE V.

Photon Attenuatlon - Model 2

Mass Attenuatlion

Assumed Denslty

(g/cc) Product
10.4 0.7114
6.5 0. Ji6H
0.7+1.0 0.0635

(uslng p = 1.0)

|

Product Pervent ol

Averaged Howogenlzed Total
0.2155 /e
0. 0400 R
0.036Y 12.6
0.2930

Howmogenltzed

Total

5iuhcvvf;u (c-zlg).



TA3LI =, GeusTon Souszes afzer VNeuszrszi:i Shutdcwm, VeutTons, sec
Tirzad Neuszon Soontaneous

<3 iousse =8 Tissicn Taza.
Shuzdown 2.3 =9 1,22+ 5,40 = I 2.818 =3
15 mia. 2.8 9 1,22 #7 5.40 + | 2.818 <9
1 hour 2.8 # 1.22 =7 5.40 =6 | 2.318 =3
2 hours 2.8 W22 7 5.40 6 g 2.818 9
10 hours .8 +§ 1.23 <7 S.41 +6 E 2.818 -
24 hours .83 1.26 +7 5.42 +6 I 2.818 +9
3 days 2.8 =9 1.26 7 Sl +6 g 2.818 =3
5 days 2.8 4 1.27 +7 S.43 6 2.818 =9
10 days 2.8 =9 1.29 +7 5.42 =5 2.818 =9
20 days 2.8 ¥ 1.29 «+7 5.40 +6 2.318 =9
30 day .8 #9 1.29 +7 5.38 #$ 2.818 +3
a 24U 236

-

) a bk
e.g.  Pu g3 U, and subsequeat O + a = " Ve + 3.
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- . - - . . 4 9 L/
"ASLI TIza. Total Neuszom Tlux Levels (a/ca==sec) Kghysdowm * -7

Starsup,
Sponzaceocus Fission Residual Full Powver >

iz ?lus a=a Sources ?lus Jelaved Yeu:zrccus Totald
Sautdown 3.960 <5 2.79Q0 =14 2.790 <ls&
0.5 sec 3.560 +5 1.826 +14 1.826 <+lé
1 sec 3.960 <3 1.292 +l4 1.292 ++lé
5 sec 3.560 =5 6.836 =13 5.836 L3
30 sec 3.960 +5 2.430 +13 2,630 +L3
1l adn 3.960 <5 1.175 +13 1.175 <13
< ain 3.960 <5 3.467 +12 3.467 <12
3 aia 3.960 +5 2.253 <+l 2.253 +1l
10 aia 3.960 +3 5.830 +5 5.630 +9
15 mia 3,960 +5 1,495 +8 1.499 =3
20 mia . 3.960 <5 ‘ 3.975 +% 4,371 +%
2S5 min 3.960 +5 1.057 +5 3.017 <5
30 mia 3.960 +5 2.809 <3 3.988 +5
35 amin 3.96C +5 74,682 3.961 <5
40 =in 3.960 +5 1.985 3.960 +5
<3 min 3.960 +35 0.053 3.960 +5
1 hour 3.960 <5 - 3.960 <5
2 hours 3.960 <5 - 3.960 +35
10 hours 3.960 +3 - 3.960 +3
1 day 3.960 <5 - 3.960 +3
3 days 3.961 +5 - 3.961L *5
5 days 3.961 <5 - 3.961 5
10 days 3.96L +5 - 3.961 5
20 days 3.961 <5 - 3.961 <35
30 days 3.961 +5 - 3.961 +5

dipproximate cthermal (S < 0.625 eV) £flux can be obtained by taking
172 of this cotal value: see Table V and section III.



TA3LI VIZs. Tozal Neusrem TLux Lavels (a/3=v=sel) Kgauzigum ° 00 7°
SRarvas.,
Spontazeous rissice Resicdual Tull Powver

pé T 2lus >= Souczce 2lus Celaved NeutTons Tosa.t
Shutdown 7.500 = 2.790 +i4 2.790 =l
S.3 sec 7.6800 = 1.348 +lé 1.348 =i-
L sec 7.500 =< 8.260 i3 8.250 i3
3 sec 7.000 <+ 3.745 <13 3.745 +i3
30 sec 7.600 =% 1.173 +13 1.173 +13
1 mia 7.800 =4 5.365 <12 5.363 <12
2 aia 7.500 + 1.469 <12 1.469 <12
3 ata 7.800 =% 9.225 <10 9.225 +10
10 ata 7.800 = 2,233 =9 2.233
L= 7.500 =4 S5.648 =7 5.836 =7
20 aia 7.800 =4 1.429 <7 1,637 7
e =iz 7.600 3.617 = 1.122 +5
30 =da 7.800 = 915.5 7.882 =
35 =dia 7.600 = 23.167 7.802 =
30 zia 7.500 = 0.586 7.500 =
43 =da 7.500 =% 0.015 7.600 =
1 hour 7.600 = - 7.600 =~
2 nours 7.800 = - 7.600 =~
10 hours 7.5800 =% - 7.600 =
1 day 7.600 = - 7.300 =
2 days 7.801 =6 - 7.60L =e
5 days 7.601 =4 - 7.50% =
10 days 7.902 +6 - 7.302 =~
20 days 7.802 = - 7.802 =6
30 days 7.802 =4 - 7.802 =
dapproxizace therm=al (E < 0.625 eV) flux can be obtaized >y takiza

175 of chis cotal value: see Table V and section III.
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ASLE TTIZ. Approxizase Neusron Inergy 3pectiul

Veucrsa Tilux 3pectzra (Neu:rToans/s3v-sac
full 15 Minucas
Zaerzy Z3ergy Vormalized Power After Shutdown
Group Ranze co 100 Values (kg = C.98)
1 0.821-10 MeV 23.6 6.58 <13 1.33 +7
2 5.33-821 keV 2.7 9.14 +13 1.85 7
3 1.855+553 oV 23.9 6.68 +13 1.35 7
B 0,625-1.855 oV 2.8 7.70 +12 1.58 +%
5 1073+0.625 eV 17.0 4,76 +13 9.60 =6
Totals 100 2.19 <+l6 S.65 <7
Seutron Density Spectra
Full Power
Density
Lethargy L & a
Zaergy Range " _ v (E(u)] a ¥ Norzalized
Geoup [u ¥ 1a(l0 MeV/E)] u E (u) (cm/sec) (Neutrom/cz®) o 100
1 2.5+0 1.23 2.865 MeV 2,370 +8 2.7786 = 0.012
2 9.803+2.5 6.152 21.303 eV 2.063 +8 4,474 +5 0.195
3 15.5+9.803° 12.632 205 o¥ 7.923 +6 8.431 % 3.671
- 16.588~15.5 156,044 1.077 oV 1,453 +6 5,299 6 2.308
5 .27.531-16.588 22.120  £.025 &v® 2.20 +5* 2.156¢ «8*  93.81.f
(19.81)8

v (a weightad) = 1.2133 x 10° ca/sac

-Assuming a Maxwellian distribucsiosa #2 the ther=al 3roup.
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722 SX7GIN CONTEINTS OF THE 30332
1 Tezal xvgen productien
a, Radislysis under pazsial zeciling csnditions
Table 1
Time Interval Avg. Dose Total Effeccive
Af:=$=ShE:‘Down 20 Efl Y 24Dose -1 gsfifiegcy zaos: Y
(Zours) (10°ay L™ s °) 10" " eV L Facsor 104Y eV o
0-1 12.48 ' 4.49 0.8 3.3%
1-2 i 7.42 2.67 0.7 1.87
2=3 6.24 2.45 0.35 0.72
3-3 5.62 2.02 0.3 . 0.84
4-8 $. 7% 6.78 1 ‘ 6§.78
8-14 3.81 8.23 1 8.23
14-16 3.46 2.49 0.8 1.99
) TOTAL 23.86

2zeflects partial covering of core and/cr
incomplete boiling. Values are considered

conservative.

Maximum O, produced by radioclysis:

2.386 x 103 x 0.225

100 x 6.22 x 10

= 0,089 mol

or 0.089 x 17900 = 1593 mol oz{total)

-~ -1



(3)

3) 0, added with Zfeed water
Air satsuration assumes

- -

234,000 sal = 1.075 x 10°

Total hydrogen production:

burned in Containment: 226 1lb. mol = 10.25 x 10

Still in Containment: 80

in Bubble and Solution*

L H,0 contain 250.5 mol Oy

stal 0., procduced or acdded (worst case): 1343 a0l 02

4 mol

B

l1b. mol = 3.63 10" mol

A

8.87 x 10* mol

Total 32 Produced

c) Steam produced

284,000 gal. 5,0 produce

Steam and gy in bubble
Volume of Subble: 1471 £&°
Temperature: 250°F = 138°C
Pressure: 790 psig

Partial pressure 0f steam
and bubble:

Partial Pressure of Hz
(CD2 neclected

8, in Bubble: §3.7 x 41630

22.75 x 10% mol

1.075 x 10° kg
5.97 x 10

41,630 L
411 X

67 atm

3.3 atm

63.7 atm

273 . 7.36 x 10% mo1

és.4

Steam in 3ubble

*See calculaticn below

all

4135 mol



(4 Sonszents 22 solucion .
voioe o2 2.0: 19,000 % - 41,830 L = 177,490 &
Sisssizusisn of zas seswean duzsle and selusion:
8, (Suchale) 5% & '
2 s ’ e +l,630 273 - - -z
2, (831) ~/7,490 x 0.02 3L1
O, (bubble) -
3 Tt 41,630 . % o 130
Ty e— - - .
9, (sol) TYV,300 x 0.0L3 b § |

Thereiore 32 in solution:

7.86 x 10%/7.79

(S) Fraction of Hz anéd steam not vented

Table 2

Amcunt

Amount
in Bubble
(and seolution)
(mol)

Produced
(mol)
. 2.27 x 10°
" o
seam 0.60 x 10°

8.87 x 10%

0.41 x 10°%

.87 x 10°

Fraction of H, + steam retained in

Assuming that the same fraction of

this amount

Thereifore
0, in bubble:
S, = soluticn:

in bubble:

concensra=icns in solutien
: -2 R, |
8,: 1.91 x 107/177,400 = 5.7 x 210 sl o
CZ’ 48 7377,400 & 2.5 x 0" =8i o

9.28 x 104

RCS: 0.323.

£9 0.323 x 1843 = 395 mol C2

549 mol

45 20l

C, was retained,
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