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1. Sources of Oxygen--Upper 3cund Esctimare

Oxygen entered the Three Mile Island-2 System Irom two
scurces. These ave, (a) oxygen introduced with the injection
water, and (b) oxyger created by Tadliolysis of the water iz the

system by the decay radiation energy of the ccre.

.+ Oxygen in Injection Water
It is assumed conservatively :ha:-:h. injecticn water was
alT satuTated at ambient temperatures, and thus would have an
cxygen comtent of approximactely 8 ppm. It is Sfurther assumed =har
curing the incident 250,000 galloms of water were £ajcc:ndjzn:o the
svstem. This calculazes to a total volume Zrom =his sqptf‘ of

180 £23(s.7.2.).
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In view of the extent of radiolysis as a source, it is

not worthwhile o attempt to refine this estimate.

1.2 Radiolysis of Reactor Coolant

The mechanism of radiolysis of water by reactor radiatiom
(gamma, beta, and neutrons) under non-boiling and boiling condi-
tions is discussed in detail ia Chapter 5 of Ref. 1. In summary,
under non-boiling conditions, :adiolyiis of pure water is not
continuous with energy input, but rather achieves an equilibrium
degree of radiolysis which is proportiomal to the square root of
the energy depositiomn rate. The equilibrium value is increased
if the water contains an initial excess of oxidizing species
(oxygen, hydrogen peroxide) and is decreased if the water contains
an initial excess of reducing species (&yd&ogen). The latter
condition is the preferred method of operation of prn;surizcd
water reacters, in which, by mnin:ainiﬁg an excess of E7 in the
water (nominally 25 ccH2/kg of water) radiclysis is effectively
suppressed in the reactor cperating at full power.

Under vigerously boiling (or buboling) conditions radiolysis
is a conrinuous function of energy imput. The amount of gas
formed is 0.45 molecules of Hy and 0.225 molecules of 0y per
100 ev of energy absorbed under these conditions, From the decay
energy curve for the reactor it is therefore possible o calculate
the "maximum" amount of oxygen which could have been gsnerated
from the energy available if all the other :eéui:cmznts had been
met. The "maximm' or uppes bound yield per MW-hr of decay

energy available from the core is calculated as follows. The



decay energy is approximately equally divided Detween gamma
photons witzh an average energy of 0.7 Mev and beta particles wich
an average energy of 0.4 Mcv.a‘f' 2 The beta particles have

a limiced range and for low enrichment fuels (U02) are not

. Ref. 1

significan The gamma photons have a relatively lemg

range and are absorbed by all the materials in the coTe, in
sroportion to the masses exposed. The fraction of the gamma
energy abscrbed in the water is therefore conservatively estimated
as follows, assuming furcher that all of the gamma energy released
from the fuel is absorbed in tﬁe ccre regiom. )
Mass fracticn of water in core region, equal to fraction
of gamma energy absorbed in water in core is calculitnd f£rom the
fuel assembly volume f:ac:ions?‘f' 3 and the material dcns;:ics

at temperacture as shown below.

Fuel 0.303 x 10.00 = 3,039
Water 0.580 x 0.7 = 0.406
Zizeoloy 0.102 x 6.4 = 0.653

Sum = 4.089

Mass fraction of water = 0.406/4,089
- 0.10
The total radiclytic energy (R.E.) available for
radiolysis in water per MW cf decay energy is therefore
R.E. = (0.1) x.gamma + 0.0 x beta
« 0.1 0.5
= (.05 MWRE/MW Decay



The vield of gases from radioclysis, per MW hr of decay
enesgy .s now calculated as follows.

1 MW x 0.05 MWRE x 10° waces
W -~

x 3600 secs _ 1.8 x 108 watt seconds

o Radiant Energy

+ 1.593 x 10'19 wart seccnds
electzon VoLt

+ 100 v x 0.45 mol (H,)

$.08 x Loz“ molecules HZ/MW he

6.02 x 102 molecules

g mole

-*

x 22.400 ce/g mole

1.892 x 10° ce

-

28.317 cc/fe™>

- 6.68 £t Hy/M br
or 3.34 ££7 0,/MW nr.

Table 1, shows the decay energy for ™I-2 as a function
of ti afzer shut-down, and the corresponding values of

"maximum" oxygen generation. The decay en~rgy values are taken

£-»om Ref 4.



TABLE 1
After Shut-down, hrs. Decay Energy MW Interval, ft
2- 3 26.06 87.0
3- 4 23.00 76.8
be 6 21.07 140.7
6- 8 19.13 127.8
8-10 17.74 118.5
10-12 16.63 110.1
12-14 15.25 101.9
Total/lé hrs = 762.8

2. Hydrougen Generaticn--Coxmposition of Gases

The state of cooling of the core, during the course of
the accident cannot be specified in sufficient detail to calculate
the acctual radiolysis. That part of the core immersed in water
remains cool, and the water covering the core, which for the
most part will be boiling, will underge radiolysis. The amount
of gas generated will be approximately that fracction of the
values of Table 1 corresponding to the fracticn of the core
covered by water. The uncovered part of the core heats up rapidly
to temperatures where the reaction of zircoloy cladding with the
steam generated from the boiling section is quite :apid.R‘f' 5.8
The hydrogen released, and the decreased absorption in the low
density steam rTesult in low radiolysis in that portion of the

coTe.



Zssenctially, the oxygen content of the gas released
from the core was a maximum ﬁ:ing the period when the
system was boiling down. in the early part of the accident.
This is prasumed to have occurred when the last operating pump
was shut down at 100 minutes after the turbine ::ip.R‘f‘ 7
The state of the system, prior to uncovering of the core seems
well described by the analysis of attachment 11, Ref. 5 nich
{llustrates the formacion of steam voids in the system. Actually,
core damage may have started earlier, as indicated by a high
reading on In-Core Thermocouple 10-R at 32.5 minu:cs.n‘f 7

Most of the gas gemerated in the early part of the
incidenz, largely hydrogen from the zircocloy-water reactionm,
is presumed to have been vented to the containment. This is
inferred from the evidence for a hydrogen explosiom in contain-
ment at O hrs 50 minures. It has been estimated tnat 226 1b mol

of hydrogen burmed at that time &% 7; Ref 4, p. AlL2, A34,

Attachment 3 .4 itionally it was estimated that 80 lb mol of
hydrogen remained in containment, and that 76 1b mcl of hydrogen
was present in the final bubble. The latter f£igure apparently
was estimated from the bubble volume, and the assumpticn; here
believed to be erronecus, that the bubble gas was a stoich-
jomerriz mixture of two volumes of hydrogen and one volume of
oxygen. This is supported by the Zollowing calculation.

Assume bubble volume was 1007 ir3 at 250°F and 1000 psi
Ref 8,9 The parctial pressuze of ;3¢ .s 1000 - 30 = 970 psi
(30 psia partial pressure of w' ex .. 250°F). The standaxd

condition velume of gas is given by



" 870 492
Va(sTey = 000 x Tor. % ga0ease

= 45,720
VHZ(Ref. 4) = 76 x 359 = 27,284
VH2+02 = 1.5 x 27, 284 = 40,926

The values are close enough to_indicate that the wIiter
of Ref. 4 Attachment 11, did indeed assume that the bubble was
composed of radiolytic gas, or had some high oxygen content.

The bubble could only have arisen from compression of gas
in the system above the reactor vessel after recovery and

isolation of the system. This probably included the following
volumes (Ref. 13).

2 x 1/2 Steam Generator 2017 ft3
2 Hot Legs 738_f:3
Upper Head of Vessel 508 £¢2
2/3 of Uppes Plenum 550 £2°
1/2 of 2 Cold Legs | 238 £23

4061 5:3

During the entire period of preceding rccovery,.the
void was superheated, to at least 700°F. Ref 8, Fig. 22. The
cold leg cemperature varied, between a low of about 150°F and
about 200°F just prior to recovery. The pressuTe, Ref. 8, Fig. 3
was about 400 psi. We can calculate the standard volume of gas

in che veoids as



400 492

/ 2 . S -

This is almost identical to the amount of gas in the
£iaal bubble.

The close agreement may be fortuitous but the argument
is believed to be sound. Thus the oxygen content in the bubble
will not be greater than the average oxygen comtent for the
major incident period plus some additicnal supply from radiolysis
as the core was fﬁnally covered. We estimate that as follows:

Average composition of gas before final covering:

02 = 3/4 of max radiolysis for 10 hrs (Table'l)

3/4 x 550.8 413 £t3
10/14 of 180 £2° (injectiom) - 129 g3
| 542 fo0

H, = Total volume of Hj
- (226 + 80x 114) 1b mol - 150,780 £z
(x 359 £:°/1b mol)
0y/8, ° 0.0036

0,, Oxygen addition om £inal covering,
-

3/4 of max radiclysis

10-14 hrs, Table 1 (212 x 0.75) = 59 ft°
02 in injection water S1 5:3
180 #2° x ¢ 210 £2°
H, = Volume of bubble - 45,000 £¢3
%2 - 0.0047
M

Total 93_ = 0,0083 = 0,834,
H2



This is'believed to be a conservative estimate with
respect to identified sources of oxygen and processes within
the reactor system during the in-~ident. The true value is

proba lower.

3.0 Summary and Conclusions

It is evident that hydrogen resulting from the
zirconium water reaction was the major scurce of gas in the
TMI-2 reactor system. A minor quantity of oxygen may have been
introduced via the injection water. Radiolysis of water was a
minor source ¢f additional hydrogen, and the probable source
cf most of the oxygen. The cotal amount of oxygen available
in the system was quite small relative to the hydrogen. The
oxygen to hydrogen ratio in the gas was‘high only at the
beginmning of the accident, during the first formation of a steam
veid in the system, before the core was uncovered, when the ‘
only significant source of gas was radiolysis. At this ti
however, the steam pressure was high, and the relative quantity
of gas was low, rendering the mixture non-explosive. '

Toward the end cf the incident, as the core was recovered,
the relative oxygen content increased, into a high hydrogen
content void, but only to a final value which is estimated to
be less than one (1l%).percent of the hydrogen, and thus non-
explosive at the existing conditions of apprexizately 1000 psi

and 250°F,
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